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OUTPUT BANDWIDTH EFFECTS IN SEEDED, HARMONIC CASCADE
FELS

W.M. Fawley, G. Penn, A. Zholents, LBNL, Berkeley, California

Abstract
A number of laboratories are studying and/or proposing seeded
Harmonic Cascade (HC) FELs as a means both to reach soft
x-ray output wavelengths and to provide a degree of longi-
tudinal coherence much greater than that normally possible
with SASE devices. While theoretically the output band-
width of a HC FEL can approach the transform limit given a
high quality input seed of reasonable power, there appear to
be a number of practical considerations that in many cases
can increase the output bandwidth many-fold. In particu-
lar, designs that employ dispersive sections following mod-
ulator sections in order to increase the amount of coherent
harmonic microbunching, can be very sensitive to temporal
variations in the electron beam energy, resulting in an out-
put wavelength chirp. Unwanted microbunching induced
by the combination of longitudinal space charge instability
growth in the linac and CSR in compression sections also
can lead to variations in the output radiation phase and am-
plitude, thus increasing the bandwidth. We give some semi-
analytical results for the predicted bandwidth increase for
HC configurations and also some detailed numerical simu-
lation results.1

1Work supported in part by the US DOE under Contract no. DE-AC02-
05CH11231.
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FOURIER OPTICS TREATMENT OF CLASSICAL RELATIVISTIC
ELECTRODYNAMICS

G. Geloni∗, E. Saldin, E. Schneidmiller and M. Yurkov,
Deutsches Elektronen-Synchrotron (DESY), Hamburg, Germany.

Abstract

We coupled Synchrotron Radiation (SR) theory with
laser beam optics. In the space-frequency domain SR
beams are described by solutions of the paraxial wave
equation. They appear as laser beams with transverse size
much larger than the wavelength. In practical situations
(e.g. undulators, bends), SR beams exhibit a virtual source,
similar to the waist of a laser-beam, strictly related with
the inverse Fourier transform of the far-field distribution.
The Fresnel formula can be used to propagate the field dis-
tribution from the waist to anywhere in space. The gen-
eral theory of SR in the near-zone developed in this paper
is illustrated for the special cases of undulator radiation,
edge radiation and transition undulator radiation (TUR). By
solving the inverse problem for the electric field we find an-
alytical expressions for near-field distributions in terms of
far-field data. A more detailed explanation of this subject
is provided in [1].

INTRODUCTION

In previous works we developed a formalism ideally
suited for analysis of SR problems, where we took ad-
vantage of Fourier Optics ideas [1]. Fourier Optics pro-
vides an extremely successful approach which revolution-
ized the treatment of wave optics problems and, in particu-
lar, laser beam optics problems. The use of Fourier Optics
led us to establish basic foundations for the treatment of
SR fields in terms of laser beam optics. Radiation from
an ultra-relativistic electron can be interpreted as radiation
from a virtual source producing a laser-like beam. The vir-
tual source is regarded as the analogous of the waist for a
laser beam, and often exhibits a plane wavefront. In this
case it is specified, for any given polarization component,
by a real-valued amplitude distribution of field. The laser-
like representation of SR is intimately connected with the
ultra-relativistic nature of the electron beam. In particular,
paraxial approximation always applies. Then, free space
basically acts as a spatial Fourier transformation, and the
far-zone field is, aside for a phase factor, the Fourier trans-
form of the field at any position z down the beamline. It is
also, aside for a phase factor, the Fourier transform of the
virtual source. Once the field at the virtual source is known,
the field at other longitudinal positions, both in the far and
in the near zone up to distances to the sources compara-
ble with the radiation wavelength, can be obtained with the
help of the Fresnel propagation formula. This means that
the near-zone field can be calculated from the knowledge
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of the far-zone field, that is possible because the parax-
ial approximation applies. The knowledge of the far-zone
field completely specifies, through the Fresnel integral, the
near-zone field as well. In the case when the electron gen-
erating the field is not ultra-relativistic, though, the parax-
ial approximation cannot be applied. Typically, the wave-
length is comparable with the radiation formation length,
and it is impossible to reconstruct the near-field distribu-
tion from the knowledge of the far-field pattern [2]. An
arbitrary SR source is equivalent to several virtual sources
inserted between the edges of each magnetic device. This
provides conceptual insight of SR sources and should fa-
cilitate their design and analysis. In fact, since the anal-
ysis of SR sources can be reduced to that of laser-like
sources, it follows that any result, method of analysis or
design and any algorithm specifically developed for laser
beam optics (e.g. the code ZEMAX, see [1]) is also appli-
cable to SR sources. We first apply our method to undu-
lator radiation around resonance. We find the field distri-
bution of the virtual source with the help of the far-zone
field distribution and we propagate to any distance of in-
terest. Similarly, we treat edge radiation [1], studying the
emission from a setup composed by a straight section and
two (upstream and downstream) bends. We derive an ex-
pression for the field from a straight section that is valid
at arbitrary observation position. Due to the superposition
principle, this expression can be used as building block for
more complicated setups. We use this idea to analyze a
TUR setup consisting of an undulator preceded and fol-
lowed by straight sections and bends (upstream and down-
stream). The first study on TUR constituted a theoretical
basis for many other studies [1], dealing both with theo-
retical and experimental issues. More recently, TUR has
been given consideration in the framework of large XFEL
projects. A method was also proposed [1] to obtain intense
infrared/visible light pulses naturally synchronized to x-ray
pulses from the LCLS XFEL by means of Coherent TUR.
In view of these applications, there is a need to extend the
knowledge of TUR to the near zone. We address it here.

FAR-FIELD DATA INVERSE PROBLEM

We represent the electric field in time domain �E(�r, t) as
a time-dependent function of an observation point located
at position �r = �r⊥ + z�z. In free-space, the field �E(�r, t)
satisfies the source-free wave equation. For monochro-
matic waves of angular frequency ω the wave amplitude

has the form �E⊥(z, �r⊥, t) = �̄E⊥(z, �r⊥) exp[−iωt]+C.C.,
where the frequency ω is related to the wavelength λ by
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ω/c = 2π/λ, and �̄E⊥ describes the variation of the wave

amplitude in the transverse direction. �̄E⊥ actually rep-
resents the amplitude of the electric field in the space-
frequency domain. We assume that the ultra-relativistic
approximation is satisfied, that is always the case for
SR setups. In this case the paraxial approximation ap-
plies [1]. This implies a slowly varying envelope of the
field with respect to the wavelength. We therefore in-

troduce �̃
E⊥ = �̄E⊥ exp [−iωz/c]. In paraxial approxi-

mation and in free space, �̃
E⊥ obeys the paraxial wave

equation along any fixed polarization component, that is
[∇⊥

2+(2iω/c)∂z] ˜E⊥ = 0, where derivatives in the Lapla-
cian operator ∇⊥

2 are taken with respect to the transverse
coordinates. Solving this equation with given initial condi-
tions at z gives

˜E⊥ =
iω

2πc(zo − z)

∫

d�r′ ˜E⊥(z, �r′) exp

⎡

⎢

⎣

iω
∣

∣

∣
�ro⊥ − �r′

∣

∣

∣

2

2c(zo − z)

⎤

⎥

⎦

(1)

where the integral is performed over the transverse
plane. A propagation equation for F(z, �u) =
∫

d�r′⊥ ˜E⊥(z, �r′⊥) exp [i�r′⊥ · �u], that is the spatial Fourier
transform of the field, reads instead:

F (z, �u) = F (zs, �u) exp
[

− ic|�u|2(z − zs)
2ω

]

, (2)

where zs is identified with the position of a virtual source.
Identification of the position zs = 0 with a virtual source
position is always possible, but not always convenient (al-
though often it is). From Eq. (1) and Eq. (2) a relation
follows between the far-zone field distribution, dependent
on the observation angle �θ, and the field distribution at the
virtual source position zs:

˜E⊥(zs, �r⊥) =
iωzo

2πc

∫

d�θ exp

[

− iω|�θ|2
2c

(zo + zs)

]

× ˜E⊥(�θ) exp
[

iω

c
�r⊥ · �θ

]

. (3)

Finally, the transverse components of the envelope of the
far field can be written as [1]:

�̃
E⊥ = − iωe

c2zo

∫ ∞

−∞
dz′exp [iΦT ]

[(

vx(z′)
c

−xo

zo

)

�x +
(

vy(z′)
c

− yo

zo

)

�y

]

,

(4)

where the total phase ΦT is

ΦT = ω

[

s(z′)
v

− z′

c

]

+ ω

(

1
zo

+
z′

z2
o

)

× [xo − x′(z′)]2 + [yo − y′(z′)]2

2c
(5)

and the charge of the electron is (−e). Eq. (4) can be
obtained starting directly with Maxwell’s equations in the
space-frequency domain. Here vx(z′) and vy(z′) are the
horizontal and the vertical components of the transverse
velocity of the electron, while x′(z′) and y′(z′) specify the
transverse position of the electron as a function of the lon-
gitudinal position. Finally, we defined the curvilinear ab-
scissa s(z′) = vt′(z′), v being the modulus of the velocity
of the electron. Eq. (4) can be used to characterize the far
field from an electron moving on any trajectory as long as
the ultra-relativistic approximation is satisfied. Then, once
the far field is known, Eq. (3) can be used to calculate
the field distribution at the virtual source. Finally, Eq. (1)
solves the propagation problem at any observation position
zo. Note that part of the phase in Eq. (5) compensates with
the phase in |�θ|2 in Eq. (3) at zs = 0. If Eq. (4) describes
a field with a spherical wavefront with center at z = 0,
such compensation is complete. The centrum of the spher-
ical wavefront is a privileged point, and the plane at z = 0
exhibits a plane wavefront. This explains why the choice
zs = 0 is often privileged with respect to others.

DISCUSSION

It makes sense to ask what is the range of observation
positions where our algorithm applies, and what is the ac-
curacy of our result in this range. We show that the paraxial
approximation holds with good accuracy up to observation
positions such that its distance d from the electromagnetic
sources in the space-frequency domain, when d � λ. To
do so, we compare results from the paraxial treatment with
results without the help of the paraxial approximation. The
paraxial equation must then be replaced with Helmholtz

equation c2∇2 �̄E + ω2 �̄E = 4πc2�∇ρ̄ − 4πiω�̄j, ρ̄(�r, ω)
and �̄j(�r, ω) being the Fourier transform of the charge den-
sity ρ(�r, t) = −eδ(�r − �r′(t)) and of the current density
�j(�r, t) = −e�v(t)δ(�r − �r′(t)). Application of the proper
Green’s function yields:

�̃
E(�ro, ω) = − iωe

c

∫ ∞

−∞
dz′

1
vz(z′)

[

�β − �n

|�ro − �r′(z′)|

− ic

ω

�n

|�ro − �r′(z′)|2

]

exp
{

iω

[(

s(z′)
v

− z′

c

)

+

(

|�ro − �r′(z′)|
c

− zo − z′

c

)]}

. (6)

Eq. (6) is an exact solution of Maxwell’s equations with
boundary conditions at infinity. The exactness of Eq. (6)
allows us to control the accuracy of the paraxial approxi-
mation. A conservative estimate shows that when d � Lf

this accuracy is of order c/(ωLf), but quickly decreases
as Lf � d � c/ω remaining, at least, of order of c/(ωd).
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The integrand term scaling as 1/R2 (with R = |�ro−�r′(z′)|)
can be dropped in Eq. (6) whenever d � λ. This is al-
ways the case in paraxial approximation. Note that the in-
verse field problem cannot be solved without application
of the paraxial approximation. In this case we should solve
the homogeneous Helmholtz equation with boundary con-
ditions constituted by the knowledge of the field on a open
surface (for example, a transverse plane) and additionally,
Rayleigh-Sommerfeld radiation condition at infinity (sepa-
rately for all polarization components). This is not enough
to reconstruct the field at any position in space. However,
if the paraxial approximation is applicable, the inverse field
problem has a unique and stable solution. We recognize a
few observation zones of interest. Far zone. d is such
that �n = const. Formation zone. Defined by d � Lf .
Radiation zone. The field can be interpreted as radiation.
1/R−zone . The term in 1/R2 can be neglected in Eq.
(6). Reconstruction zone. The inverse problem based on
far-field data can be solved.

In all generality, from Eq. (6) follows that the 1/R−zone
always coincide with the reconstruction zone. Any system
of interest is characterized by a size a, a formation length
Lf and the radiation wavelength λ. In the case of ultra-
relativistic systems a � Lf � λ. Then, the near zone is
defined by d � a, the formation zone by d � Lf , the radi-
ation zone, the reconstruction zone and the 1/R−zone by
d � (c/ω). Ultra-relativistic cases present an increased
level of complexity with respect to others. This complexity
is at the origin of several misconceptions. Usually text-
books do not follow a direct derivation of Eq. (6). They
start with the solution of Maxwell’s equation in the space-
time domain, the Lienard-Wiechert fields, and they apply a
Fourier transformation:

�̄E(�ro, ω) = −e

∫ ∞

−∞
dt′

{

�n − �β

γ2(1 − �n · �β)2R(t′)2

+
�n × [(�n − �β) × �̇β]

c(1 − �n · �β)2R(t′)

}

exp
[

iω

(

t′ +
R(t′)

c

)]

(7)

where �̇
β = �̇v/c. Inspecting Eq. (7) it looks paradoxical that

the near field, including velocity and acceleration terms,
can be characterized starting from the far zone, including
acceleration term only. However, the magnitude of terms
in 1/R2 and 1/R in Eq. (7) does not depend on λ, while
that of terms in 1/R and 1/R2 in Eq. (6) does. Eq. (6) and
Eq. (7) are equivalent, as can be shown by addition of the
full derivative dΦ(t′)/dt′ of a properly chosen Φ(t′) func-
tion to the integrand of Eq. (7) (and using t ′ = z′/vz(z′)).
Addition of different full derivatives yields an infinite num-
ber of equivalent representations for the field, and physical
sense can be ascribed to the integral only. The terms in
1/R and in 1/R2 in Eq. (6) appear as a combination of the
terms in 1/R (acceleration term) and 1/R2 (velocity term)
in Eq. (7). They differ from each other. As a result, there
are contributions to the radiation from the velocity part in

Eq. (7). The presentation in Eq. (6) is most interesting
because the magnitude of the 1/R2-term in Eq. (6) can be
directly compared with the magnitude of the 1/R-term in-
side the sign of integral, that is related to the 1/R-zone and
to the reconstruction zone. If one forgets about this fact
one would incorrectly conclude that far-field data cannot
be used to reconstruct the field in the near-zone.

UNDULATOR LASER-LIKE SOURCE

Let us apply our algorithm in the case of undulator
radiation at resonance, i.e. ω/(2γ2c)(1 + K2/2) =
2π/λw. Here λw is the undulator period, and K =
λweHw/(2πmec

2), me being the electron mass and Hw

being the maximum of the magnetic field produced by the
undulator on the z axis. Position z = 0 is in the undula-
tor center. A well-known, axis-symmetric expression for
the distribution of the first harmonic field ˜E⊥(zo, θ) from a
planar undulator in the far-zone as a function of the obser-
vation angle θ is

˜E⊥ = −KωeLw

c2zoγ
AJJ exp

[

i
ωzo

2c
θ2
]

sinc
[

ωLwθ2

4c

]

, (8)

where the field is polarized in the horizontal direction,
Lw = λwNw is the undulator length, Nw the number
of undulator periods and AJJ = Jo[K2/(4 + 2K2)] −
J1[K2/(4 + 2K2)], Jn being the n-th order Bessel func-
tion of the first kind. Eq. (8) describes a field with spher-
ical wavefront centered at z = 0. Eq. (3) yields the field
distribution at the virtual source (also axis-symmetric) [1]:

˜E⊥(0, r⊥) = i
Kωe

c2γ
AJJ

[

π − 2Si
(

ωr2
⊥

Lwc

)]

, (9)

Si(·) being the sin integral function and r⊥ the distance
from the z axis on the virtual-source plane. In laser physics,
the waist is in the center of the optical cavity and the
Rayleigh length is related to the resonator geometrical fac-
tor. Our virtual source is in the center of the undulator and
the Rayleigh length is related to Lw. In both cases we have
a plane phase front, and the transverse dimension of the
waist is much larger than λ. Also, the phase of the wave-
front in Eq. (9) is shifted of −π/2 with respect to the wave-
front in the far zone in analogy with the Guoy phase shift.
Eq. (1) gives the field at arbitrary observation position z o:

˜E⊥ =
KωeAJJ

c2γ

×
[

Ei
(

iωr2
⊥

2zoc − Lwc

)

− Ei
(

iωr2
⊥

2zoc + Lwc

)]

(10)

Ei(·) being the exponential integral function. The field sin-
gularity at zo = Lw/2 and r⊥ = 0 is related with the use of
the resonant approximation. Introducing normalized units
�̂r =

√

ω/(Lwc)�r⊥, �̂
θ =

√

ωLw/c�θ and ẑ = z/Lw we
obtain the intensity profile at the virtual source
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Figure 1: Intensity pattern Î at the virtual source.
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Figure 2: Evolution of the intensity profile as in Eq. (12)
(solid lines) compared with far field asymptotic (dashed
lines).

Î(0, r̂⊥) =
1
π2

[

π − 2Si
(

r̂2
⊥
)]2

, (11)

and at any distance ẑo, both in the near and in the far zone:

Î
(

ẑo, θ̂
)

= ẑ2
o

∣

∣

∣

∣

∣

Ei

(

iẑ2
o θ̂2

2ẑo − 1

)

− Ei

(

iẑ2
o θ̂2

2ẑo + 1

)∣

∣

∣

∣

∣

2

, (12)
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Figure 3: Edge radiation geometry.

where θ̂ = r̂⊥/ẑo. Î at the virtual source is plotted in Fig.
1. The evolution of the intensity profile for different z o,
Eq. (12), is given in fig. 2. A virtual source can be used
as an input for wavefront propagation codes (as ZEMAX ,
PHASE, SRW [1]), allowing for the presence of complicate
optics, likewise it has been used as an input to Eq. (1) for
free-space propagation. Spontaneous SR from an electron
beam can be treated as an incoherent collection of laser-like
beams with different offsets and deflections (summing up
the intensities), while if the electron beam is distributed co-
herently, radiation can be described as a coherent collection
of laser-like beams.

EDGE RADIATION

We consider the system depicted in Fig. 3. An elec-
tron enters the setup via a bending magnet, passes through
a straight section (segment AB) and exits the setup via an-
other bend. Edge radiation (see references in [1]) is col-
lected at a distance zo from the center of the straight sec-
tion. The trajectory and, therefore, the space integration
in Eq. (4) consists of the two bends b1 and b2, and of the
straight section AB. Let L be the length of AB. Points A
and B are thus located at zA = −L/2 and zB = L/2. In
general, one should sum the contribution due to the straight
section to that from the bends. In some cases the pres-
ence of the bending magnets can be ignored as if they had
zero length, and what may be called ”zero-length switchers
approximation” applies. Magnets act like switchers: the
first magnet switches the radiation harmonic on, the sec-
ond switches it off. Switchers may have different physical
realizations, depending on the setup. There is no limita-
tion to the length of the switcher. The only common fea-
ture between different switchers is that the switching pro-
cess depends exponentially on the distance from the begin-
ning of the process. Since electrodynamics is a linear the-
ory, when the straight-section contribution cannot be con-
sidered a good approximation to the total field, it can still
be considered as a fundamental building block for a more
complicated setup. This justify our choice to deal with the
straight-section contribution to the field only. It is inter-
esting to discuss when the field due to switchers is negli-
gible in our study-case. For L � γ 2(c/ω), the formation
length for the straight section is γ2(c/ω), while the forma-
tion length for the bend is ((c/ω)ρ2)1/3, ρ being the radius
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Figure 4: Directivity diagram (solid lines) of the radiation
from the setup in Fig. 3 and envelope of the directivity
diagram (dotted lines).

of the bend. Let the ratio between the latter and the former
be ε2 = (λc/λ)2/3 � 1, where λc = 4πρ/(3γ3) is the crit-
ical wavelength for SR and λ � λc, as we are interested
in edge radiation. The distance dc = εγ2(ω/c) turns out
to constitute an extra characteristic-length for our system.
When d � dc, the straight section contribution dominates
the bending magnet one for r⊥ > εγ(ω/c), while for other
values of r⊥ the two contributions are comparable. When
d ∼ dc the zero-length switcher approximation cannot be
used. When d � dc we the straight section contribution
dominates for 0 < r⊥ � ((ω/c)2ρ)1/3, the characteristic
size of the radiation being ε((ω/c)2ρ)1/3. Finally, when
d � γ2(ω/c), the straight section contribution dominates
for 0 < θ � ((ω/c)/ρ)1/3, the characteristic angle of the
radiation being ε((ω/c)/ρ)1/3.

Far field pattern of edge radiation

Field contribution calculated along the straight sec-
tion. Accounting for the geometry in Fig. 3 we have
s(z′) = z′ for zA < z′ < zB . Use of Eq. (4) yields
the field contribution from the straight section AB:

�̃
EAB =

iωeL

c2zo
exp

[

iωθ2zo

2c

]

�θ sinc
[

ωL

4c

(

θ2 +
1
γ2

)]

.

(13)

Eq. (13) is describes a spherical wave and explicitly de-
pends on L. The formation length L fs for the straight sec-
tion AB can be written as Lfs ∼ min[γ2(c/ω), L]. The
far-zone asymptotic is independent of such value and al-
ways valid at observation positions zo � L.

Energy spectrum of radiation. With the help of nor-

malized quantities �̂
θ =

√

ωL/c�θ and φ̂ = ωL/(γ2c) we
may write the directivity diagram Î of the radiation as
Î ∼ θ̂2 sinc2[(θ̂2 + φ̂)/4]. This is plotted in Fig. 4 for
several values of φ̂ as a function of the normalized angle θ̂.
The natural angular unit is evidently (2πL/λ)−1/2.

There are two asymptotic cases for the problem param-
eter φ̂: φ̂ � 1 and φ̂ � 1. The behavior of the far-field
emission is well-known in literature [1]. We take this as the
starting point for investigations based on Fourier Optics.

Method of virtual sources

Edge radiation as a field from a single virtual source.

Eq. (3) and Eq. (13) yield the virtual source �̃
E(0, �r⊥):

�̃
E = −eLω2

2πc3

∫

d�θ�θsinc
[Lω

4c

(

θ2+
1
γ2

)]

exp
[ iω�θ · �r⊥

c

]

(14)

The Fourier transform in Eq. (14) is difficult to calculate
analytically in full generality. An analytic expression for
the field amplitude at the virtual source for φ̂ � 1 reads:

�̃
E(0, �r⊥) =

4ωe

c2L
�r⊥sinc

( ω

Lc
|�r⊥|2

)

. (15)

For any value of φ̂, Eq. (15) explicitly depends on L, as
the far-field emission does. Using �̂r =

√

ω/(Lc)�r⊥ the
intensity pattern of the virtual source is Î(r̂) ∼ r̂2sinc2(r̂2)
and is plotted in Fig. 5. The Fresnel formula yields the field
in the near and the far zone for φ̂ � 1

�̃
E = −2e

c

�r⊥
r2
⊥

exp
[

i
ωr2

⊥
2czo

]{

exp
[

−iωr2
⊥

2czo(1 + 2zo/L)

]

− exp
[

iωr2
⊥

2czo(−1 + 2zo/L)

]}

, (16)

where the singular behavior at �r⊥ = 0 and zo −→ L/2
cannot be resolved within the paraxial approximation. The
intensity profile associated with Eq. (16) is

Î =
1

θ̂2

∣

∣

∣

∣

∣

[

exp

(

−iθ̂2ẑo

2(1 + 2ẑo)

)

− exp

(

iθ̂2ẑo

2(−1 + 2ẑo)

)]∣

∣

∣

∣

∣

2

,

(17)

where θ̂ = r̂o/ẑo and ẑo = zo/L. A comparison between
intensity profiles at different observation points ẑo is plot-
ted in Fig. 6. When condition φ̂ � 1, studied until now, is
not satisfied, the integral in Eq. (14) can be calculated nu-
merically. The intensity distribution for the virtual source
at φ̂ = 0.1, φ̂ = 1, φ̂ = 10 and φ̂ = 50 are plotted in Fig.
7. An enlarged plot of the case φ̂ = 50 is given in Fig.
8. Fine structures are now evident, consistently with Fig.
4 for the far zone. Once the field at the virtual source is
specified for any value of φ̂, Fourier Optics can be used to
propagate it. However, we prefer to use an alternative way
to solve the field propagation problem for any value of φ̂,
capable of giving a better physical insight at φ̂ � 1.

Edge radiation as a superposition of the field from
two virtual sources. The far field in Eq. (13) can be writ-

ten as �̃
E(zo, �θ) = �̃

E1(zo, �θ) + �̃
E2(zo, θ̂), where
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Figure 6: Evolution of the intensity profile for edge radi-
ation for φ̂ � 1 at different observation distances (solid
lines) compared to the far-zone intensity (dashed lines).

Figure 7: Intensity profiles of the virtual source for differ-
ent values of φ̂ (solid lines) compared with the case φ̂ � 1
(dotted lines).

Figure 8: Intensity pattern at the virtual source for φ̂ = 50.

Figure 9: Edge radiation intensity profile at φ̂ = 50 for
different observation distances.
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�̃
E1,2

(

ẑo,
�̂
θ
)

= ± 2e�θ

czo(θ2 + 1/γ2)

× exp
[

± iωL

4cγ2

]

exp
[

iωLθ2

2c

(

zo

L
± 1

2

)]

. (18)

The two terms �̃
E1 and �̃

E2 represent two spherical waves
centered at zs1 = L/2 and zs2 = −L/2, corresponding to
two virtual sources. Their field distribution is given by

�̃
E

(

±L

2
, �r⊥

)

= ∓2ieω

c2γ
exp

[

± iωL

4cγ2

]

�r⊥
r⊥

K1

(

ωr⊥
cγ

)

,

(19)

where K1(·) is the modified Bessel function of the first
order. It should be noted that Eq. (19) is identical to
the well-known frequency-domain expression for the trans-
verse component of the field from an ultra-relativistic elec-
tron moving in uniform motion. Both far zone field and the
field at the virtual sources exhibit dependence on L through
phase factors only. Application of the Fresnel formula al-
lows to calculate the field at any distance zo in frees space.

Using the definition �̂
θ = �̂ro/ẑo we obtain Î ∼ |A1 + A2|2,

where

A1,2 = ∓
�̂
θ

θ̂

2i

√

φ̂ exp
[

±iφ̂/4
]

ẑo ∓ 1
2

exp

[

iθ̂2ẑ2
o

2
(

ẑo ∓ 1
2

)

]

×
∫ ∞

0

dξξK1(
√

φ̂ξ)J1

[

θ̂ξẑo

ẑo ∓ 1
2

]

exp

[

iξ2

2
(

ẑo ∓ 1
2

)

]

(20)

In Fig. 9 we plotted results for the field propagation for the
case φ̂ = 50. Radiation profiles are shown as a function of
θ̂ at ẑo = 0.52, ẑo = 0.6, ẑo = 1.5 and ẑo = 100.0. Let
us discuss the two limiting cases for φ̂ � 1 and for φ̂ � 1.
Consider first φ̂ � 1. The field at any observation distance
is given by Eq. (16). There are only two observation zones
of interest. Far zone, in the limit for ẑo � 1 and Near
zone, when ẑo � 1. From Eq. (16), the total field results
from the interference of the two virtual sources. The trans-
verse size of these sources is γ(c/ω), independently of L.
In the center of the setup instead, the virtual source has a
dimension

√

(c/ω)L (see Eq. (16)). The source in the cen-
ter of the setup is much smaller than those at the edge, as
the two sources at the edges interfere in the center of the
setup. Consider now the case φ̂ � 1. Let d1,2 = zo ∓ L/2
be the distances of the observer from the edges. One can
recognize four regions of interest, that are more naturally
discussed in the two-source picture. Two-edge radiation.
Far zone. When d1,2 � L we are summing far field contri-
butions from the two edge sources, see Fig. 9 for ẑo = 100.
Two-edge radiation. Near zone. When d1,2 ∼ L both
contributions from the sources are important, but d1 and d2

become sensibly different, see Fig. 9 for ẑo = 1.5. Single-
edge radiation. Far zone. When γ2(c/ω) � d1 � L the

Screen

zo

z
A B C D

x

Figure 10: TUR geometry.

contribution due to the near edge is dominant, see Fig. 9
for ẑo = 0.6. Single-edge radiation. Near zone. When
0 � d1 � γ2(c/ω) we have the near-field contribution
from a single edge, and the intensity distribution tends to
reproduce the behavior of the square modulus of Eq. (19).
See Fig. 9 for ẑo = 0.52.

TRANSITION UNDULATOR RADIATION

Consider the system in Fig. 10. An electron enters the
setup via a bending magnet, passes through a straight sec-
tion AB, an undulator BC, and another straight section
CD. Finally, it exits the setup via another bend. TUR (see
references in [1]) is collected at a distance zo from the ori-
gin of the reference system, located in the middle of the
undulator. As before we ignore the presence of the bending
magnets having already discussed the applicability of the
”zero-length switcher approximation”.

Far field pattern calculations

Field contribution from the undulator. We first con-
sider the contribution �̃

Eu from the undulator. We assume a
planar undulator and we introduce the longitudinal Lorentz
factor γz = γ/(

√

1 + K2/2). Frequencies of interest are
ω � 2γ2

zckw (with kw = 2π/λw). As a result one obtains

�̃
Eu =

iωe

c2zo

∫ zC

zB

dz′exp [iΦBC ] (θx�x + θy�y) (21)

with

Φu = ω

[

θ2
x + θ2

y

2c
zo +

z′

2c

(

1
γ2

z

+ θ2
x + θ2

y

)

]

. (22)

Field contribution from the straight sections. The
field contribution from a straight section has been dealt
with in the previous Section. Accounting for the proper

phase shift, one obtains the contributions �̃
E1 from AB and

�̃
E2 from CD:

�̃
E(1,2) =

iωe

c2zo

∫ z(B,D)

z(A,C)

dz′ exp
[

iΦ(1,2)

]

(θx�x + θy�y)

(23)
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where Φ(1,2) in Eq. (23) is given by

Φ(1,2) = ω

[

θ2

2c
zo −

Lw

4cγ2
z

+
Lw

4cγ2
+

z′

2c

(

1
γ2

+ θ2

)]

.

(24)

Total field and energy spectrum of radiation. The
contributions from the segments AB, BC and CD are:

�̃
E(1,2) =

iωeL(1,2)

c2zo

�θsinc
[

ωL(1,2)

4c

(

1
γ2

+ θ2

)]

× exp
[

iωθ2zo

2c

]

exp
[

− iωLw

4c

(

1
γ2

z

+ θ2

)]

× exp
[

∓
iωL(1,2)

4c

(

1
γ2

+ θ2

)]

, (25)

�̃
Eu =

iωeLw

c2zo

�θsinc
[

ωLw

4c

(

1
γ2

z

+ θ2

)]

exp
[

iωθ2zo

2c

]

(26)

The total field produced by the setup is obtained by sum-
ming up these contributions. The resulting energy density
of radiation is known in literature [1].

Virtual source specification. Field propagation.

Eq. (25) and Eq. (26) can be interpreted as far field
radiation from separate virtual sources with plane wave-
fronts, located at zs1 = −Lw/2 − L1/2, zsu = 0 and
zs2 = Lw/2 + L2/2 and characterized by

�̃
Es(1,2) = −

ω2eL(1,2)

2πc3
exp

[

∓ iω

4c

(

Lw

γ2
z

+
L(1,2)

γ2

)]

×
∫

d�θ�θsinc
[

ωL(1,2)

4c

(

θ2 +
1
γ2

)

]

exp
[

iω

c
�θ · �r⊥

]

,

(27)

�̃
Esu = −ω2eLw

2πc3

×
∫

d�θ �θ sinc
[

ωLw

4c

(

θ2 +
1
γ2

z

)]

exp
[

iω

c
�θ · �r⊥

]

.

(28)

L1, L2 and Lw can assume different values. γ and γz

are also different. We prescribe the same normalization

for all quantities: �̂
θ =

√

ωLtot/c�θ, φ̂ = ωLtot/(γ2c)
and �̂r⊥ =

√

ω/(Ltotc)�r⊥. Then, we introduce parame-
ters L̂1 = L1/Ltot, L̂2 = L2/Ltot, L̂w = Lw/Ltot and
φ̂w = (γ2/γ2

z)φ̂. Finally, we define ẑs = zs/Ltot. One
may check that, in the limit for φ̂ � 1 and φ̂w � 1 one
obtains the same results as for edge radiation from a single
straight section. A second region of interest in the param-
eter space that can be dealt with analytically is for φ̂ � 1
and φ̂w � 1. In this limit, the contribution from the un-
dulator can be neglected, because the sinc(·) is strongly

suppressed. Then, �̂
E(ẑsu, �̂rs) � 0, where �̃

E = (ωe/c2)�̂E.
The surviving virtual sources are:
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Figure 11: Evolution of the intensity profile for TUR for
φ̂w = 12π (solid lines) and comparison with far-zone in-
tensity (dashed lines).

�̂
Es(1,2) =

4�̂r⊥
L̂(1,2)

exp

[

− iL̂wφ̂w

4

]

sinc
(

∣

∣

∣

�̂r⊥

∣

∣

∣

2

/L̂1

)

. (29)

Eq. (29) describes virtual sources characterized by plane
wavefronts. Use of the Fresnel propagation formula, Eq.
(1) allows reconstruction of the field in the near and in the
far zone. The two surviving contributions to the field are:

�̂
E(1,2) = −4�̂r⊥

r̂2
⊥

exp

[

∓ iL̂wφ̂w

4
+

ir̂2
⊥

2(ẑo − ẑs(1,2))

]

×
{

exp

[

− iL̂1r̂
2
⊥

2(ẑo − ẑs(1,2))(L̂(1,2) + 2ẑo − 2ẑs(1,2))

]

− exp

[

iL̂(1,2)r̂
2
⊥

2(ẑo − ẑs(1,2))(−L̂(1,2) + 2ẑo − 2ẑs(1,2))

]}

(30)

Eq. (30) solves the propagation problem for the near and
the far field when φ̂ � 1 and φ̂w � 1. The intensity pat-
tern is obtained by summing up contributions in Eq. (30)
and taking square modulus of the sum. To give an example
we study the case L1 = L2 = Lw = Ltot/3. The intensity
pattern periodically depends on φ̂w � 1 with a period 12π.
For illustration, in Fig. 11 we plot the intensity profile for
φ̂w = 12π at different distances ẑo and we compare these
profiles with the far field asymptote.
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Abstract 
Typical high-gain FEL amplifiers employ an electron 

beam that is “matched” to the wiggler so that the 
envelope remains constant throughout the wiggler. This 
paper describes a novel approach in which the electron 
envelope undergoes scalloping motion along the wiggler 
because the beams are deliberately mismatched at the 
wiggler entrance. We present an analysis of the electron 
scalloping motion and the FEL interaction with a 
scalloped electron beam. Using MEDUSA simulations, 
we show the advantages of the scalloped-beam FEL and 
the properties of the radiation beam it produces. 

INTRODUCTION 
In high-gain FEL amplifiers, the electron beam radius 

plays a crucial role in determining the FEL interaction 
strength. Most FEL amplifiers use a tightly focused 
electron beam to enhance the FEL interaction, i.e. both 
the FEL gain and saturated power increase with smaller 
electron beam radius. A typical FEL employs electron 
beams that are “matched” to the wiggler so that the 
envelope remains constant throughout the wiggler. Since 
the matched beam radius is proportional to √εn, a small 
beam radius requires a small normalized rms emittance. 

The use of external magnets to focus the electron beam 
to a radius smaller than allowed by the normalized rms 
emittance in order to pinch the optical beam was first 
suggested by Sprangle et al. [1]. In this paper, we suggest 
the use of natural betatron motion in a weak focusing 
wiggler, to refocus the electron beam periodically in the 
wiggler, resulting in pinching near the wiggler exit (Fig. 
1). It is possible to select a combination of input laser 
power and wiggler length such that the FEL saturates near 
the second waist. Optical guiding causes the radiation 
beam to follow the electron beam’s motion, resulting in 
pinching of the radiation beam near the exit [2]. 

Figure 1: Illustration of a scalloped electron beam FEL 
with a uniform wiggler. 

THEORY 
The evolution of the rms radius σ of a relativistic, 

axi-symmetric beam with equal transverse emittance and 
equal two-plane focusing can be written as follow 
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where k Bβ B is the betatron wavenumber, I the peak current, 
IA the Alfven current, γ the relativistic factor, and ε BnB the 
normalized rms emittance. Under steady-state condition, 
the emittance-dominated rms matched beam radius is 
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Using a first order perturbation analysis of Eq. (1) we can 
show that  

             (3) 

where δ0 = (σ0− σmin) is the initial deviation from the 
matched radius, and k BΣ B , the scalloping wavenumber, as 
given by 

.                (4) 

The power gain length in a high-gain FEL amplifier 
scales with the electron beam radius as follow [3] 

 
        (5) 
 

where fB is the difference in Bessel functions, and Λ3D is 
the three-dimensional effect. Since the electron beam 
radius varies slowly with distance, the FEL power gain 
length also varies along the wiggler. The saturated power 
scales inversely with electron beam radius. 
 
        (6) 
 
 
where Pbeam is the electron beam power. The scalloped 
beam FEL performance depends on how the electron 
beam is focused in the wiggler and the scalloping period. 
We look at two cases: 1) the electron beam waist is 
focused near the entrance, and 2) the waist is the centre of 
the wiggler. In the first case, the electron comes to second 
waist near the wiggler exit and the FEL output power, 
which scales inversely with radius, is at a maximum. In 
the second case, the beam radius is largest near the 
wiggler exit and the output power is at a minimum [4]. 
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SIMULATION 
Table I summarizes the FEL and beam parameters used 

in the MEDUSA simulations. These parameters are 
chosen for a 1.06-micron wavelength where high-power 
seed lasers exist. The wiggler is a conventional 
permanent-magnet design with parabolic pole faces to 
provide equal two-plane, sextupole focusing. 
Alternatively, the magnets can be notched to approximate 
sextupole focusing [5]. We chose an input power of 106 
W (1 μJ pulse energy and 1 ps FWHM, for instance) to 
achieve saturation in about 2 m of wiggler length with a 
matched electron beam. For the scalloped beam FEL, the 
saturation length is 2.6 m. The scalloping period is about 
2 m so the second waist of the electron beam envelope is 
near the exit of the wiggler in both cases. The effects of 
using matched- and scalloped-beams in the two-stage 
wiggler are illustrated in Figs. 2 and 3. The power reaches 
a maximum of 0.84 GW in the matched case, and 1.03 
GW in the scalloped case. The extraction efficiency 
increases correspondingly from the usual 1% to 1.27%. 
The only drawback is a 30% increase in the wiggler 
length required to reach saturation. 

 

Table 1: MEDUSA simulation parameters and results. 

Parameters Values 

Beam Energy 80.8 MeV 

Peak Current 1000 A 

Emittance 10 mm-mrad 

Energy Spread 0.25% 

Wiggler Period 2.18 cm 

Wiggler Peak Magnetic Field 8.247 kG 

rms Wiggler Parameter 1.187 

Wiggler Length 2.6 m 

Matched Beam Radius 0.27 mm 

Scalloped Beam Minimum Radius 0.16 mm 

Scalloping Period 2.05 m 

Wavelength 1.058 μ 

Peak Injected Power 1 MW 

Injected Radiation Waist 0.305 mm 

Matched Beam Peak Power 0.84 GW 

Matched Beam Efficiency 1.0% 

Matched Beam Saturation Length 1.96 m 

Scalloped Beam Peak Power 1.03 GW 

Scalloped Beam Efficiency 1.27% 

Scalloped Beam Saturation Length 2.6 m 
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Figure 2: FEL power (red), optical beam radius (blue), 
and electron beam radius (green) for the matched case. 
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Figure 3: FEL power (red), optical beam radius (blue), 
and electron beam radius (green) for the scalloped case. 

 
It is noteworthy that the lethargy region is reduced in 

the scalloped beam FEL as a result of high gain (short 
gain length) at the wiggler entrance. In the middle of the 
wiggler, exponential gain is reduced and the reduction in 
optical guiding causes the radiation beam to expand 
rapidly. At saturation, the scalloped beam optical waist is 
larger than the matched beam case. Thus, scalloping the 
electron beam in a uniform wiggler does not pinch the 
optical beam to a smaller radius. To significantly pinch 
the optical beam, we need additional optical guiding, for 
instance with the addition of a step-taper wiggler. 

THAAU03 Proceedings of FEL 2006, BESSY, Berlin, Germany

510 FEL Theory



For seeded FEL amplifiers, it is advantageous to tune 
the input wavelength while keeping the electron beam 
energy constant in order to find where the power is 
maximized. In the matched beam case, the FEL output 
power increases toward larger detuning, namely longer 
wavelength at a fixed electron beam energy (or higher 
electron beam energy at a fixed wavelength) and then 
drops sharply. In the scalloped beam case, the FEL output 
power decreases rapidly on both side and the detuning 
bandwidth is narrower. This is a result of lower FEL gain 
due to the scalloped electron beam, but the FEL saturated 
power is higher than the matched beam case. 

 

Figure 4: Detuning curves for the matched (red) and 
scalloped (blue) electron beam FEL. 

 
We also study scalloped beam FEL with a step-taper 

wiggler to increase the extraction efficiency (Fig. 5). The 
step-taper starts at z = 1.92 m and the magnetic field is 
reduced to 8.032 kG while the period remains the same. 
The FEL peak power grows to 1.45 GW, corresponding to 
1.8% efficiency (Fig. 6). The optical beam is pinched to a 
0.3 mm radius in the second wiggler segment, compared 
to a 0.6 mm radius of the uniform wiggler. The optical 
divergence angle is increased from 0.8 to 1.6 mrad. 

 
 

 
 

Figure 5: Illustration of a scalloped beam FEL with a 
step-tapered wiggler. 
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Figure 6: FEL power (red), optical beam radius (blue), 
and electron beam radius (green) for scalloped beam FEL 
with a step-tapered wiggler. 

SUMMARY AND DISCUSSION 
We have studied a new kind of FEL interaction in 

which the electron beam’s envelope undergoes scalloping 
motion and the exponential gain varies along the wiggler 
length. For maximum power, the optimum approach is to 
focus the electron beam near the wiggler entrance and 
chose a wiggler length that is slightly longer than the 
scalloping period so that the second waist occurs near 
saturation. The smaller electron beam radius at saturation 
increases the saturated power of a uniform wiggler. The 
scalloped beam FEL detuning spectrum is narrower than 
the matched beam case. This is indicative of a lower net 
gain for the scalloped beam FEL. 

As a result of this study, we conclude that the use of a 
scalloped-beam is advantageous even at the expense of a 
longer wiggler length to reach saturation. In addition, the 
combination of scalloped electron beams and a step-
tapered wiggler can double the output power, and thus the 
FEL efficiency. The radiation beam is also pinched near 
the exit and expands rapidly afterward, thereby reducing 
the risk of damaging optics intercepting the FEL beam. 
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INFLUENCE OF OPTICAL FEEDBACK ON THE COHERENCE
PROPERTIES OF FEL OSCILLATORS

S. Bielawski, PhLAM/CERCLA, Villeneuve d’Ascq Cedex;
M.-E. Couprie, CEA, Gif-sur-Yvette;

M. Hosaka, M. Katoh, A. Mochihashi, UVSOR, Okazaki;
C. Szwaj, PhLAM/CERCLA, Villeneuve d’Ascq Cedex

Abstract
When detuned, the output of a FEL oscillator is dominated
by a transient amplification of the spontaneous emission
noise (SE). Here, we show that FEL oscillators in this situ-
ation appear to display a strong sensitivity to optical feed-
back. From a Dattoli-Elleaume type modeling, we show
that a very small amount of reinjected power (typically �
1 · 10−8 in the case of the UVSOR SR-FEL) modifies dra-
matically the FEL operation. In particular, we demonstrate
experimentally and numerically a strong spectral narrow-
ing, correlated with a disappearance of the laser pulse mi-
crostructures. This is also accompanied by a suppression of
SR-FEL instabilities for a wide range of parameters (half of
the detuning curve). These topics (strong amplification of
SE noise, and control using tiny reinjection), are of course
more general. We propose a theoretical approach of these
questions, using in particular the concept of convective in-
stabilities.
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SPACE-FREQUENCY MODEL OF ULTRA WIDE-BAND INTERACTIONS
IN FREE-ELECTRON LASERS

Y. Pinhasi�, Yu. Lurie, and A. Yahalom
The College of Judea and Samaria, Ariel, Israel.

Abstract

The principle of operation of intense radiation devices
such as microwave tubes, free-electron lasers (FELs) and
masers, is based on a distributed interaction between an
electron beam and radiation. We developed a three-
dimensional, space-frequency theory for the analysis and
simulation of radiation excitation and propagation in elec-
tron devices and free-electron lasers operating in an ultra
wide range of frequencies. The total electromagnetic field
is presented in the frequency domain as an expansion in
terms of cavity eigen-modes. The mutual interaction be-
tween the electron beam and the field is fully described by
coupled equations, expressing the evolution of mode am-
plitudes and electron beam dynamics. The approach is ap-
plied in a numerical particle code WB3D, simulating wide
band interactions in free-electron lasers operating in the lin-
ear and non-linear regimes. The code is used to study the
statistical and spectral characteristics of multimode radia-
tion generation in a free-electron laser, operating in various
operational parameters. The theory is demonstrated also in
the case of ”grazing”, resulting in a wide-band interaction
between the electron beam and the radiation.

INTRODUCTION

In this paper we continue development of the previously
stated space-frequency, 3D model, which describes broad-
band phenomena occurring in electron devices, masers and
FELs [1, 2, 3, 4]. In the model, the total electromagnetic
field is presented in the frequency domain in terms of trans-
verse eigen-modes of the cavity, in which the field is ex-
cited and propagates. A set of coupled excitation equations,
describing the evolution of each transverse mode, is solved
self-consistently with beam dynamics equations.

This coupled-mode model is employed in a three-
dimensional numerical simulation code WB3D (see [1, 2]
for the details). In the present work, the code is used
to study the statistical and spectral characteristics of mul-
timode radiation generation in a free-electron laser, op-
erating in various operational parameters. The theory is
demonstrated also in the case of “grazing”, when the group
velocity of the radiation mode is equal to the axial velocity
of the electrons, resulting in a wide-band interaction be-
tween the electron beam and the generated radiation.

�
�-mail: yosip@eng.tau.ac.il

THE MODEL

In the frequency domain the total electromagnetic field
can be expanded in terms of transverse eigenmodes of the
medium in which it is excited and propagates (see [1, 2]
for the details). The perpendicular component of the elec-
tric and magnetic fields are given in any cross-section as a
linear superposition of a complete set of transverse electric
filed ������� �� and magnetic field ������� �� eigenmodes:

������ �� �
�
�

����� �� �
������ ������� �� (1)

������ �� �
�
�

����� �� �
������ ������� �� (2)

here ����� �� is amplitude of the mode �, that may be
found from the excitation equations:

	

	�
����� �� �

�

��

�
�


�

�
���

���

��������� ��� � ����� ���� ���
�
����������� ��

(3)

Spectral energy distribution of the electromagnetic field
is defined in the model as a sum of energy spectrum of the
excited modes:

	����

	�
�
�
�

�

�
������ ���

� ����� (4)

MULTIMODE SUPER-RADIANT
EMISSION

To demonstrate the utilization of the model, we present
a study of super-radiant emission in a waveguide-based,
pulsed beam free-electron maser (FEM), with operational
parameters are given in Table 1. Such FEM is expected
to operate at millimeter and sub-millimeter (THz) wave-
lengths. When a FEL utilizes a waveguide, the axial
wavenumber of transverse mode � follows the dispersion
relation:

��� ��� �
�


�

�
�� 	 ���	� (5)

where ��	� �
�
�
��� is the cut-off frequency of the mode.

In synchronism with that mode, the dispersion relation for
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Table 1: Operational parameters of millimeter and sub-
millimeter wave free-electron maser.

Accelerator
Electron beam energy: ��=1
6 MeV
Electron beam current: ��=1 A
Electron beam pulse duration: �=0.1 pSec

Wiggler
Magnetic induction: ��=2000 G
Period: ��=5 cm
Number of periods: ��=20

Waveguide
Rectangular waveguide: 15�7.5 mm

mode Cut-off frequency
TE�� 20.0 GHz
TE�� , TM�� 28.3 GHz
TE�� , TM�� 44.7 GHz
TE�� 60.0 GHz

the electron beam is given by

��� ��� �
�
�

���
� �� (6)

where ��� is the average velocity of the accelerated elec-
trons and �� � �


��
(�� is the wiggler’s period). The cor-

responding curves of synchronism frequency vs. beam en-
ergy for the FEM are shown in Fig. 1. Only waveguide
modes which have in their field profile components that in-
teracts efficiently with the wiggling electrons are shown.
Table 2 summarizes several examined cases resulted from
Eq. (6) in the multi-transverse mode operational regime.
For each transverse mode �, the acceleration energy ��

can be set to excite two frequencies corresponding to the
“slow” (�
� � ���) and “fast” (�
� � ���) synchro-
nism frequencies or to the special case of “grazing”, where
�
� � ��� and a single synchronism frequency is obtained.
Here

�
� � �

	 �

	 ���
�

��

�
�
��� ��� (7)

is the group velocity of the excited mode �.
The effect of super-radiance emerges when the duration

of the electron beam pulse is much less then the period of
the electromagnetic waves expected to be excited at syn-
chronism frequencies according to Table 2. The waveg-
uide and �-beam dispersion curves when the acceleration
energy is �� � � MeV are shown in Fig. 2. In this case a
single waveguide mode TE�� is excited at two separated
synchronism frequencies (“slow” and “fast”) 46.1 GHz
and 149.5 GHz, respectively. The spectral density of en-
ergy flux calculated with the code WB3D is shown in Fig.
3a. The spectrum peaks at the two synchronism frequen-
cies with main lobe bandwidth of ����� � �

������
, where

������ � ����

��� �
���

	 �
�����

��� is the slippage time. The cor-
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Figure 1: Energy dependence of the dispersion solutions.

responding temporal wave-packet (shown in Fig. 3b) con-
sist of two “slow” and “fast” pulses with durations equal
to the slippage times modulating carriers at their respec-
tive synchronism frequencies. Lowering the beam energy
to �� � ���� MeV, results in grazing between the �-beam
and the waveguide dispersion curves at a single synchro-
nism frequency 69.6 GHz. The spectrum in the case of
grazing, as well as the corresponding temporal wavepacket
are shown in Fig. 4.

As the acceleration energy is increased, transverse
modes of higher orders are being excited simultaneously
(in addition to the mode TE��) extending the radiation
spectrum over a wide rage of frequencies from few tens
of GHz to more then THz. Fig. 5 shows the energy spec-
tral densities of the excited waveguide modes as the beam
energy is increased.
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Figure 2: Dispersion solutions for TE�� transverse mode
for �� � � MeV.
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Figure 3: Super-radiant emission from an ultra short bunch
when the beam energy is ��=2 MeV and a single TE��

mode is excited: (a) Energy spectrum, and (b) temporal
wavepacket.
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Figure 4: That of Fig. 3, but at grazing condition for mode
TE�� (the beam energy is �� � ���� MeV).

Table 2: Synchronism frequencies for several beam energies.

Beam Energy Synchronism frequencies [GHz]
[MeV] TE�� TE��,TM�� TE��,TM�� TE��

1.62 69.6 (grazing) — — —
2.00 46.1 , 149.5 — — —
2.44 42.0 , 230.5 136.2 (grazing) — —
3.00 39.8 , 348.4 88.9 , 299.3 — —
4.09 38.2 , 632.9 78.1 , 592.9 336.1 (grazing) —
5.00 37.5 , 927.8 75.0 , 890.3 217.5 , 747.8 —
5.60 37.3 , 1151.0 73.9 , 1114.5 203.6 , 984.8 602.6 (grazing)
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Figure 5: Energy spectra for different acceleration energies: (a) � � � ��		 MeV (grazing in the TE��,TM�� modes); (b)
�� � 
��� MeV; (c) �� � 	��� MeV (grazing in the TE��,TM�� modes); (d) �� � 
��� MeV.

and can not be accurately treated in approximated space-
time approaches. We also note that our space-frequency
model described here, also facilitates the consideration
of statistical features of the electron beam and the ex-
cited radiation, enabling simulation of the interaction of
a free-electron laser operating in the linear and non-linear
regimes.

The presented coupled-mode theory, formulated in
the frequency domain, enables development of a three-
dimensional model, which can accurately describe wide-
band interactions between radiation and electron beam in
electron devices and free-electron lasers. Space-frequency
solution of the electromagnetic equations considers disper-
sive effects arising from the resonator and gain medium.
Such effects play a role also in the special case of grazing,
and can not be accurately treated in approximated space-
time approaches. We also note that our space-frequency
model described here, also facilitates the consideration
of statistical features of the electron beam and the ex-
cited radiation, enabling simulation of the interaction of
a free-electron laser operating in the linear and non-linear
regimes.
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PARAMETRIC OPTIMIZATION OF A X-RAY FEL BASED ON A 
THOMSON SOURCE* 

L. Serafini, A. R. Rossi, V. Petrillo, C. Maroli, A. Bacci, INFN-Milano, Milano, Italy 
M. Ferrario, INFN-LNF, Frascati, Italy.

Abstract 
We present a study based on a parametric optimization 

of a Thomson Source operated in FEL mode. This deals 
with the proposed scheme to use a high intensity laser 
pulse colliding with a high brightness electron beam of 
low to medium energy (around 10 MeV). Electrons 
undulating in the incoming laser field may emit radiation 
in a FEL coherent mode as far as some conditions are 
satisfied. A set of simple analytical formulas taking into 
account 3D effects is derived, in order to express these 
conditions in terms of three free parameters, namely the 
wavelength of the colliding laser pulse, the amplitude of 
the ripples in the time profile of the laser field, and the 
peak current carried by the electron beam. A few 
examples of possible operating points are compared with 
results of 3D numerical simulations, showing the FEL 
coherent emission of X-rays in the 0.1 to 5 nm range with 
tens of MeV high brightness electron beams colliding 
with high intensity ps-long laser beams carrying pulse 
energies of about 10 J. 

INTRODUCTION 
It has been recognized by several authors in the past 

[1,5] that  the interaction between a high brightness 
electron beam and a counterpropagating - head-on 
colliding - high intensity laser pulse could lead to 
coherent emission of radiation, in the direction of the 
electron beam motion, according to a FEL-like 
mechanism driven by a collective instability that induces 
exponential growth of the radiation intensity. This 
coherent part of the emitted radiation overlaps with the 
spontaneous incoherent radiation generated by the 
Thomson back-scattering effect. Only recently, however, 
detailed 3D simulations[6] able to model the FEL 
collective instability showed the potential existence of 
this effect under particular conditions of electron beam 
emittance and current as well as laser field amplitude in 
the focal region, where the interaction between the two 
beams occurs. In this paper we derive a set of practical 
analytical formulas describing the existence of operating 
conditions in the dynamical range of the system where 3D 
effects can be mitigated so to allow the onset of the FEL 
instability, hence the generation of coherent radiation in a 
SASE-FEL emission mode. 

Generally speaking, the situation is at all similar to a 
conventional SASE-FEL based on a magnetostatic 
undulator through which the electron beam propagates: 
the magnetostatic field of the undulator is replaced by the 
e.m. field of the incoming laser pulse, which causes the 
electrons to wiggle while they propagate through the 
pulse. Since the laser field is a classical description of a 

flux of real photons (to be compared with virtual photons 
for the case of a magnetostatic undulator), the resonance 
relationship for a Thomson source is at all similar to the 
FEL resonance apart for a factor 4 in the denominator. 

 

 λR =
λ

4γ 2 1+ a0
2 + γ 2ϑ 2( )  (1) 

 
where λ  is the wavelength of the colliding laser pulse, 

γ  the kinetic energy of the electron beam (expressed in 
terms of its dimensionless relativistic factor), λR  the 
wavelength of the forward emitted radiation (within a 
small angle ϑ  around the electron beam propagation 
axis) and a0 is the laser parameter (dimensionless 
amplitude of the vector potential associated to the laser 
field),  given by 

 

                 a0 = 8.5 ⋅10−6 λ P

R0

  (2) 

 
where R0  is the laser focal spot size and P  the peak 

power in the laser pulse (in TW). 
The interaction between the electron beam and the laser 

pulse is assumed to take place in a drift space where no 
external forces (focusing or deflecting) act on the two 
beams, which are tightly focused by their individual final 
focus lens systems, taking them down to micron-size 
focal spots. Under the assumption that the laser pulse has 
a uniform transverse intensity profile of hard edge radius 
R0  in the focus position, we can neglect ponderomotive 
transverse effects on the electron trajectories[7].  
 

2σ 0

2R0
β0

Z0

τ

 
 

Figure 1: Electron orbits in the focal region (intersecting 
thin solid lines). Electron beam envelope (bold solid 
lines) and laser beam envelope (dashed lines) are also 
shown. Electrons are moving to the right, laser pulse 
(duration τ ) is moving to the left. 
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As depicted in Fig.1, electrons cross the focus area 
traveling on rectilinear orbits: when they traverse the laser 
field their secular trajectories remain rectilinear, with a 
superimposed slightly wiggling motion. 

 

PARAMETER DEFINITIONS 
We break-up the set of parameters describing the whole 

system into three groups, one for each of the three 
interacting beams: the electron beam, the colliding laser 
beam and the emitted FEL radiation beam, respectivley. 

The system is described by 11 main free parameters: 4 
parameters for the electron beam, summarized in Table 1, 
5 parameters for the laser beam, summarized in Table 2, 
and 2 parameters for the FEL radiation beam, summarized 
in Table 3. Note that units indicated in the tables are just 
the ones used for simplicity in the final set of formulas: 
all intermediate calculations are performed in standard 
MKS units. 

 

Table 1: Electron Beam parameters 

Energy 

γγγγ 

Current 

I  [A] 

Focal spot 

σσσσ0  [µµµµm] 

Emittance 

εεεεn  [µµµµm] 

 
There are some other additional parameters which 

represents ancillary quantities useful for handling the 
system of conditions relating the 11 main free parameters. 
These are: the electron beam beta-function in the focus, 
β0  , which is defined by the usual relation 

 

  σ 0 =
εnβ0

γ
   (3) 

 
the electron bunch rms length, σ z  , and the electron 

beam rms relative energy spread 
∆γ

γ
. These last two 

quantities do not enter in the derivation of the final set of 
formulas: they are only used for an afterward check on 
additional ancillary conditions. 

 

Table 2: Laser parameters 

Wavelength 

 

λ λ λ λ [µµµµm] 

Power 

 

P  [TW] 

Pulse 
length 

τ  τ  τ  τ  [ps]]]] 

Focal 
spot 

R0  [µµµµm] 

Intensity 

ripples 

∆ ∆ ∆ ∆ [%] 

 
Additional parameters for the laser beam are the 

Rayleigh range Z0  , given by 
 

  Z0 =
4πR0

2

λ
   (4) 

 

and the laser pulse energy, defined by U = Pτ  . Note 
that the definition of the laser ripple parameter ∆  is 

 

     ∆ ≡
∆a0

a0

  (5) 

 
which represents the fluctuations of laser field 

amplitude along the pulse, which is assumed to have (at 
∆ = 0) an ideal flat-top time profile. 

 

Table 3: FEL radiation parameters 

Wavelength  λλλλR    [Å] FEL parameter   ρρρρ 

 
Additional parameters for the FEL radiation beam are 

the gain length, Lg =
λ

4πρ
 , and the quantum parameter, 

ρ = ρ
γλR

λC

 (with λC = 0.024 Å). As discussed 

elsewhere[8], as far as ρ ≥ 0.5  quantum effects are 
negligible ant the system can be described by means of 
classical FEL-like equations[6]. 

 

CONDITIONS FOR FEL EMISSION 
Let us now analyze what are the conditions to be 

satisfied by the 11 main parameters ( γγγγ , , , , I    , , , ,     σσσσ0 , , , ,    εεεεn , λ , λ , λ , λ , , , , 
P      , τ  ,   , τ  ,   , τ  ,   , τ  ,  R0   ,   ,   ,   , ∆∆∆∆  , λ  , λ  , λ  , λR    , , , ,     ρ ρ ρ ρ     ) in order to operate the 
Thomson source as a Free Electron Laser. 

The FEL resonance condition 
 

 λR =
λ

4γ 2 1+ a0
2( )  (C.1) 

 
The definition of the FEL parameter 
 

                ρ =
10−2

γ
Iλ4

P σ0
43   (C.2) 

 
Two conditions for optimal geometrical beam overlap 

of the envelopes of the two colliding beams: the first one 
is to ensure that the electrons will observe transversally 
constant undulator field 

 
   R0 ≥ 2σ 0   (C.3) 

 
and the second one is to minimize the hour-glass effect 

in the collision of the two beams 
 
       cτ ≤ 2Z0   (C.4) 
 
Note that we will further check that the condition  
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β0 ≥ Z0  is satisfied (assuring that the electron beam 
envelope is contained within the laser beam envelope). 
However, this condition is not explicitely used in order to 
simplify the following derivation. 

We want of course that the interaction between the two 
beams, i.e. the equivalent undulator length, be longer than 
the FEL saturation length, which is typically set at 10 
times the gain length. Hence 

 
     cτ ≥10Lg   (C.5) 

 
Now we must take into account how 3D effects and 

non-uniformities in the laser filed (which is our undulator 
field) may affect the FEL instability, avoiding 
inhomogeneous broadening effects of the gain bandwidth 
that may damp the onset of the FEL exponential 
instability. We know that the gain bandwidth of a SASE 
FEL is set by ∆λR λR = 2ρ  . This implies that 3D and 
non-uniformity effects must produce bandwidth 
broadening smaller than 2ρ  . 

For a Fourier trasnform limited laser pulse the spectrum 

line width is 
∆λ

λ
=

λ

cτ
, therefore 

∆λR

λR

=
∆λ

λ
=

λ

cτ
, 

hence the condition 

   cτ ≥
λ

2ρ
 (C.6) 

 
The FEL frequency broadening due to fluctuations in 

the undulator field amplitude, in our case represented by 

∆ , is given by  
∆λR

λR

=
2a0

2

1+ a0
2 ∆ , which in turns implies 

 

     ∆ ≤ ρ
1+ a0

2

a0
2   (C.7) 

 
The transverse motion of the electrons in the focal 

region, which is mainly determined by the electron beam 
emittance, produces a random distribution of the angle ϑ  
in the resonance relationship reported in eq.1, which in 
turns induces a broadening of the FEL bandwidth. As 
extensively discussed elsewhere[6,9], the limitation on 
this random angle can be casted in terms of an upper limit 
on the emittance. This criterion is generally known as 
Kim-Pellegrini criterion: it has been generalized in ref.6 
to the expression 

 

                 εn ≤
ZR

LG

λRγ

2π
  (C.8) 

 
whewre ZR  is the Rayleigh range of the emitted FEL 

radiation, ZR =
4πR0

2

λR

  . 

 

FINAL SET OF FORMULAS  
In order to simplify the derivation of a solution for the 

system of equations (C.1-C.8) we assume equalities for 
all the conditions instead of inequalities: this will allow to 
derive the minimum condition that  8 parameters have to 
fulfill, expressed as functions of three free parameters. We 
choose as free parameters the laser wavelength λ , the 
electron beam current I  and the laser ripple parameter ∆ . 

The electron beam parameters must obey: 
 

εn = 0.18λ    (F.1)    ;    γ = 0.05  
I

∆2
3     (F.2) 

σ 0 = 0.21λ / ∆  (F.3) ;  β0 = 0.009λ  
I

∆5
3   (F.4) 

 
the ancillary condition β0 ≥ Z0  , as anticipated, is 

respected if I > 576  ∆2 , which is easily satisfied, since 
∆  assumes values definitely lower than 0.1, while the 
beam curent I  has expected values in excess of several 
hundreds Amps. Note that the additional condition 
∆γ γ ≤ ρ  has to be satisfied, though it was not 
explicitely considered in the derivation. 

The laser parameters must obey: 
 

P = 0.0018 ∆   (F.5) ;   U =18.6λ ∆2  (F.6)  ; 
 

 a0 =1.   (F.7)    ;   τ =1.1⋅10−8 λ ∆    (F.8)  ; 
 
Z0 =1.6λ ∆    (F.9) 
 
The FEL radiation is characterized by: 
 

λR = 200λ  
∆4

I
2

3    (F.10)  ;  ρ = 0.25∆   (F.11) ; 

 

LG = 0.32λ /∆    (F.12)  ;   ρ =1012 λ  
∆5

I
3   (F.13) 

 

EXAMPLES  
A relevant example is for the case of a CPA Ti:Sa laser 

system, which is nowadays capable of delivering fs to ps 
long pulses carrying energies in excess of a J, focused 
down to micron-size spots. In this case, setting 
λ = 0.8  µm , the formula set (F.1-F.13) reduces to the 
following (expressing ∆  in units of %): 

 

εn = 0.14  µm ; γ =1.08  
I

∆2
3  ; σ 0 =

1.4

∆
 µm  
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β0 =
0.015

∆

I

∆2
3  [mm]  ; P =

0.18
∆

 [TW] ; 

U =
0.15
∆2 [J] ; τ =

0.85
∆

 [ps] ; Z0 =
0.13

∆
 [mm] ; 

λR = 3436∆
∆

I
2

3  [Å] ; ρ = 2.5 ⋅10−3∆  ;  

LG =
26
∆

 [µm]  ;  ρ = 386∆
∆2

I
3  . 

 
We take into account now two specific examples, one 

in the classical SASE-FEL regime, the other in the 
quantum regime: all parameters now depend only on the 
beam current and the laser ripple parameter. 

 
1)   we set ∆ = 0.15  %  ; I =1500  A :  we find 

 
εn = 0.14  µm ;   γ = 44  ;   σ 0 = 3.7  µm ; 
β0 = 4.1 mm  ;  P =1.2  TW  ; U = 6.6  J  ; 

τ = 5.6  ps  ;  Z0 = 0.85  mm  ; λR = 2.1  Å  ; 

ρ = 4.⋅10−4  ;  LG =159  µm  ;  ρ =1.4  . 
 

2)   we set ∆ = 0.05  %  ; I = 2500  A :  we find 
 
εn = 0.14  µm ;   γ =108  ;   σ 0 = 6.4  µm ; 
β0 = 30  mm  ;  P = 3.5  TW  ; U = 60  J  ; 

τ =17  ps  ;  Z0 = 2.5  mm  ; λR = 0.35   Å  ; 

ρ =1.2 ⋅10−4  ;  LG = 531 µm  ;  ρ = 0.2  . 
 
The paremeter values predicted for case 1), which is in 

the calssical regime, are in agreement with the results of 
3D simulations reported in ref.6,9, where a 15 MeV 
electron beam carrying 1.5 kA of current, focused down 
to 10 µm rms focal spot size, was considered colliding 
with a Ti:Sa pulse with a0 = 0.8 , and a 20 µm spot size, 
which corresponds to a power of 5.5 TW. The saturation 
of the FEL instability is reached, for an emittance of 0.44 
µm, at 4 ps of laser pulse length, implying the need of 22 
J of laser pulse energy and an effective gain length of 
about 120 µm.  The radiation wavelength was 3.64 Å. 
Since these simulations were performed before deriving 
the set of formulas reported in this paper, the agreement is 
only on a general frame. More detailed comparisons 
between this set of formulas, that are meant to drive the 
initial choice of parameters for the simulations, and the 
simulation results, will be the subject of a future work. 

As a last remark we report here the results of 1D 
simulations (performed with a code described 
elsewhere[10]) evaluating the effects of laser ripples on 
the growth of the FEL instability, taking same laser and 
electron beam parameters as for the previously mentioned 
3D simulations. The laser amplitude modulation was 

taken as ∆ sin k fluctz + ct( ). The FEL saturation intensity 

is plotted as a function of ω fluct ωL   (ωL ≡ 2πc λ ) for 

different values of the laser ripple parameter ∆ . 

 
Figure 2: Saturation intensity in presence of laser ripples. 

 
It is clearly visible in Fig.2 how the FEL instability is 

damped, i.e. the exponential growth is no longer attained,  
when ∆  assumes values greater than a few percent, for 
almost any value of the modulation scale length k fluct

. 

Also, the system seems to tolerate laser amplitude 
modulations occurring on a scale much shorter than the 
gain length, as indicated by the fact that the saturation 
intensity goes to zero for any value of ∆  when the scale 
of the laser modulation gets close to gain length, i.e. when 
LG/λ =ωfluct/ωL=1/4πρ = 0.0055 .  
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APPLE UNDULATORS FOR HGHG-FELS  

 J. Bahrdt, BESSY, Berlin, Germany.

Abstract  

Cascaded HGHG-FEL facilities have been proposed by 

several groups. In these machines the beam 

characteristics of the initial seeding laser like coherence, 

short time structure and small bandwidth are 

transformed to shorter wavelengths where seeding lasers 

are not available. The first stages are equipped with 

planar devices. For full polarization control the last 

amplifier and the final radiator can be realized as 

APPLE devices. The specific demands on the polarizing 

devices as compared to planar hybrid devices are 

discussed for the example of the proposed BESSY HE-

FEL to be operated at 1nm. The field optimization 

procedure requires specific strategies. An improvement 

of the magnetic material is helpful in this context. The 

small good field region implies tight geometrical 

tolerances. Gap and phase dependent focussing effects 

have to be compensated. Other important issues are the 

complexity of the control system and the radiation 

protection system. 

 

INTRODUCTION 

FEL facilities are powerful sources for ultra short 

pulses and longitudinally and transversely coherent 

radiation in the soft X-ray and X-ray regime. Three X-

ray FELs based on the SASE principle are currently 

under construction [1-3].  

In the soft X-ray regime various seeding schemes have 

been proposed and realized which improve the spectral 

characteristics and the time structure. A cascaded HGHG 

FEL [4,5] starts with the coherent radiation of a high 

power Ti:Sapphire laser which interacts with the electron 

beam in a modulator. In a dispersive section the energy 

modulation is converted to a spatial modulation. The 

following radiator takes advantage of the higher orders 

of the electron beam bunching producing a seed for the 

next stage. Several stages can be cascaded achieving 

frequencies down to 1nm. 

The number of stages can be reduced if the seed 

wavelength of the first stage is already in the few 10s nm 

regime which can be accomplished using the HHG 

process [6]. 

Only the light of the last radiator will be delivered to 

the experiment. All other undulator modules serve to 

provide a sufficient bunching of the electron beam in the 

last stage. For simplification all these modules can be 

realized as planar devices though they might be slightly 

longer than helical devices. The last radiator has to 

provide the full flexibility concerning the polarization 

control. APPLE type structures are suitable for this 

purpose. In this paper we concentrate on the design of 

APPLE undulators to be used as final radiators. We 

discuss the technical challenges and their solutions. For 

illustration we will apply the parameters of the proposed 

BESSY Soft X-Ray FEL. 

The tolerances for HGHG and SASE FEL undulators 

are similar for comparable photon energies. The 

complexity of a HGHG undulator system is, however, 

higher. A 200m SASE undulator consists of 40 identical 

5m modules whereas a cascaded FEL can be composed 

of 18 modules with 9 different lengths and 5 different 

period lengths (BESSY HE-FEL). This affects the 

concept of series production and modularity, the control 

system and the operation. 

In contrast to an X-ray FEL undulator system the 

undulator focussing is an important issue for soft X-ray 

systems (in particular for polarizing devices) because the 

electron energies are generally lower. 

MAGNETIC STRUCTURE 

APPLE undulators provide the highest fields among 

all variably polarizing insertion devices. A single pass 

FEL permits the installation of a circular beam pipe 

without performance loss. In this geometry additional 

magnetic material can be arranged at the side of the 

vacuum chamber. Additionally, the angle of 

magnetization can be rotated by 45° (APPLE III [7]). 

The demagnetizing fields are slightly higher for an 

APPLE III than for an APPLE II (figure 1). The 

magnetic stability can be recovered with another magnet 

grade and the field gain is still about a factor of 1.4 as 

compared to an APPLE II [7]. 

                           

Figure 1: Difference of reverse fields between APPLE 

III and APPLE II design for the example of the planned 

BESSY UE50 (LE- and ME-FEL). Left: A-magnet 

(long. magnetized), right: B-magnet (vert. magnetized). 

 

Today APPLE undulators can be built with the same 

field quality as planar devices using specific sorting and 

shimming techniques. At BESSY the magnets of the 

APPLE undulators are characterized individually with 

respect to the dipole moment (automated Helmholtz 

coil) and the inhomogeneities (stretched wire system). 

The data are used in a simulated annealing code which 
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minimizes the phase errors and reduces the multipoles 

by a factor of 5-10 as compared to an unsorted structure 

[8]. The field quality of devices consisting of 1000 

magnets can be predicted with an accuracy of about 1.5 

Gm (figure 2). 
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Figure 2: Prediction from single block characterization 

(red) and Hall probe measurements (black) of the 

BESSY UE49 field integrals at five transverse positions. 

 

The field properties are optimized with various 

techniques: 

- trajectories: block movements 

- shift dependent terms: Fe-shims 

- shift independent terms: permanent magnet arrays 

at both ends of the devices.     

- dynamic multipoles: Fe-shims 

Details can be found in [8,9,10]. The required magnet 

quality of FEL undulators can be achieved with state of 

the art techniques which can, however, be rather time 

consuming and are not suitable for a series production.  

MAGNET MATERIAL 

The new FEL facilities will consist of many undulator 

segments with totally 10.000s of individual magnets. 

Today, permanent magnets have typical remanence and 

angle errors in the order of 1-2% and 1-2°, respectively, 

where the distributions within one batch can be 

significantly narrower. The inhomogeneities are 

important as well and determine the field quality at small 

gaps. In principle, the required magnet field performance 

can be achieved with a detailed characterization of the 

magnets, sorting and shimming. The production process 

can, however, significantly be simplified if the magnet 

quality can be improved.  

Triggered by the need for high quality magnets for the 

European X-Ray FEL at DESY and the BESSY Soft X-

Ray FEL a BMBF funded joint collaboration between 

DESY, BESSY and Vacuumschmelze has started. The 

collaboration has the goal to reduce remanence and 

angle errors by a factor of 5-10 and to improve the block 

homogeneity. At a certain level the quality is determined 

by the geometrical tolerances of the blocks and hence, 

these tolerances have to be reduced to a level of 10μm. 

Magnet measurement equipment built at BESSY and 

DESY has been shipped to the magnet manufacturer 

who will use the machines to optimize the production 

process. BESSY provides a stretched wire system for the 

characterization of block inhomogeneities whereas 

DESY has built an automated Helmholtz coil system. 

The north south effect (field difference between two 

opposite sides of a block) is not a useful quantity in 

particular for APPLE devices where the electron beam is 

located close to a magnet corner. Block inhomgeneities 

can be determined by cutting the magnet into slices and 

measuring the slices in a Helmholtz coil. Results are 

shown in figure 3 where a systematic variation of the 

magnetization angle over the position inside the magnet 

is plotted. The systematic trend can be minimized with 

an appropriate setting of the production 

parameters.

 
Figure 3: Variation of the magnetization angle inside 

four individual magnet blocks. The blocks have been 

produced with different production parameters (by 

courtesy of Vacuumschmelze, Hanau). 

 

The magnet cutting and the characterization of the 

slices is time consuming. Similar information can be 

gathered with the new stretched wire setup in a much 

shorter time from the complete magnet. The magnet is 

moved with respect to a single wire in a distance of 5-

10mm and induced voltages are measured (figure 4). 

Measurements from different sides give the information 

on the magnetization distribution inside the magnet. 

  Since the measurements are done in a strong field 

gradient a good positioning accuracy is essential. 

Temperature stabilized linear motors with absolute 

encoders and air bearings allow for fast and precise 

movements. Fe shieldings around the motors reduce the 

electrical noise. 

 

 
Figure 4: Stretched wire system for the measurement 

of magnet block inhomogeneities. 
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Figure 5 shows a reproducibility of 3.0e-4 Tmm for 

magnets with the magnetization vector parallel to the 

wire (A-magnets) and 1.5e-3Tmm for magnets with an 

orientation perpendicular to the wire (B-magnets). In 

case of the B-magnets the measurement noise is 

dominated by a contribution which is proportional to the 

main signal. A positioning accuracy <4.0μm and a 

temperature stability of <0.2° is needed to bring the 

electrical noise to this level.  
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Figure 5: Reproducibilities of the stretched wire 

system. One hundred blocks of both types have been 

measured (black) and sigma values (red) have been 

determined. The distance to the single wire is 10mm and 

the block dimensions are 40x40x28mm
3
. 

TOLERANCES 

The tolerances for HGHG and SASE FELs are 

different from those of storage ring IDs. A good overlap 
between the photon and electron beam ( x  0.1 x 

( eelctron, photon)) defines the maximum trajectory walk 

off. For a Pierce parameter of 0.001 (BESSY HE-FEL) a 

maximum variation in the K-parameter of ±5 x 10
-4

 can 
be tolerated ( E < 0.16 x bandwidth). This defines the 

following tolerances: The temperature dependence of the 

magnet remanence of 0.0011 / °C requires a temperature 
stability T  ±0.1°C. The gap positioning accuracy 

must be gap  ±1μm and the transverse alignment 

tolerance has to be x  ±40μm. The largest 

contribution to K / K is attributed to the transverse 

alignment error (see below). The phase error due to 

energy spread dominates the total phase error if 

3

1
rms

 

Assuming an energy spread of 2 x 10
-4

 the tolerance 
for the phase error of the magnetic field is rms < 6.6° 

for the BESSY HE-FEL. Apart from quadrupole terms 

(see later in this paper) static or dynamic multipoles are 

less important for single pass devices. 

The trajectory errors can be measured and minimized 

with state of the art measurement and shimming 

techniques. Phase errors below 5° can be achieved even 

for the complicated APPLE II design without explicit 

phase shimming as demonstrated for the six BESSY 

APPLE II devices. A gap positioning accuracy of 

±1.5μm has already been achieved [7] (see also next 

chapter). In the following, we will concentrate on the 

challenging transverse alignment tolerances. 
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Figure 6: Relative field variation 0.1mm horizontal 

(red) and vertical (blue) off axis for APPLE III (solid) 

and APPLE II (dashed) undulator operating in the 

parallel (left) and antiparallel (right) mode. 

 

The good field region of an APPLE device is 

significantly reduced as compared to a planar device 

(figure 6) though it is larger for the APPLE III design as 

compared to the APPLE II.  

In figure 7 the transverse charge distribution of the 

BESSY FEL electron beam is compared to the field 

variations in various operation modes. For a maximum 

transverse displacement of 40μm more than 2  of the 
electron beam are within K / K < 5 x 10

-4. 
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Figure 7: Averaged transverse size of the BESSY FEL 

electron beam compared to the field roll off for various 

operation modes. 
 

Figure 8 shows all possible girder misalignments. 

They are classified as follows: 

1. No circle: this movement is uncritical. 
2. Black circle: the motion can be minimized with 

a stiff support structure. The motion is not 
driven by any force.  

3. Blue circle: the movements are well controlled 
with a closed loop servo system. 

4. Red dotted circle: The movement shifts the 
field amplitude and the center of the good field 
region. It shows up for antiparallel motion 
where longitudinal and transverse forces 
between the upper and lower magnet girders are 
present. 

5. Red circle: The movement enhances K / K. It 
shows up for antiparallel motion. 
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Figure 8: Classification of geometrical tolerances. 

SUPPORT AND DRIVE SYSTEM 

The tolerances discussed in the previous section 

define the mechanical design of the support and drive 

system.  

Gap Accuracy   

The gap setting has to be done with a closed loop servo 
system which uses a direct gap reading. The encoders 
have to be located in a vertical line with the electron 
beam to avoid Abbe’s comparator error [7] (figure 9). 
Differential thermal expansion coefficients of the 
support structure (Fe) and the magnet girders and the 
measurement system (Al) result in a temperature 
dependent gap error of only 1.1μm/°C for the system 
described in [7] and can be ignored if compared to the 
thermal variation of the magnet material remanence. 
 

 

Figure 9: Approaching the third harmonic of the 

BESSY UE49 from two different directions results in a 

very small energy shift which corresponds to a gap error 

of only ±1μm. The device employs the new 

measurement system described in [7]. 

In principle an APPLE II type final amplifier of a 

HGHG cascade can be realized as a fixed gap device. 

The energy and polarization tuning can be performed by 

magnet row movements [11]. The BESSY final 

amplifiers will be of the APPLE III type. In this case the 

gap drive is necessary to install and remove the modules 

from the beam pipe without breaking the vacuum. 

The magnets are assembled onto Aluminum girders 

with a length of up to 4m. They are gimbal-mounted to 

permit a tapering and to cope with the different thermal 

expansion coefficient of the Fe-support structure. The 

straightness of the assembling surfaces of such girders 

can be within ±8μm resulting in a gap variation of only 

±15μm (figure 10). This remaining gap variation can be 

reduced to ±6μm using appropriate mechanical shims 

under the magnet holders. 

The bending of the magnet girder can be minimized 

by choosing appropriate locations for the support. The 

bending can be further reduced by more than one order 

of magnitude with four supports instead of two using 

two crossbars inside the magnet girders. This has been 

demostrated for the BESSY undulators UE46, UE49 and 

UE112. 
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Figure 10: Straightness of upper and lower UE112 

magnet girder and corresponding gap variations. 

Bearings 

In antiparallel mode strong longitudinal and transverse 

forces between the upper and lower magnet girder show 

up. The transverse forces can be supported with 

transverse flexible joints connecting the girders to the 

support structure. These joints have to permit a 

longitudinal motion (thermal expansion) and an 

intentional longitudinal taper of the girders. 

The longitudinal forces produce a torque around the 

vertical axis and around the horizontal (transverse) axis 

where the strength depends on the location of the joints 

that keep the girders longitudinally in place. As a result 
the girders rotate and K / K on axis is enhanced. The 

transverse motion can be kept within the acceptable 

limits with stiff joints between the girders and the 

support structure. The vertical parallel inclination of the 

girders can principally be compensated using four 

motors for the gap drive. Such a drive system can also 

compensate for the residual transverse girder crossing 

via a deliberate inclination of the girders. This concept 

implicates however a complication of the control system 
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and the gap measurement arrangement. Another solution 

is the positioning of the longitudinal fixed bearing 

vertically at the height of the magnets and longitudinally 

close to the drive system for the row phase. This 

arrangement eliminates any torque around the transverse 

axis (figure 11) and hence, any girder inclination or 

girder bending. 

 

 
Figure 11: The vertical location of the longitudinal 

bearing (red arrow) is chosen such that there is no torque 

around the transverse axis. 

Support Structure 

The support structure of an APPLE undulator 

operating in the antiparallel mode has to cope with the 

strong longitudinal and transverse forces which are 

absent in a planar or elliptical device. 

The support structure can be either a welded structure 

or a cast structure. The latter one has several advantages: 

- The structure can be made extremely stiff 

without additional effort because literally any 

shape can be realized. 

- A bionic optimization can be applied where 

material is added at locations with large 

stress and removed at locations of low stress 

(figure 12). 

- The complete support structure can be cast 

and milled as a single piece. 

- The procedure is suitable for series 

production since wooden forms can be used 

for many casts. Modular forms can be 

adapted to different undulator lengths. 

 

    
Figure 12: Bionic optimization of the support structure 

of the BESSY UE112 undulator (by courtesy of 

Heidenreich und Harbeck AG). 

 

All BESSY undulators are based on cast iron 

structures. The last APPLE device (UE112) has a single 

piece support structure (figure 13) which significantly 

simplifies the assembling procedure. 

 

 
Figure 13: The support structure of the 4m long 

UE112 is made from a single piece of cast Fe.   

Alignment 

The magnet centers of all final amplifier modules have 

to be aligned with an accuracy of ±40µm with respect to 

each other (assuming APPLE type devices). This can not 

be accomplished with standard alignment tools. Beam 

based alignment techniques have to be applied instead. 

For this purpose the modules have to be assembled onto 

moveable supports with an accuracy of 10µm. 

UNDULATOR FOCUSSING 

An undulator is a series of alternating dipole magnets 

which shows an edge focusing. Planar devices focus in 

the vertical direction. This second order effect can not be 

described with normal 2-dimensional multipoles. 

Polarizing devices show also a horizontal defocusing 

under certain operating conditions which results in an 

additional focusing in the vertical plane. For Halbach 

fields the focusing strength in the horizontal plane is 

given by:  

 

and similar for the vertical plane (summation over the 

Fourier components n). The focusing strength in the 

antiparallel mode can not be described in this compact 

form since the fields are not of the Halbach type. 

These effects influence the beam size and it has to be 

considered whether the transverse overlap between the 

electron beam and the photon beam is still maintained. 

Figure 14 shows the variation of the horizontal and 

vertical beam size for the BESSY HE-FEL. The values 

change by more than a factor of two which is not 

acceptable. For the BESSY ME- and the LE- FEL the 

effects are larger by factors of 9 and 45, respectively, 
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due to the larger period length and larger field (ME- and 

LE-FEL) and the lower beam energy (LE-FEL). 

Obviously, additional quadrupoles are essential to keep 

the beam size within acceptable limits and they have to 

be adapted during gap drive and row phasing. 
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Figure 14: Horizontal (solid) and vertical (dotted) 
beamsize within the final amplifier of the BESSY HE-
FEL at smallest gap without additional quadrupoles. The 
data are given for different operation modes of an 
APPLE III device and for a planar device.  

MOTION CONTROL 

A cascaded HGHG FEL requires a sophisticated 

motion control system. Each HGHG stage consists of a 

modulator and a radiator (maybe several submodules), 

steerer to compensate residual dipole errors, quadrupoles 

for tune compensation and phase adapting units between 

the modules. Between two stages fresh bunch dispersive 

sections are installed. All components have to be driven 

in synchronism. Reproducibility is essential and can be 

realized with closed loop servo systems for motion 

control, permanent magnet phase adapting units and 

quadrupoles and air coils to avoid hysteresis effects. 

In the following we describe the BESSY system as 

one possible solution. Other hardware and software 

concepts are also possible. 

Figure 15 shows the control system of a single 

undulator, the BESSY UE112, which can be adapted to 

the FEL requirements. The undulator control program 

runs on a VME-bus based computer called IOC. It is a 

reliable system and many interface cards are available on 

the market. The user interface does not run on the IOC 

but on an independent workstation, which communicates 

with the IOC via ethernet. In principle, one IOC can 

control all modules (modulator, radiator, etc.) of one 

HGHG stage. Four of these systems are required for the 

BESSY four stages HE-FEL. A fifth IOC operates as a 

master to synchronize the individual IOCs. 

A PLC is useful for a low level safety control of the 

system checking parameters like air pressure (needed for 

the brakes), inclination of magnet girders, hard and 

software limit switches etc. 

EPICS is used as a robust and reliable software 

framework for the undulator control software. All 

sources are available and it is actively developed in 

many research laboratories. Many drivers have been 

written. Useful tools are available such as an archiver for 

the process variables or a network protocol for the 

distribution of the process variables. GUIs can be easily 

built with a “point and click” tool. 
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Figure 15: Control system of the BESSY UE112. 

 

Each motor has its own detached motor controller 

which is connected to the IOC via CAN bus. Absolute 

linear encoders simplify reference procedures. Modern 

motor controllers as used for the UE112 can operate 

several tasks with different priorities. User defined 

parameters can be stored permanently in the controller 

and can even be modified during motor movement. The 

motor controllers can communicate among each other 

and with the IOC via  CTNet (ruggedized version of 

ARCNet) and a synchronization between the modules 

can be realized via CTSynch. 

        BEAM PROTECTION SYSTEM 

The electron beam can cause a demagnetization of the 

undulator magnets if it propagates severely off axis [12-

14]. The electrons produce a shower of secondary 

electrons and photons in the vacuum chamber which 

may deposit energy into the magnets. Detailed 

experiments have been done to study the influence of 

various parameters on the process like the geometry, 

material, working point of the magnets, temperature etc. 

[15]. A reduced dose (electron energy > 20MeV) of 70 

kGy produces already a remanence loss of 1% in a 

typical magnet material with a coercivity of 1800 kA/m 

[16].  

For the layout of a beam protection system the 

maximum beam charge which may be dumped into the 

vacuum chamber without loss of performance has to be 
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determined. In the following we discuss the 

consequences on the spontaneous radiation spectrum. 

Simulations for the impact on the stimulated radiation 

will be done in the future using GENESIS. Two 

scenarios have been studied where the electron beam hits 

the vacuum chamber under grazing angles of 1mrad and 

0.1mrad, respectively. Due to the small vacuum 

apertures larger angles are unlikely. Monte Carlo 

simulations with GEANT [17] have been done for both 

cases. The deposited charge was 300.000 nC. The 

magnets have been subdivided into 5x5 (1mrad case) 

and 7x7 (0.1mrad case) segments (figure 16). Doses 

have been evaluated for each of the segments.  

 

 
 

Figure 16: Monte Carlo simulations with GEANT. 

The geometry for the BESSY HE-FEL with APPLE III 

magnets (red) and a circular vacuum pipe (blue) has 

been used. Secondary electrons (red) and photons (blue) 

are plotted as well. 

 

In the 1mrad case a maximum reduced dose of 

700kGy has been detected close to the vacuum pipe. 

This corresponds to a maximum demagnetization of 

10%. Based on the doses in each magnet segment the 

corresponding remanences have been evaluated. Then, 

the undulator on axis field has been derived from the 

contributions of all segments (totally about 70.000 

segments). The field reduction close to the point of 

interaction is 1.6% (figure 17).  
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Figure 17: Maximum demagnetization of magnet 

segments (left) for 1mrad and 0.1mrad angle of 

incidence and field variation (right) for 1mrad. 

 

In the 0.1mrad case the region of interaction is spread 

out over more periods and the local degradation is much 

lower. Since the magnet degradation extends over 

several periods the trajectory errors are negligible even 

for the 1mrad case (figure 18). The averaged phase error 

introduced in this case is 7° (figure 18) which results in a 

shift of the first harmonic and a splitting of the fifth 

harmonic (figure 19).  
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Figure 18: Trajectory errors for angles of incidence of 

0.1mrad and 1mrad (left) and phase errors for both 
cases. 
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Figure 19: Spectra of the first (left) and fifth (right) 

harmonic for the unperturbed case (black) and the 

degraded magnets (red). 

 

Even if the undulator is used only at the first harmonic 

the spectral shift has to be avoided. The simulations 

show that a deposited charge of 30.000nC (1mrad) shifts 
the first harmonic by only E/E=2x10

-4
 which is 

acceptable. 

The simulations show that a collimating system for the 

off axis particles as well as for the off energy particles is 

essential for a safe operation. The dog-leg collimator for 

the planned BESSY Soft X-Ray FEL collimates the 

beam transversally to ±30  and energetically to 5%. 

Fibre monitors are needed for several purposes: i) A 

fast interlock system which can switch off the gun laser 

has to be triggered, ii) information on the total deposited 

dose is required to estimate the lifetime of the magnets, 

iii) information on the longitudinal distribution of the 

deposited radiation helps to detect the hot spots. Two 

types of fast monitors have been tested at FLASH: i) 

Cerenkov monitors [18] and ii) fibres for optical time 

domain reflectometry used in power-meter mode [19]. 

The latter ones can be used also for spatially resolved 

measurements. Fibre Bragg gratings can be used as high 

dose radiation sensors on the scale of many kGy [20]. 
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They provide also information on the spatial distribution 

of the dose. 

CONCLUSION 

Various technological aspects for using APPLE 

undulators in HGHG FELs have been discussed. 

Experiences gained with APPLE undulators at 3
rd

 

generation light sources have been extrapolated and 

strategies to meet the tight tolerances of HGHG FEL 

insertion devices have been proposed. 

New concepts for the magnet field optimization, for 

the motion control, for a new support structure and for 

radiation dose monitoring have already been tested and 

will be further improved at a 3
rd

 generation facility. 
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ELECTRON BEAM ALIGNMENT STRATEGY IN THE LCLS 
UNDULATORS* 

H.-D. Nuhn#, P.J. Emma, G.L. Gassner, C.M. LeCocq, F. Peters, R.E. Ruland, Stanford Linear 
Accelerator Center, 2575 Sand Hill Road, Menlo Park, CA 94025, U.S.A.

Abstract 
The x-ray FEL process puts very tight tolerances on the 

straightness of the electron beam trajectory (2 µm rms) 
through the LCLS undulator system.  Tight but less 
stringent tolerances of 80 µm rms vertical and 140 µm 
rms horizontally are to be met for the placement of the 
individual undulator segments with respect to the beam 
axis.  The tolerances for electron beam straightness can 
only be met through beam-based alignment (BBA) based 
on electron energy variations.  Conventional alignment 
will set the start conditions for BBA.  Precision-
fiducialization of components mounted on remotely 
adjustable girders and the use of beam-finder wires 
(BFW) will satisfy placement tolerances.  Girder

 movement due to ground motion and temperature changes 
will be monitored continuously by an alignment 
monitoring system (ADS) and remotely corrected.  This 
stabilization of components as well as the monitoring and 
correction of the electron beam trajectory based on BPMs 
and correctors will increase the time between BBA 
applications.  Undulator segments will be periodically 
removed from the undulator Hall and measured to 
monitor radiation damage and other effects that might 
degrade undulator tuning. 
 

Table 1: LCLS undulator parameters 

Parameter symbol value unit 

min. fundamental wavelength λr 1.5 Å

 
undulator period length λu 3.0 cm

 
nom. undulator parameter K 3.

5  
peak field Bpk 1.25 T 
undulator segment length Ls 3.4 m

 
number of segments Ns 33 

 
full undulator length Ls 132 m

 
nom. undulator full pole gap g 6.8 mm

 
long break length Ll 0.898 m 
short break length Ls 0.470 m 
number of quadrupoles NQ 33 

 
number of BPMs NBPM 33+3  

INTRODUCTION 
The undulator system for the Linac Coherent Light 

Source (LCLS), under construction at the Stanford Linear 
Accelerator Center (SLAC), is comprised of 33 identical 
3.4-m-long undulator segments, separated from each other 
by short and long breaks.  Every third break is long.  The 

                                                           
* Work by U.S. Department of Energy contract DE-AC02-76SF00515 
# nuhn@slac.stanford.edu 

space provided by these breaks is used to place devices 
for controlling and monitoring the electron beam.  A 
parameter summary is given in Table 1. 

COMPONENT DESCRIPTION 
The components relevant to the SASE (self-amplified 

spontaneous emission) lasing process in the LCLS 
undulator system include 

• Undulator Segments 
• Segment Slide Supports 
• Quadrupoles 
• Beam Position Monitor  (BPM) System 
• Girder Motion Supports 
• Beam Finder Wire (BFW) Devices 
• Fixed Girder Supports 
• Vacuum chamber 
• Alignment Diagnostic System (ADS) Sensors 
• Temperature Sensors 
• Air Temperature Stabilization 
A brief description for each of these components is 

provided in this section 

Undulator Segments 
The undulator segments [1] are fixed-gap permanent 

magnet planar undulators with a period length of 3 cm 
and a nominal K value of about 3.5, and are mounted 
inside a 3.4-m-long Ti strongback of circular cross 
section.  The undulator gap is arranged such that the 
electron wiggle motion is in the horizontal plane.  The 
upper and lower pole face planes are canted with respect 
to each other by an angle of 4.5-mrad, which makes the K 
value dependent on the electron beam’s horizontal 
position in addition to its dependence on the vertical 
position for the regular planar undulator.  Each undulator 
will be operated at a different effective K value to 
compensate for energy losses during the radiation process 
and to optimize the SASE process.  The magnetic axis, 
i.e., the ideal average beam trajectory, through the 
undulator segment will be determined during the tuning of 
the device and fiducialized to tooling balls on the device 
body.  Undulator magnet tuning will be done in the 
Magnet Measurement Facility (MMF), which has been 
specially built for this purpose. 

Segment Slide Supports 
Each undulator segment is mounted on two parallel 

horizontal slides that allow remotely controlled 
repositioning of the segment relative to the electron beam 
and a full translation to a ‘removed’ position at 8 cm. 
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Quadrupoles 
The quadruple magnets in the LCLS undulator system 

are arranged in a FODO lattice.  They are designed to 
operate with an integrated quadrupole field gradient of 
3 T over the entire LCLS operational energy range

 
between 4.3 GeV to 13.6 GeV.  Each quadrupole magnet 
has dipole correction coils integrated into its design to 
provide independently controllable horizontal and vertical 
dipole fields superimposed on the quadrupole fields. 

The quadrupole magnets are based on electromagnetic 
technology, each with its own power supply, and their 
integrated gradient can be changed in the range between 
0 T and 4 T.  By varying the gradient, the quadrupoles can 
be used to measure the transverse distance of the electron 
beam trajectory from the magnetic center of the

 
quadrupoles, which is fiducialized to the magnetic center 
of the upstream undulator segment.  This enables control 
of the alignment of the electron beam to the magnetic axis 
of the undulator segment at its down stream end, where 
the quadrupole magnet is located.  The electromagnetic 
technology also provides the options of modifying the 
focusing optics. 

Beam Position Monitor (BPM) System 
The electron beam position monitor system uses RF 

cavity BPMs.  It has been demonstrated that this type of 
BPM can provide relative beam position information at 
better than 1 µm resolution in the 0.2-1 nC charge range, 
at which the LCLS electron bunches will be operated. 

 
Their circular cavity body, machined to have a well-
defined mechanical center, will be used in the alignment 
of this component.  One BPM is located just downstream 
of each quadrupole magnet.  An additional 3 BPMs of the 
same type are mounted upstream of the first segment to 
monitor the horizontal and vertical launch position and 
angle of the electron beam. 

Girder Motion Supports 
Each undulator segment and its beamline components 

are mounted on a remotely moveable support structure, 
called a girder [2].  The remote motion is controlled 
through cam shafts [3] and allows changing the horizontal 
and vertical position as well as yaw, pitch, and roll of the 
girders.  The components mounted on each of the 33 
identical girders include an upstream Beam Finder Wire 
(BFW) device, two horizontal slides supporting one 
undulator segment, a downstream quadrupole magnet, an 
RF cavity BPM, and a Cerenkov radiation detector, as 
well as the supports for the vacuum chamber throughout 
the girder, and the mounting plates for the Alignment 
Diagnostic System (ADS) sensors.  The BFW device, the 
undulator segment, and the quadrupole are fiducialized in 
the MMF.  The complete girder assembly will initially be 
aligned on the Coordinate Measurement Machine (CMM), 
which has been specially designed for that purpose.  The 
undulator segment is mountable on and removable from 
the girder with the vacuum chamber in place and without 
compromising the alignment of the vacuum chamber. 

 
Segments will be swapped on the girder for magnetic 

measurements and will be interchangeable without the 
need for renewed CMM alignment. 

Beam Finder Wire (BFW) Devices 
The BFW device is a special wire scanner [4], with 

only two positions for the horizontal and vertical wire 
pair: the wires will be either in a well reproducible “in”-
position, in which they can be brought in collision with 
the electron beam, or they will be in a “park”-position, 
where they won’t affect the electron beam.  The locations 
of the wires in the “in” position will be fiducialized to 
tooling balls mounted on the device body. 

Each BFW device enables control of the alignment of 
the electron beam at its up-stream end.  After all 
quadrupoles are aligned using BBA (see below), the 
girder can then be moved to bring the wires of the BFW 
device into collision with the beam, which will complete 
the alignment of the undulator segments relative to the 
beam axis.  The BFW device will provide a means to 
accomplish a beam-based undulator segment alignment 
from the control room without the need for tunnel access.  
The BFW device is only needed for occasional 
verifications.  The alignment can be achieved at even 
tighter tolerance levels using portable Hydrostatic 
Leveling System (portable HLS) and portable Wire 
Position Monitor (portable WPM) devices without the 
need for the electron beam to be present [5].  The use of 
these devices requires, however, extended tunnel access 
and will be used prior to the beam–based commissioning 
process.  It is expected that the ADS (see below) will be 
used to monitor the girder positions from then on. 

Although not their primary purpose, the BFW wires 
will also provide transverse beam profile and rms size 
information.  This functionality will be preserved as long 
as the wire diameter is not larger than about twice the rms 
beam width.  With an rms beam width of 36 µm, a 
maximum wire diameter of 40 µm is a reasonable upper 
limit and the choice of a Carbon wire will adequately 
limit beam loss on the downstream undulators [6].  The 
transverse position of the wires will be monitored with the 
cam mover readback system and also, at sub-micron 
resolution but at a slower rate, with the ADS.  Local 
BPMs can also be used to measure and compensate for 
any shot-by-shot trajectory jitter during the scan. 

Fixed Girder Supports 
Each girder is supported by two thermally isolated, 

sand-filled pillars, with manual adjustments at the top 
(Figure 4), which allow pre-alignment of the cam movers. 

Vacuum chamber 
The vacuum chamber of the LCLS undulator system 

has a 5 mm×12.5 mm rectangular inner cross section 
through the undulator segments and circular (both 8 mm 
and 10 mm diameter) cross sections in the breaks.  The 
interaction of the electron beam with the vacuum chamber 
generates longitudinal and transverse wakefields.  The 
amplitude of the latter is limited by keeping the beam at 
the center of the chamber with a ±200 µm tolerance.  The 
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vacuum chamber will not be moved when the undulator 
segment is horizontally repositioned on the slides. 

Alignment Diagnostic System (ADS) Sensors 
The alignment of the girders will be continuously 

monitored by the ADS, which is a combination of a Wire 
Position Monitor (WPM) system and a Hydrostatic

 

Leveling System (HLS), both permanently installed.
  

There are four sensors for each of the two subsystems 
mounted on each girder, two each close to either end of 
the undulator segment.  The sensors are supported by a 
mounting plate.  The HLS is most sensitive to vertical 
positioning, while the WPM is best for horizontal 
positioning. 

Temperature Sensors 
The temperature will be monitored at several control 

points on girder components, at girder supports, and at the 
mounting plates of the ADS sensors. 

Air Temperature Stabilization 
The temperature of the LCLS undulator tunnel is 

controlled by a constantly flowing, thermally regulated, 
air stream [7].  The air enters upstream of the first girder 
and is blown through the 170-m-long tunnel in  
downstream direction.  Temperature monitoring is done at 
the entrance point.  As the air travels through the tunnel it 
is expected to pickup heat from the tunnel equipment at a 
rate of less than 50 W/m.  The system is designed such 
that the air temperature will stay in the range of 19.5º C-
20.5º C at all times along the entire undulator system.  

The undulator K value has been measured to change by 
0.015% over a temperature range of 0.28º C. 

TOLERANCES AND ALIGNMENT 
STRATEGY OVERVIEW 

The purpose of the undulator system is to enable the 
SASE process, which is based on the interaction between 
an electron bunch and its spontaneous undulator radiation. 

For obtaining and maintaining high gain in the SASE 
process, it is important that the electron bunch is in good 
overlap with the radiation field and that the individual 
electrons maintain a well defined phase relationship with 
that field.  The radiation field is initially produced in the 
first undulator segment and will proceed in a straight line, 
while the electron beam trajectory will deviate from a 
straight line in the presence of magnetic and electric 
fields.  The ideal undulator magnetic field will generate 
tiny periodic deviations from the straight line, which are 
necessary for the SASE process; the first and second field 
integrals over each undulator segment are ideally zero. 

 

Problems arise from off-axis fields of misaligned
 

quadrupoles and undulator segments, the earth’s magnetic 
field [8], other environmental fields, as well as from 
errors in the undulator fields that create finite field 
integrals or increase the electrons’ path lengths through 
the undulator.  The primary mitigation tool includes 
tuning [9], (for undulator field errors and earth’s magnetic 

field), and shielding, (for environmental fields as well as 
earth’s magnetic field).  

The remaining error-fields (off-axis fields in 
quadrupoles and undulator segments, remnants of 
undulator field errors, the earth’s magnetic field, and the 
environmental field) will be corrected through beam 
based alignment, which compensates the net effect of 
these fields by adjusting the transverse positions of the 
quadrupoles, through girder motion and by adding small 
dipole correction fields through trim coil adjustments.  
This process will automatically take the largest error field 
source, (e.g., misaligned quadrupoles), out of the system 
by moving the centers of the quadrupole magnets to a 
goal position, close to a common straight line.  The goal 
position will be slightly away from that line, just enough 
to compensate for other remaining error sources.  Thus, 
the goal position of each quadrupole will be precisely 
defined through the BBA process, and will be deviating 
from the electron beam trajectory (beam axis, defined by 
BBA) by about 20 µm (rms), a calculated number based 
on error amplitude estimates. 

Table 2: Alignment tolerances for component alignment 
on girders for the LCLS undulator system 

 Value Unit 
Horizontal Alignment of Quadrupole  
and BPM to Segment (rms) 

125 µm 

Vertical Alignment of Quadrupole 
and BPM to Segment (rms) 

60  µm 

Horizontal Alignment 
of BFW to Segment (rms) 

100 µm 

Vertical Alignment of BFW to 
Segment (rms) 

55 µm 

For best FEL performance, the effective magnetic 
centers of all quadrupoles need to be within ±2 µm of 
their goal position in both the horizontal and vertical 
directions.  Additionally, the magnetic axes of the 
undulator segments need to be aligned to the beam axis to 
an accuracy of 140 µm (rms) horizontally and 80 µm 
(rms) vertically. 

Table 3: Alignment tolerances for girder alignment in the 
LCLS Undulator Hall 

 Value Unit 
Initial rms uncorrelated x/y 
quadrupole alignment tolerance wrt 
straight line 

125 µm 

Longitudinal Girder alignment 
tolerance 

±1   mm 

Undulator Segment yaw tolerance 
(rms) 

240 µrad 

Undulator Segment pitch tolerance 
(rms) 

80 µrad 

Undulator Segment roll tolerance 
(rms) 

1000 µrad 

 
The precise alignment of the quadrupoles can only be 
achieved using a beam based alignment method (energy 
scan) while the relative alignment (see Table 2) of the 

Proceedings of FEL 2006, BESSY, Berlin, Germany THBAU02

FEL Technology 531



undulator segments to the quadrupoles and the BFW 
devices is aided by mounting the components on 
common, remotely movable girders (see above).  The 
tolerances for the conventional alignment of the girders in 
the tunnel are reasonably achievable (see Table 3).  

ALIGNMENT DIAGNOSTIC SYSTEM 
The ADS continuously tracks changes in the transverse 

position, tilt, yaw, and roll of all girders to better than 
1 µm [10].  This position information together with 
temperature measurements on the girders will be used to 
calculate the motion of the geometric centers for BPMs 
and quadrupoles to better than 2 µm (rms) with respect to 
the ADS sensors. 

The information will be used between BBA
 

applications to correct for girder/quadrupole position 
changes due to ground motion and temperature 
fluctuations and to correct the offset used in evaluating 
the BPM readings. 

Wire Position Monitor (WPM) System 
The WPM system is based on two 140-m-long stretched 

wires, running parallel to the beam line axis on one side 
of the Undulator as illustrated in Figure 1.  

The wire position monitors are mounted to the girders 
kinematically, as shown in Figure 1.  The vertical position 
of monitors has to be adjustable at different girders 
according to the wire sag of about 15 cm.  Each girder 
will be equipped with four wire position monitors, two on 
each end.  With this geometry, positions of each girder 
can be measured in horizontal and vertical direction with 
respect to both stretched wires.  Pitch, roll and jaw of the 
girders will be calculated.  Transverse position of 
quadrupoles can be determined within 0.5 µm (rms) by 
measurements of support temperatures within ±0.1 K.  

As extensive test measurements have shown [11], the 
readout resolution of the WPM system is much better than 
100 nm and instrument drifts are lower than 100 nm per 
day. 

 
Undulator Wire Position Monitor

Wire 1

Wire 2

Girder 

Quadrupole

Girder 

Beam

Cross section Front view  
Figure 1: Functional cross section diagram of wire 
arrangements for the WPM system 

Due to the unavoidable large sag of long wires, the 
uncertainty of the wires in vertical direction will be higher 
than one micrometer, which is the required design 

objective for the quadrupoles.  Therefore, the vertical 
position of both wires will be correlated to the horizontal 
plain defined by the Hydrostatic Leveling System. 

Hydrostatic Leveling System (HLS) 
The HLS system is based on a system of water pipes 

also covering the entire 140-m-long undulator system. 
Four sensors are mounted to the sides of each girder.  

The sensors are located at the same position as the WPM 
system sensors on each side of the girder.  

 
Figure 2: Functional cross section diagram of an HLS 

capacitive sensor 
 
The system consists of two types of HLS sensors, 

which complement each other.  One sensor type is based 
on capacitive measurements, which has the advantage of 
being widely used and having a lower purchase cost, see 
Figure 2.  The repeatability of the sensor is 1 μm with an 
accuracy of 5 μm over the 5 mm measurement range.  A 
disadvantage of this sensor type is that capacitive sensors 
drift by about 1 – 2 μm per month due to aging of 
electronic components.  Ideally, the determination of the 
absolute distance between the sensing electrode and the 
water surface would require knowing the exact dielectric 
constants involved and the exact distance between the 
sensing electrode and the other electrode (vessel 
geometry).  However, it is not possible to determine these 
values with sufficient accuracy to derive height readings 
directly from the capacitances of the sensors.  Therefore, a 
calibration is performed by measuring the capacitance at 
different water levels and referring them to actual height 
readings.  

 
Figure 3: Functional cross section diagram of an HLS 
ultrasound sensor. 

The second type of sensor is based on ultrasonic 
runtime measurements, see Figure 3.  The measurements 
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are self calibrating and therefore no drifts are expected.  
The repeatability of the sensor is 1 μm with an accuracy 
of 5 μm over the 5 mm measurement range.  The 
ultrasound sensors measure the runtime to the two 
reference surfaces of the probe and to the water surface.  
This provides information about the water level with 
respect to the external fiducial of the probe.  The 
ultrasound sensors, once mounted to the girder, are 
measured with the CMM.  They are used to set the height 
of the girder in the tunnel during the conventional 
alignment step.  Since the ultrasound sensors provide 
actual height differences to the water surface they can be 
used to calibrate the capacitive sensors. 

MONITORING ELEMENTS SUMMARY 
Monitoring elements are used to detect girder position 

as well as electron beam position.  The following list 
provides a summary: 

• Hydrostatic Leveling System (HLS) 
o monitors y, pitch, and roll 

• Wire Position Monitoring System (WPM) [11] 
o monitors x, (y), (pitch), yaw, and roll 

• Temperature Sensors 
o in support of HLS/WPM readout corrections, 

undulator K corrections, and component motion 
interpretation 

• Beam Position Monitors* 
o monitors x and y positions of the electron beam 

• Quadrupoles* 
o can be used to measure x and y offsets of the 

electron beam with respect to the quadrupole 
center 

ALIGNMENT CONTROLS 
A number of manual (local) and remote adjustments are 

available for the alignment of the beamline components of 
the LCLS undulator system. 

 

 
Figure 4: Undulator segment supports 

Local Controls 
 Alignment of the cam supports is done using the 

manual adjustment controls on top of the support 

                                                           
*
 Transverse Locations Tracked by HLS and WPM 

pedestals (see Figure 4).  Relative alignment of girder 
components to the magnetic axes of the undulator 
segments (on the CMM) is done by using the manual 
adjustable supports of the quadrupole, BPM and BFW 
components, which provide a range of ±2 mm in the 
horizontal and vertical directions with a resolution of 
2 µm.  The height of the magnetic axes of the undulator 
segments above the segment supports is controlled by 
permanent shims created specially for the undulator after 
the tuning process and permanently bolted to its bottom.  
This makes all undulator segments interchangeable with 
each other. 

Remote Controls 
The transverse positions of the girders are (remotely) 

controlled based on cam mover technology 
• during initial conventional alignment (see above) 
• for quadrupole position control, i.e., beam steering 

during BBA. 
• for BFW scans 
• for compensation of ground motion effects etc. 
The motion range is such that each quadrupole magnet 

can be moved ±0.7 mm in any transverse direction from 
its neutral position.  The motion control allows moving a 
single quadrupole independently in the horizontal and 
vertical direction without affecting the adjacent 
quadrupoles and without introducing roll to the girder 
assembly.  All girder components will be moved together 
when a quadrupole is repositioned so that the BFW 
device, the undulator segment, the quadrupole, the BPM 
and the vacuum chamber will stay aligned relative to each 
other.  The horizontal position of the undulator segment is 
remotely controlled for 

• field strength adjustment (change of K) 
• reduction of radiation exposure during 

commissioning  (full roll-out position), 
• measurement of FEL gain as function of z (full 

roll-out position), 
• measurement of K using spontaneous radiation 

from only two adjacent, interfering undulators [12]. 

CONVENTIONAL ALIGNMENT 
The conventional alignment of the undulator system 
focuses on bringing the quadrupole magnets into a 
straight line at tolerances specified in Table 3. 

 To achieve this goal, the first step is to establish a 
monument network inside the undulator hall.  This set of 
coordinates assigned to the network points serves as the 
representation of the coordinate system and is the basis 
for all component set-ups.  In practice, the points are nests 
compatible with 1.5" spherical tooling.  They can be 
equipped with SMRs (Spherically Mounted 
Retroreflectors) for laser tracker observations, or solid 
sphere based rods for leveling observations.  Simulations 
have been made with a regular pattern of both floor and 
wall targets.  Figure 5, below, represents the middle 
section of the undulator hall with the red rectangles 
representing quadrupoles.  A floor point is installed in the 
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middle of the tunnel at every other quadrupole location.  
The laser tracker positions are placed in front of the other 
quadrupoles with a staggered offset from the beamline.  
The tracker observations (purple lines) have a-priori 
standard deviations based on recent experiences and 
standard observation practices: 30 µm for the distances 
and an inverse function of the distance for the two angles 
(30 µm and 50 µm at one meter for the horizontal and the 
vertical, respectively).  The weight of the leveling 
observations (green lines) is based on 50 µm as a-priori 
standard deviations.  

 

 
Figure 5: The undulator hall network, used in Simulation, 
is shown relative to quadrupole locations. Floor and wall 
monuments as well as tracker positions are shown. The 
largest semi-major axis of the error ellipses is below 
50 µm. 

Figure 5 shows the resulting error ellipse at 1 sigma for 
a free-net approach.  All semi-major axes are below 
50 µm.  This free-net approach assumes that the location 
and orientation of the LCLS undulator coordinate system 
[13] has been established through the inclusion of a 
number of points known in the SLAC linac system.  

Once the network is established, the points can be used 
for the markings on the floor, the alignment of the fixed 
support pillars and finally the pre-alignment of the 
girders.  For all these tasks, total station set-ups are 
performed.  A solid resection of the instrument, based on 
at least two floor monuments and three wall monuments, 
can guarantee the necessary requirement for point 
determination.  Depending on the duration of the 
installation and the characteristics of the floor curing, an 
additional survey of the monument network will be 
observed to control and update the coordinates. 

After the undulator segments are installed, a final 
mapping of all monuments and all fiducials is performed.  
The scenario for the laser tracker position and 
methodology is identical to the one used to derive the 
monument network.  The fiducials of the girders, 
undulator segments, quadrupoles, BFW devices and HLS 
ultrasound sensors are observed from multiple laser 
tracker stations.  Leveling observations between

 
monuments and selected fiducials are added.  The 
adjustment of all observations is again performed with a 
free-net approach.  Finally the measurements with the 
laser tracker and the digital level are combined with the 
portable HLS and WPM observations.  If moves are 

required, they can be checked by the ADS readings and 
do not require a full remapping of the undulator hall.  

BEAM-BASED ALIGNMENT 
The electron beam trajectory through the FEL undulator 

must be straight to a level of about 2 µm over one FEL 
gain length (~5 m).  This level is difficult to achieve using 
standard component survey methods, and therefore 
requires a special electron Beam-Based-Alignment (BBA) 
algorithm [5] which samples undulator BPM readings at 
three different beam energies (13.6, 6.5, and 4.3 GeV).  
Changing the linac energy will require a change in many 
magnetic components upstream of the first undulator to 
keep the beam matched to the undulator optics, and to 
keep the horizontal and vertical position and angle of the 
trajectory at the entrance to the undulator independent of 
energy.  The latter will be monitored by a set of three RF 
cavity BPMs located between the last quadrupole of the 
linac-to-undulator beam transport line and the first 
undulator segment.  Detailed simulations have been made, 
which indicate that adequate beam-based alignment can 
be achieved if undulator quality and beam stability are 
within the tight tolerance specifications described here.  

BBA will use quad motion and dipole trims for beam 
corrections.  The BBA algorithm uses the off-axis field in 
the quadrupoles for trajectory correction.  Changes are 
applied through cam-based girder motion, which will 
automatically align the quadrupoles in the process.  Thus, 
the main source of the original trajectory errors, i.e., 
quadrupole misalignment, will be taken out by BBA.  
Secondary sources, such as undulator field errors, the 
earth’s magnetic fields, and other environmental fields are 
expected to be small and will require slight off-center 
positioning of the quadrupoles to generate the required 
correction field on beam axis.  The largest of these 
corrections can then be partially taken over by dipole trim 
correctors, which are integrated in the quadrupole design.  
Their range is equivalent to ±100 µm of quadrupole 
motion.  The BPMs must have a relative position 
measurement resolution of <2 µm rms in order to achieve 
trajectory straightness adequate to support 1.5-Å FEL 
operations.  This resolution definition implies that the 
BPM readback offsets (electrical or mechanical) must be 
stable to <2 µm over the one hour required to accumulate 
the BBA data. 

TOLERANCE ZONES 
A systematic plan for trajectory correction during 

operation has been developed based on tolerance zones 
and different levels of correction.  This plan integrates the 
results of global tolerance studies, which predict an 
amount of FEL power loss as a function of the size of the 
errors, with a sequence of correction operations with 
increasing disruption to the FEL beam.  Starting at the 
completion of a full BBA session, there will be 
continuous trajectory feedback systems running at 
120 Hz, based on LTU (Linac-To-Undulator transport 
line) BPMs, and at 0.1 Hz, based on undulator BPMs, 
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which are tracked by the ADS (Zone 1).  Every few hours 
(Zone 2) small girder position corrections, based on ADS 
measurements, will keep the quadrupoles at their goal 
positions to restore most, but not all, of the beam power 
which is expected to sag by up to 10%.  This can be done 
without disruption of the FEL beam.  Once a day (Zone 
3), re-adjustment of the FEL beam pointing direction may 
be done.  Once a week or less (Zone 4), a full BBA 
session will be used to get back to the original tolerance 
zone, which will interrupt FEL beam delivery for less 
than an hour.  Before the BBA is applied, the FEL power 
level is expected to drop by no more than 25%.  Full BBA 
should fully restore the FEL power to the original level.  
At an interval of roughly once every six months (Zone 5), 
a cam mover may range-limit and a planned access will 
be used to reset cam blocks as necessary.  

ALIGNMENT FUNCTION DIAGRAM 
The main function block of the undulator alignment 

system is given in Figure 6.  Alignment functions are 
performed in the Magnet Measurement Facility (MMF) 
and in the Undulator Hall (UH).  Alignment tasks 
performed in the MMF include the tuning and 
fiducialization of the undulator segments as well as the 
fiducialization of the quadrupoles and the BFW devices.  
The components are then mounted on the girder and 
aligned.  The alignment is checked on the CMM, which is 
also located in the MMF.  The undulator segments are 
stored separately from the girders until they are installed 
in the UH.  In preparation for the girder installation, fixed 
support pillars are installed in the UH and aligned.  The 
girders are then installed and pre-aligned on the fixed 
support pillars after the environmental magnetic field has 
been measured and recorded along the entire undulator 
line.  After installation of the ADS system, the continuous 

measurement and recording of the girder positions will 
start.  The undulator segments are then mounted onto the 
horizontal slides on top of the girders, and the 
quadrupoles are aligned onto a straight line with 
conventional alignment.  Then, portable WPM and HLS 
systems [14] will be used for a precise alignment of the 
undulator segments between neighboring quadrupole 
magnets.  

Every few hours small girder position corrections based 
on ADS measurements will keep the quadrupoles at their 
goal position (which will be reset after BBA) to better 
than ±2 µm over a 1-hour period and to better than ±5 µm 
over a 24-hour period, in order to support BBA.  The next 
alignment steps involve the electron beam.  BBA based 
on BPMs and quadrupoles under observation of the ADS 
will be used to straighten the electron beam trajectory to 
the level required to achieve FEL gain.  At this point, 
continuous position corrections based on BPM readings 
will start.  The BPM readings will be corrected for any 
device motion, as reported by the ADS. 

The BFW devices can now be used to check the 
alignment of the upstream end (‘loose end’) of the 
undulator segments.  

Every 2-4 weeks, the procedure loops back to BBA 
(one iteration, rather than the initial three, may be 
sufficient), which requires interrupting beam delivery. 

Once per month, three undulator segments will be 
swapped out of the tunnel and brought back to the MMF 
to be checked for detuning effects, such as radiation 
damage.  At the same time, three of the six replacement 
undulator segments, which will have been prepared ahead 
of time, will be installed in the empty slots.  As mentioned 
above, the undulator magnets are mechanically shimmed 
that the magnetic axis will come to lie in the same x, y 
location when placed onto a given girder. Every six 
months, when cam movers might have run out of range 

Figure 6: Alignment Function Diagram. 
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due to the expected continuous ground motion, there will 
be a maintenance shutdown for re-baselining, i. e., 
realignment of the cam movers using the manual  
adjustments on top of the support pillars.  

SUMMARY 
The X-ray FEL demands very tight tolerances on 

magnetic field quality, electron beam straightness, and 
undulator segment alignment.  These tolerances can be 
achieved through BBA procedures based on BPMs and 
quadrupoles (with energy scan) as well as BFW devices. 

Relative component alignment to the required  
tolerances will be achieved through common girder 
mounting.  Main tasks of the conventional alignment and 
motion systems are: 

• Component fiducialization and alignment on girder 
• Conventional alignment of girders in Undulator 

Hall as prerequisite for BBA. 
The ADS measures and enables the correction of girder 
movement due to ground motion, temperature changes, 
and cam mover changes.  A strategy is in place for using 
the monitor systems and the controls in order to establish 
and maintain a straight FEL trajectory. 
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HOW TO OBTAIN HIGH QUALITY ELECTRON BUNCHES IN PRESENCE 
OF NORMAL CONDUCTING LINAC WAKEFIELDS 

S. Di Mitri*, ELETTRA, Trieste, Italy

Abstract 
The dynamics of electron beams involved in Free 

Electron Lasers (FELs) projects is an interplay between 
sources of 6-dimensional emittance dilution and 
methods of emittance preservation. Relatively long 
bunches are required for harmonic cascade seeded 
FELs in order to accommodate the timing jitter and the 
seed provided by the bunch itself at each stage of the 
cascade. A high quality is required from such electron 
beams (small transverse emittance and energy spread) 
together with a uniform distribution in time along the 
usable part of the bunch; non-linearity in the 
longitudinal phase space and in the transverse planes 
are also issues. A complex longitudinal phase space 
dynamics characterizes the study often in presence of 
by the Coherent Synchrotron Radiation (CSR) 
generated in magnetic compressors. This paper reviews 
specific problems related to the electron beam 
dynamics dominated by bunches of kA peak current 
and varying length (0.1 to 2 ps) in the presence of 
normal conducting linac wakefields. Methods 
implemented to minimize the 6-dimensonal phase 
space degradation are discussed. Results of high beam 
quality performance are illustrated with particles 
tracking codes. 

INTRODUCTION 
    This paper describes the degrading effects on the 
electron beam performance of wake fields present in 
normal conducting linacs for single pass FELs; in 
particular: (i) geometrical wake fields in accelerating 
structures [1–4]; (ii) Coherent Synchrotron Radiation 
(CSR) [5–8]; (iii) Longitudinal Space Charge (LSC) 
[9–12]. Their impact on the electron beam quality is 
discussed in terms of the properties relevant for 
Spontaneous Emission Self Amplified (SASE) [13–15] 
and seeded [16–19] FELs. 
   All the mentioned wake fields couple the 6-
dimensional particle dynamics by putting some 
conflicting constraints on the design of the beam 
delivery system dedicated to the formation of electron 
bunches. This paper reviews some strategies for the 
machine design to compensate the emittances growth 
and improve the beam quality. The conclusions 
demonstrate the validity of manipulation techniques to 
control the electrons 6-dimensional phase space to 
unprecedented levels. 
 

WAKE FIELDS AFFECTING THE 
ELECTRON BEAM QUALITY 

    In order to make the FEL process more efficient and 
the undulators chain reasonably short, the electron 
beam quality has to be characterised by high peak 
current, small transverse emittance, small energy 
spread. Due to the cooperative FEL process, priority is 
given to the slice beam quality. 

Longitudinal phase space 

Short range longitudinal wake fields generated by 
relatively short bunches with σz<<a, being σz the 
bunch length and a the beam pipe radius, travelling 
into periodical structures induce a maximum FWHM 
relative energy loss [20]: 

        
fE

QLeW0=Δ
γ
γ                      (1) 

which is valid in the approximation (σz /s0)
1/2 <<1 with 

s0 the characteristic parameter of the structure. 
Assuming a linear energy gain in the linac, (1) shows 

that the impact of very long accelerators can be 
comparable to that of smaller machines. For example, 
the energy loss in the LCLS Linac 3 relative to the 
final average energy is about 0.5% [21], while that in 
the FERMI Linac 4 is 1.4% [22]. Off-crest acceleration 
is then needed to reduce the induced energy chirp 
below the FEL threshold and to re-establish the 
linearity in the longitudinal phase space.  

With an appropriate positioning of the magnetic 
chicanes, longitudinal wake fields acting in the last part 
of the linac work for free to cancel the linear energy 
chirp required by the compression. In this way the 
chicane momentum compaction can be relaxed, thus 
reducing the influence of CSR, while using larger 
energy chirps. 

Even after cancellation of the linear contribution, 
residual higher order energy chirps affect the final 
beam quality. A quadratic chirp zdEdD 22)2( =  

increases the correlated energy spread, thus reducing 
the SASE FEL gain. It also enlarges the bandwidth of a 
High Gain Harmonic Generation (HGHG) FEL to 
unwanted levels, corrupting the goal of producing a 
Fourier transform limited signal with narrow 
bandwidth of the order of few meV [23–25]. Figures 
1–4 illustrate this topic comparing two cases with 
different values of the quadratic energy chirp. 
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Figure 1. Longitudinal phase space affected by 0.9 
MeV/ps2 quadratic energy chirp. 

 
 
 
 
 
 
 
 
 

 
 

 
Figure 2. Spectral bandwidth of 40 meV FWHM 
generated by the electron bunch in Figure 1 through 
FERMI HGHG with fresh bunch technique at 10 nm. 
 

 
 
 
 
 
 
 

 
 
 
 
 

Figure 3. Longitudinal phase space affected by a 
reduced 0.5 MeV/ps2 quadratic energy chirp. 
 

 

 

 

 

 

 
 
Figure 4. Spectral bandwidth of 10 meV FWHM 
generated by the electron bunch in Figure 3 through 
FERMI HGHG with fresh bunch technique at 10 nm. 

Phase spaces and bandwidths were produced 
respectively by mean of Elegant [26] and Genesis [27]. 

The use of sextupoles [28] and of a high harmonic 
cavity [29–31] (also called “linearizer”) to compensate 
the quadratic chirp is well-established. Nevertheless, it 
was also shown that a residual cubic chirp in the 
compression process can have a large impact on the 
final current profile [32]. 

Current profile 
SASE FELs generally require a high peak current 

(kAs) in the bunch core, while HGHG FELs desire a 
uniform current distribution along the whole bunch, 
especially if based on fresh bunch injection technique. 
Even if with different purposes, both the first and the 
latter need a control of the final current distribution. A 
proper manipulation of the cubic energy chirp 

zdEdD 33)3( =  is useful to maximize the current 

along the bunch and to avoid current spikes at the 
bunch edges. In fact, they are related to several 
dangerous effects: (i) introduce nonlinearity in the 
phase space (i.e., bifurcations); (ii) attract particles 
reducing the current in the bunch core; (iii) induce 
CSR instability at shorter wavelength than the bunch 
length; (iv) wake field excited by a leading edge spike 
may cause additional energy spread in the undulator 
vacuum chamber. 

Transverse emittance 
Apart from SC forces at low energy, slice emittance 

is directly affected by transverse CSR forces [6,33,34]. 
A coherent behaviour of the emitted radiation has been 
also observed at wavelength smaller than the bunch 
length [12,35]; due to the interplay of LSC and CSR on 
wavelengths which are a fraction of the bunch length, 
microbunching instability (μBI) [36–40] leads to phase 
space fragmentation and to slice emittance growth. 

The projected emittance of high charge, short 
bunches is indirectly affected by CSR emitted on the 
scale of the bunch length [41–43]. Due to the absence 
of stochastic processes, the slices lateral offset can be 
cancelled through a –I transport matrix between two 
identical dispersive regions [44]. 

The transverse wake field contributes to the 
projected emittance growth by mean of the induced 
beam break up (BBU) instability [45,46]. The coupling 
between the electron bunch and the wake field at a 
given energy can be estimated by mean of the 
following dimensionless parameter [47]: 

                
Ai

pkb
r I

ILlW

γ
πε

ε
2

004
=              (2) 

It multiplies the resonant term acting on the transverse 
motion of the slices centroid, thus it should be made as 
small as possible.  

CUBIC ENERGY CHIRP 
The sign of the cubic energy chirp in the photo-

injector (PI) is mainly determined by the SC force and, 
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according to the present simulations, it is always 
negative for a flat-top charge distribution (bunch head 
on the left side of phase space) [48]. After the 
interaction with longitudinal wake fields, this sign is 
reversed at the entrance of the second compressor, 
enhancing the energy-position correlation of the bunch 
edges w.r.t the core. The edges are there over-
compressed producing current spikes. On the contrary, 
a negative cubic chirp at the chicane provides under-
compression of the edges. This mechanism is 
illustrated in Figure 5, where the longitudinal phase 
space and the corresponding current profile generated 
by LiTrack [49] are shown. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Longitudinal phase space (left) and current 
profile (right) at the end of the FERMI Linac. Cubic 
chirp at the PI is –3.9x10-4  mm-3 at top and  8.1x10-4  

mm-3 at bottom. 
 

Voltage and phase of the high harmonic cavity allow 
to control the cubic chirp in the following transport line 
that is the final current profile. For a 1-stage 
compression the following parameters are defined: 
k=2π/λrf is the RF wave number and λrf is the RF 
wavelength; U0 is the voltage amplitude of a first linac 
accelerating on-crest; U1 is the amplitude of a second 
linac with off-crest acceleration at phase φ1 (referred to 
the crest of the RF wave); U4 and φ4 are the amplitude 
and phase of the 4-th harmonic cavity. Thus, the third 
derivative of the energy gain is: 

( ) ( ) ( )( ) ( )4110
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0
2
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4
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The quadratic chirp is cancelled if: 
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(3) and (4) define the space where parameters of the 
harmonic cavity can be moved in order to linearize the 
longitudinal phase space up to the 3rd order. 

REVERSE TRACKING 
    Due to the complexity of the interplay of SC, 
longitudinal wake fields and higher order energy 
chirps, it is not obvious to control simultaneously 

longitudinal phase space and current profile. In 
addition, it was demonstrated [50] that the linearizer 
can be used to relax until an order of magnitude the 
sensitivities of the final beam properties to the linac 
phase and voltage. Unfortunately, this technique 
assumes a negligible effect of the cubic chirp on the 
longitudinal beam dynamics and considers it a free 
parameter. 

The reverse tracking [32] suggests how to improve 
the global quality of the longitudinal phase space for a 
given configuration of the wake potential, eventually 
leaving the linearizer free to be moved for jitter 
purposes. It applies to ultra-relativistic particles and is 
based on the assumptions of no stochastic processes in 
the beam transport and of negligible energy loss from 
CSR. CSR with wavelength in the range of the bunch 
length can be neglected in presence of an appropriate 
shielding [32,51,52] of the vacuum chamber. 
Moreover, the induced energy loss is relatively small 
for long bunches.  

Within these approximations, the equations of 
motion can be reversed and a unique solution exists. 
The density distribution obtained at the beginning of 
the linac will automatically compensate all the effects 
perturbing the beam dynamics in the forward tracking, 
like RF curvature, wake fields and higher order optics.  

It is clear this method calls the beam shaping at the 
photo-cathode to be a fundamental contribution to the 
final beam quality. For the FERMI specific case [32], a 
final beam with a flat current profile and a linear phase 
space corresponds to an initial beam with a ramped 
current profile (see, Figure 6).  

 

 

Figure 6. Top, electron beam desired at the undulators’ 
entrance. Bottom, electron beam required at the PI end. 
LiTrack [49] output. 

 
The approximate prediction of the reverse tracking 

was confirmed by the forward tracking, obtaining the 
phase space in Figure 3. In addition, it was proved that 
the convolution of the longitudinal wake function with 
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a ramped particle distribution results in a mostly linear 
wake potential (see, Figure 7), while an initial 
parabolic current profile brings nonlinear contributions 
to the phase space. 

 
Figure 7. Longitudinal wake field generated in the 
FERMI Linac 4 resulting from the convolution of the 
wake function with a particles distribution 
characterized by a ramped current profile (left) and a 
parabolic one (right). 

BEAM SHAPING AT THE PHOTO-
INJECTOR 

    As discussed before, in presence of wake fields the 
initial electron density distribution plays an important 
role in formation of the electron bunches at the end of 
the accelerator [53–55]. As for the FERMI case, the 
LSC field at the cathode was investigated [56], since it 
is mainly responsible for blowing out the particles. 
Figure 8 shows the desired current profile at the 
cathode and the evolved charge distribution at the 
injector exit (at 100 MeV) for a 0.8 nC bunch. 
 

 
Figure 8. Ramped current distribution just after the 
cathode (left) and at the injector exit (right) for a 0.8 
nC bunch.  
 

 
Figure 9. Slice emittance and slice energy spread along 
the bunch at the exit of the injector. εxn,80% = 1.2 mm 
mrad. Inside plot: longitudinal phase space including 
longitudinal wake fields. Head is on the left. 

    Since each longitudinal slice of the beam contains a 
differing amount of charge, each one evolves in a 
different way from the other. Thus, the so-called 
Ferrario’s working point [57] can be only 
approximately adopted for the emittance compensation. 
Figure 9 shows the resulting slice emittance and the 
slice energy spread for the bunch in Figure 8 at the 
injector exit; results were produced through the GPT 
code [58]. 

BBU SUPPRESSION 
BBU instability induces a lateral deviation of the 

bunch tail w.r.t. the head axis. The persistence of such 
oscillations tend to transform the temporal coordinate 
into the transversal one, thus inducing projected 
emittance dilution. A “banana” shape in the (t, x) and 
(t, y) plane is assumed by the electron bunch [59]; it 
makes a large part of the bunch travelling with a 
trajectory offset in the undulator. This fact reflects into 
an optical mismatch in the undulators and can also 
induce an effective K-value for the tailing particles 
different from the nominal one. The impact of a 
launching error of the bunch in an undulator for SASE 
FEL was studied and experimentally observed [60]. 
The off-axis motion in the device leads to power 
reduction and bandwidth enlargement because of the 
processes addressed above. 

As for seeded FELs, if the bunch tail deviation is 
sufficiently larger than the beam size, it causes a 
missed overlap between the seeding laser and the 
bunch in the undulator, thus reducing the emitted 
photon pulse length and the peak power [61]. Figure 10 
illustrates the horizontal banana shape exiting from the 
FERMI Linac (Elegant simulation) and a schematic of 
the seeding laser overlapping the beam.  

 

 
Figure 10. Horizontal banana shapes induced in the 
FERMI Linac. Bunch head is on the left. The solid 
curve shows a tail deviation 8 times larger than the 80 
μm rms beam size. The dashed one corresponds to a 
different trajectory in the Linac for which the tail 
deviation is within the rms beam size. The super-
imposed rectangle sketches the seeding laser and points 
out its overlap with the bunch in the two cases. 
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Figure 11 represents the dependence of peak power 
and phase shift for the FERMI FEL-1 scheme at 40 nm 
on the off-axis displacement error of the electron bunch 
at the undulator entrance [61]. 

 
Figure 11. Effect of an off-axis displacement error of 
the electron bunch at the undulator entrance on peak 
power (decreasing with offset) and phase shift 
(increasing with offset) for FERMI FEL-1 HGHG 
scheme tuned at 40 nm. Seeding laser spot size is here 
assumed to be 210 μm.  
 
    In single pass FELs the BBU instability can be 
suppressed through trajectory bumps [59,62]. This 
technique looks for a “golden trajectory” for which all 
the kicks generated by the transverse wake field 
compensate each other and the banana shape is finally 
cancelled. Dashed curve in Figure 10 shows a 
compensated banana shape which maximizes the 
overlap with the seeding laser; the solid curve is the 
banana shape obtained in absence of bumps.  
    Since the bump is a local method of correction, it 
depends on the particular condition of operation at its 
location. For this reason, the sensitivity of the bump to 
the trajectory jitters has to be checked and made 
sufficiently small [59]. 

Reducing the average β-function along the linac is 
also useful since its square is proportional to the 
induced relative emittance growth [63]. On the other 
hand, in a FODO lattice the quadrupole strength k ~ 
1/β and the trajectory affected by errors uerr ~ k√β. 
Thus, lowering the β-function increases the sensitivity 
to the elements misalignment. 

LOW CHARGE OPTION 
    The previous paragraphs describe techniques of 
electron beam manipulation in order to compensate the 
wake fields effects. Now a more general prescription of 
low charge beam production is exposed to minimize 
the wake fields once the compression factor, the final 
peak current and the final average energy are fixed. 
    The curves in Figure 12 represent the loss factor of a 
Gaussian charge distribution travelling in one 
accelerating structure of the FERMI Linac 4 vs. the 
rms bunch length; each curve is drawn for a given peak 
current (upper curve is at higher current), which is the 

parameter of interest for the FEL. Dots represent a 0.6 
nC charged beam which is compressed twice (dots 
move from right to left) by a total factor of 15;  
triangles show the same dynamics for a 0.3 nC charged 
beam. 

Due to the monotonic behaviour of the wake 
functions in the range of bunch length considered, a 
bunch with lower charge always suffers from a minor 
energy loss w.r.t. the higher charge option (look at the 
height of the yellow and orange bars). Obviously, for a 
fixed peak current a shorter bunch is required from the 
PI and will be provided at the end of the accelerator. 

 

 
Figure 12. Loss factor in the FERMI Linac 4 
accelerating structure vs. rms bunch length (a Gaussian 
charge distribution is assumed). Dots refer to the 0.6 
nC electron bunch in a 2-stage linear compression 
(from right to left, the peak current increases as the 
bunch length decreases). Triangles refer to the 0.3 nC 
case. 
 
    Limitations to the shorter bunch length achievable 
are: (i) CSR instability; in the steady state 
approximation the induced rms energy spread σδ,CSR ~ 
I/σz

1/3 [5]. This has an impact in terms of both energy 
modulation and brightness degradation [56]; (ii) timing 
jitter, especially for HGHG FELs with fresh bunch 
injection technique; the final bunch has to be 
sufficiently long in order to accommodate the timing 
jitter of the electron bunch w.r.t. the seeding laser. 

A 0.2 nC low charge solution has been recently 
adopted by LCLS [64] instead of the 1.0 nC initially 
chosen; their dynamics is compared in Figure 13; there 
the low charge bunch shows an improvement in the 
longitudinal phase space linearity, a reduction of the 
current spikes at the bunch edges and a suppression of 
the BBU instability up to 10% of emittance growth. 
Reduction of the emittance from 1.2 to 0.85 mm mrad 
allows to obtain the same saturation length of the 1.0 
nC case with a lower peak current (2.1 kA instead of 
3.4 kA). 

In some cases, a low charge option can also 
minimize the impact of CSR and SC forces on the 
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transverse emittance. For the TESLA-XFEL, a low 
charge working point [65] of 0.25 nC was found with a 
good compromise between the slice emittance growth, 
due to stronger CSR transverse forces at shorter bunch 
length, and the preservation of the projected emittance, 
which is no longer affected by the optical mismatch 
generated by SC forces at low energies. 

 

 
Figure 13. Longitudinal phase space (left plots) and 
transverse normalised projected emittance (right plots) 
in LCLS for the 1.0 nC charged bunch at top and for 
the 0.2 nC charged bunch at bottom. 

LANDAU DAMPING 
In the last 10 years microbunching instability (μBI) 

has been extensively studied and recently observed in 
experiments. The gain of the instability was calculated 
analytically in the 2-dimensional approximation 
[37,38]. Numerical solution was obtained including 
Landau damping from the beam finite emittance [39]. 

According to the linear theory, the longitudinal 
Landau damping can be made more effective by 
increasing the relative energy spread and the 
compression factor, like in a 1-stage compression. In 
fact, when adopting a 2-stage compression, analytical 
estimations confirmed by simulations demonstrate the 
fundamental role of the second compressor in the 
development of the μBI: it transforms all the LSC 
induced energy modulation accumulated in the 
upstream linac into density modulation; this effect 
sums to the enhancement of  the density modulation 
already developed by the first compressor.  

Figure 14 compares the spectral gain function of the 
2-stage and of the 1-stage compression in the FERMI 
Linac [66]. The maximum of the instability gain is 
reduced by a factor 100 in the latter case. 

The 1-stage compression is a pretty attractive 
solution but forces a very short bunch to travel along a 
large part of the linac; as a consequence, linearity of 
the longitudinal phase space is strongly affected by 
wake fields. This problem could be overcome by 

applying the reverse tracking to the single compression 
scheme [67].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 14. Spectral gain function of the microbunching 
instability in the FERMI Linac in case of double (a) 
and single (b) compression. Calculation is based on the 
2-dimensional model for CSR and LSC in the linear 
approximation. μBI starts from realistic shot noise. 
 

A 2-stage magnetic compression is generally 
associated with a laser heater at low energy for the 
reasons addressed above. This tool was proposed [9] to 
suppress the instability by increasing the relative 
energy spread just before the compression; on the other 
hand, its final value has to be still maintained below 
the FEL threshold. This is not obviously reached in low 
and medium energy machines and becomes more 
stringent for multi-stage harmonic cascade FELs. 

Figure 15 shows the final slice energy spread as 
function of the energy spread induced by the laser 
heater in FERMI. μBI is supposed to start from shot 
noise in the initial density distribution. Figure 15 
allows a comparison between the 2-dimensional 
analytical solution and the simulation of a Vlasov 
solver [68]. A Vlasov solver (see also [69]) avoids the 
problem of numerical noise in the simulation and 
automatically includes a nonlinear evolution of the 
instability which manifests itself in a folded phase 
space. This is not considered in the linear theory. 
Figure 15 shows a discrepancy in the results obtained 
with the two methods. Such studies, of general interest, 
are still in progress; the preliminary results indicate 
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Figure 15. Rms slice energy spread in the final bunch 
for FERMI vs. the rms energy spread added by the 
laser heater at 100 MeV. Dots are the analytical 
prediction; squares are the results of the Vlasov solver. 
The solid line shows the expected energy spread in 
absence of any collective effect assuming a 
compression factor of 10 in linear approximation. 

CONCLUSIONS 
The main effects on the electron beam quality by 

accelerating structures wake fields, CSR and LSC were 
reviewed in terms of the most relevant beam 
parameters for single pass FELs. This analysis points 
out the correlations between the 3 degrees of freedom 
of the electron dynamics in the accelerator generated 
by the wake fields. 

A double magnetic compression results to be a 
suitable compromise to minimize instabilities induced 
by SC, longitudinal and transverse wake fields; at the 
same time, longitudinal wake field in the linac 
structures can be used to reduce the CSR effect in the 
second chicane. 

Simultaneous control of the linearity in the 
longitudinal phase space and of the current profile can 
be achieved, under some approximations, by following 
the predictions of the reverse tracking. This technique 
forces the electron density distribution at the injector to 
cover an important role in formation of the electron 
bunches at the end of the accelerator. PI laser can be 
used to provide such suitable distribution for given 
wake potential; at the same time, special care has to be 
taken as for the emittance compensation scheme for 
unusual charge distributions exiting the photo-cathode. 

A general prescription of low charge beam 
generation was investigated. Simulations demonstrate 
thatit brings several advantages in achieving a high 
beam quality; essentially, it reduces the effects of the 
accelerating structures wake fields, allows a 
compromise between slice and projected emittance 
growth, maximizes the current along the bunch. 

Suppression of the microbunching instability was 
treated by mean of the single compression scheme, 
eventually joined with the reverse tracking, and of the 
laser heater. Implementation of the instability in 6-

dimensional full s2e simulations is still work in 
progress. Nevertheless, recent results demonstrate the 
importance of shot noise as adriving term. 
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Abstract 

A concept of a high-efficiency wiggler called the 

stair-step tapered wiggler is presented. The stair-step 

tapered wiggler consists of several uniform wiggler 

segments with decreasing wiggler periods (or decreasing 

aw). The relatively large bucket in each wiggler segment 

enables a substantial fraction of the electrons to be 

captured, resulting in high extraction efficiencies. The 

stair-step tapered wiggler provides other advantages, such 

as ease of fabrication and flexibility in the taper rate. 

Numerical simulations using MEDUSA will be presented 

to show the high-efficiency performance of a 

representative FEL with a stair-step tapered wiggler. 

INTRODUCTION 

The FEL is known for its wavelength tunability and 

scalability to high power. However, the extraction 

efficiency, defined as the FEL power divided by the 

electron beam power, can be low, with typical values 

around 1%. The low extraction efficiency increases the 

requirements for the electron beam’s average power and 

puts stringent demands on the high-power RF systems 

driving the accelerators. One way to increase the 

extraction efficiency is through the use of tapered 

wigglers. Most tapered wigglers are continuous, i.e. the 

periods (λw) or dimensionless field (aw) decreases 

continuously to maintain the resonance condition, 

 

 

         ,      (1) 

 

where γR is the resonance Lorentz factor; and λ is the 

wavelength. 

Continuously tapered wigglers are only optimized for a 

narrow range of input radiation intensities and 

wavelengths. For an oscillator FEL, extraction 

efficiencies as high as 4.6% inside the resonator have 

been achieved but the efficiency outside the optical cavity 

is not significantly higher than that of a uniform wiggler 

[1]. 

In this paper, we discuss a different concept of tapering 

to achieve high extraction efficiency using a series of 

uniform wigglers. Our approach is an extension of the 

compound wiggler [2], also known as the step-tapered 

wiggler [3]. In our approach, a long uniform wiggler is 

used to bunch the electrons longitudinally and a number 

of short uniform segments with decreasing the wiggler 

periods (Fig. 1) or increasing the gaps between the 

magnets (Fig. 2) are used to extract the energy from the 

electrons as they execute synchrotron oscillations inside 

the ponderomotive potentials. 

 

 
Figure 1: Plot of wiggler period versus z in a stair-step 

tapered wiggler with taper in wiggler period. 

Figure 2: Plot of gaps between magnets versus z in a 

stair-step tapered wiggler with taper in magnetic field. 

THEORY 

In a uniform wiggler, the FEL extraction efficiency is 

the product of the capture efficiency (ηc) and the height of 

the bucket, as given by [4] 

 

      ,      (2) 

       

 

where the term in the radical denotes the half-height of 

the bucket, and as the dimensionless optical field, is 

proportional to the square root of the optical intensity, Is 

 

 

         (3)   
 

where e is electronic charge, Z0 impedance of free space, 

m electron mass, and c speed of light. 

As the electrons interact with the high optical intensity, 

they undergo synchrotron motion in the first uniform 

wiggler and, after becoming trapped, rotate to the bottom 

of the bucket. With a judicious combination of λw and aw 

(see Eq. 1), the resonance energy of the next uniform 

wiggler segment can be lowered such that the electrons 

are at the top of the bucket of the new wiggler segment 

(Fig. 3). The electrons that are trapped in the bucket of the 

new segment now undergo synchrotron motion in this 

bucket to an even lower energy. The step-tapered wiggler 

efficiency is the sum of the first and second segments’ 

efficiencies. 
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Figure 3: Longitudinal phase space of electrons at the 

transition between the first and second wiggler segment. 

The red line denotes the separatrix of the second wiggler. 

The indices 1 and 2 in Eq. 4 correspond to the first two 

wigglers, respectively. The typical efficiency for a two-

segment step tapered wiggler is twice that of a uniform 

wiggler, i.e. 2%. If there are n segments, then the 

efficiency can be increased n-fold. The limit in how far 

we can taper the wiggler is due to a steady reduction in 

the capture efficiency in each subsequent bucket, and in 

the induced energy spread. This is due to the non-

adiabatic transitions from one segment to the next. 

However, since the bucket heights are large, it is possible 

to maintain high capture efficiency, and thus high 

extraction efficiency. 

SIMULATION 

We use the three-dimensional code MEDUSA [6,7] to 

model a seeded FEL amplifier with a stair-step tapered 

wiggler and a comparable linearly tapered wiggler. Table 

I summarizes the FEL and beam parameters used in the 

MEDUSA simulations. These parameters are chosen for a 

1.05-micron wavelength where high-power seed lasers 

exist. Both wigglers are of a conventional permanent-

magnet design with parabolic pole faces to provide equal 

two-plane, sextupole focusing. The first wiggler segment 

is the same for both linear and stair-step tapered wigglers. 

With an input power of 10
6
 W (1 µJ pulse energy and 1 ps 

FWHM, for instance) the first wiggler saturates in 1.83 m. 

The subsequent wiggler segments are different for the two 

cases. For the linear taper, it has one 2.44-m long 

continuously tapered segment with a field taper rate of 

0.48 kG per meter of wiggler length. For the stair-step 

taper, there are four short uniform wiggler segments, each 

with a smaller aw. These wiggler segments can be short 

because the electrons are already bunched at the entrance 

of these segments. The pre-bunched electrons radiate 

power immediately and the electrons execute the 

synchrotron motion to the bottom of the bucket in each 

wiggler segment. For these simulations, the electron beam 

is matched in the wiggler. It is conceivable that a 

scalloped beam could be used to enhance the FEL 

interaction and/or to pinch the optical beam [5]. 

 

Table 1: MEDUSA simulation parameters and results. 

Parameters Values 

Beam energy 80.8 MeV 

Peak current 1000 A 

Emittance 10 mm-mrad 

Energy spread 0.25% 

Wiggler period 2.18 cm 

Wavelength 1.052 µ 

First wiggler segment aw 1.187 

First wiggler segment length 1.831 m 

Second wiggler segment aw 1.159 

Second wiggler segment length 0.698 m 

Third wiggler segment aw 1.116 

Third wiggler segment length 0.567 m 

Fourth wiggler segment aw 1.058 

Fourth wiggler segment length 0.523 m 

Fifth wiggler segment aw 1.007 

Fifth wiggler segment length 0.654 m 

Linear taper segment length 2.44 m 

Linear taper rate 0.48 kG/m 

Input power (peak) 1 MW 

Stair-step taper output power (peak) 3.6 GW 

Stair-step taper efficiency 4.5% 

Linear taper output power (peak) 3.5 GW 

Linear taper efficiency 4.4% 
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wiggler for the linear (red) and stair-step (blue) tapered 
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The MEDUSA simulation results are shown in Fig. 5. 

The stair-step and linear tapered wigglers achieve peak 

powers of 3.6 and 3.5 GW, respectively, corresponding to 

extraction efficiencies of 4.5% and 4.4%. While the FEL 

power grows continuously for the linear taper wiggler, the 

FEL power growth curve in the stair-step taper wiggler 

exhibit plateau regions in between segments. This is not 

due to a lack of wiggler magnets in the transition regions 

(there are no gaps in the stair-step wiggler). Rather, these 

plateaus are needed to rotate the electrons in the bucket so 

that they enter the next bucket in the correct phase of the 

synchrotron oscillation period. It is worth noting that the 

FEL peak power increase is approximately 0.7 GW per 

wiggler segment, and the extraction efficiency of the 

five-segment stair-step tapered wiggler is about 5 times 

that of the uniform wiggler. 
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Figure 5: Plots of power versus distance for the linear 

(red) and stair-step (blue) tapered wigglers. 

 

An important consideration in designing any high-

efficiency wiggler is the energy spread in the electron 

beam exiting the wiggler. For energy recovery linac, it is 

necessary to minimize the energy spread of the spent 

electron beam so that one can transport the electron beam 

back through the linac for energy recovery. To this end, 

we plot the energy distributions of the electrons exiting 

the linear taper (red) and stair-step taper (blue) wigglers 

in Fig. 6. While the linear taper has a double-humped 

distribution with most electrons localized near the 

injected energy and maximum decelerated energy, the 

stair-step taper has electrons distributed in multiple peaks 

within the same energy bandwidth. The full energy spread 

for both tapered wigglers is 13%, three times the 

extraction efficiency of 4.5%. This energy spread is 

presently outside the 8% energy acceptance of the energy 

recovery linac [8]. However, we expect a reduction in 

electron energy spreads will be realized with further 

optimization of the stair-step tapered wiggler. 
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Figure 6: Energy distribution of electrons exiting the 

stair-step tapered wiggler. 

SUMMARY 

We have studied a different approach to high-efficiency 

wiggler called the stair-step tapered wiggler. The 

stair-step wiggler consists of uniform wigglers with 

decreasing magnetic fields (or wiggler periods) to extract 

power from a decelerated electron beam. MEDUSA 

simulations show the performance of the stair-step 

tapered wiggler is the same as that of a comparable linear 

tapered wiggler. For a representative example of an 

infrared FEL, the peak power (and extraction efficiency) 

that can achieved with a five-segment stair-step tapered 

wiggler is five times that of a uniform wiggler. The full 

energy spread of the electron beam exiting the stair-step 

wiggler is three times the extraction efficiency. 
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PRECISION MEASUREMENT OF THE UNDULATOR K PARAMETER
USING SPONTANEOUS RADIATION ∗

SLAC, Stanford, CA 94309, USA
R. Dejus, B. Yang, ANL, Argonne, IL 60439, USA

R. Bionta, LLNL, Livermore, CA 94550, USA

Abstract
Obtaining precise values of the undulator parameter,

K, is critical for producing high-gain FEL radiation.

At the LCLS [1], where the FEL wavelength reaches

down to 1.5 Å, the relative precision of K must satisfy

(ΔK/K)rms � 0.015% over the full length of the undu-

lator. Transverse misalignments, construction errors, radi-

ation damage, and temperature variations all contribute to

errors in the mean K values among the undulator segments.

It is therefore important to develop some means to mea-

sure relative K values, after installation and alignment. We

propose a method using the angle-integrated spontaneous

radiation spectrum of two nearby undulator segments, and

the natural shot-to-shot energy jitter of the electron beam.

Simulation of this scheme is presented using both ideal and

measured undulator fields. By ‘leap-frogging’ to differ-

ent pairs of segments with extended separations we hope

to confirm or correct the values of K, including proper ta-

pering, over the entire 130-m long LCLS undulator.

INTRODUCTION
Several methods have been proposed to measure in situ

undulator K differences by alternately comparing sponta-

neous radiation spectra from two undulator segments [2].

We are looking into the possibilities of using the combined

radiation spectrum produced by two nearby segments.

The first harmonic peak of the on-axis spontaneous radi-

ation energy spectrum from a single undulator has a band-

width equal to the inverse of the number of periods. The

combined radiation from two such undulators has a band-

width that is narrower by a factor of two. Compared with

a single undulator, combined undulators produce twice the

number of photons in half the bandwidth, so the spectrum

has four times the peak height and therefore eight times

steeper slopes. Integrating the spectrum over angles about

the beam axis produces a complication, since the off-axis

undulator spectral peak shifts to lower energy. Such inte-

gration causes the low-energy edge to extend lower by an

amount depending on the integration angle, but the high-

energy edge will remain stationary, though the slope be-

comes somewhat less steep. Based on a far-field undulator

radiation formula, angle-integrated spectra are calculated

∗This work is supported by the U.S. Department of Energy, contract

DE-AC02-76SF00515, and was performed under the auspices of the U.S.

Department of Energy, by University of California, Lawrence Livermore

National Laboratory under Contract W-7405-Eng-48, in support of the

LCLS project at SLAC.
† Welch@SLAC.Stanford.edu
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Figure 1: Angle-integrated spectra of a single undulator

(solid-red) and two identical undulators (dashed-blue).
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Figure 2: High-energy edge of spectrum for two cases:

identical K (dashed-blue), and ΔK/K = +0.2% (solid-

green)

for one, and two identical undulators without any phase er-

ror between them, and shown in Figure 1.

If the two undulators have different mean values of K,

the slope of the high-energy spectrum edge will be reduced,

depending on the relative difference, ΔK/K. Figure 2

shows the high-energy edge of the angle-integrated spec-

trum of two undulators for two cases: identical K, and

ΔK/K = +0.2%. As clearly shown, the slope of the high-

energy edge of the spectrum is sensitive to the relative K
differences of two adjacent undulators (phase errors will

be addressed below). In this figure the left-right spectrum

shift, − K2

1+K2/2 (ΔK/K), has been subtracted off to allow

J. Welch† , J. Arthur, P. Emma, J. Hastings, Z. Huang, H.-D. Nuhn, P. Stefan,
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more convenient comparison of the slopes at Δω/ω = 0.

The LCLS undulator consists of 33 almost identical seg-

ments, each 3.4 m long. Each segment is provided with

“roll-away” capability; and can be independently displaced

up to 8 cm horizontally, effectively turning it ‘off’. The

segments are also constructed with a 4.5 mrad cant angle

of the poles, which allows K-value adjustment by small

horizontal displacements (about 1.5 mm per 0.1%), us-

ing the same “roll-away” mechanism. If the slope of the

high-energy edge of the spectrum is measured with suffi-

cient precision as a function of the horizontal displacement,

(equivalent to scanning ΔK/K), two undulator K values

can be set equal within the required precision (0.015%),

and this relative correction might be applied repetitively

over the full 130-m undulator to adjacent, or nearly adja-

cent, segment pairs.

METHOD

The method proposed here requires retracting all but two

adjacent, or nearly adjacent, undulator segments from the

beamline so that all x-rays detected come only from the

segments under test. The electron trajectory must then

be brought to essentially beam-based alignment quality, so

that the kinks in the trajectory between segments are less

than 1μrad. Beam-based alignment is done by mechani-

cally moving the quadrupoles to obtain a dispersion-free

trajectory. The quadrupoles are mechanically tied to the

undulator segments and both move together, so this step

also insures that the undulator segments are brought verti-

cally to within about 100 μm of the ideal position before

starting.

On each machine pulse, a small portion of the x-ray

spectrum is sampled in the region of the high-energy edge

of the first harmonic, using a silicon crystal spectrome-

ter, set for diffraction at a fixed Bragg angle from the

(111) crystal planes. (The LCLS electron beam-angle jitter

should be < 1μrad, which is small compared to the Darwin

width of the crystal reflection.) As a result of the natural

electron energy jitter (∼ 0.1% rms), the photon spectrum is

randomly sampled. The electron energy jitter is measured

on each pulse (see below) and the inferred photon energy

shift is then associated with the detector data; the underly-

ing spectrum is then reconstructed by plotting the detector

data against the inferred photon spectrum shift.1

About 100 pulses will be needed to reconstruct a spec-

trum. After a spectrum is collected in this manner for a

given arrangement of two adjacent undulator segments, the

K value of the second undulator is changed by 0.05% by

translating it Δx = 0.75 mm, and then a new spectrum is

obtained. This process is repeated for 9 separate K values,

ranging over about ±0.2%.

The electron energy jitter is precisely measured by two

1Electron energy loss from radiation is ≤ 0.005% per segment and

will be taken into account in setting the appropriate K values. Wakefield

losses are expected to be even less. Both types of energy losses are ignored

in the following discussion.

beam position monitors (BPMs) located upstream of the

undulator, at points of high horizontal momentum disper-

sion. The BPMs are separated in betatron phase advance

by 2π and have opposite sign dispersion, such that the dif-

ference in their position readback values is proportional to

the relative electron energy variation and completely insen-

sitive to incoming betatron oscillations. With dispersion of

±125 mm at each BPM, and a 5-μm rms single-pulse po-

sition resolution, the relative electron energy resolution is

(5 μm)/(125 mm)/
√

2 ≈ 3×10−5, and the corresponding

photon energy resolution is twice this, or 6 × 10−5.

Since the spectrum shifts towards Δω/ω > 0 for

ΔK/K < 0 (see Fig. 3), the data tends to be poorly

centered on the spectrum edge for ΔK/K �= 0. To im-

prove resolution, we adjust the mean electron energy by

− K2

1+K2/2 (ΔK/K) for each new setting so that the energy

always varies around the center of the edge. These small

adjustments are possible using the BPM-based feedback

loop, which maintains the desired average electron energy,

but cannot remove the random pulse-to-pulse jitter.

The slope of each high-energy spectrum edge is found

by fitting the data for each K value. The Δx at which

the slope is steepest corresponds to equal K values in the

two segments. At a 10 Hz machine rate, this process will

require 90 seconds, plus the time required to translate the

undulators nine times, for a total of about 4 minutes per un-

dulator pair. A description of a simulation of this process,

including realistic errors, follows.

SIMULATION

A simulation is performed using a computer-generated,

two-undulator, spectrum integrated over all angles, at

nine values of ΔK/K: (−0.2% to +0.2% in steps of

0.05%). To simulate measured data, the perfect, computer-

generated spectrum is sampled at random values of twice

the electron energy error (Δω/ω = 2ΔE/E). The elec-

tron energy varies randomly in a Gaussian distribution with

0.1% rms. In practice, either the average electron beam en-

ergy or the Bragg angle can be adjusted to best center the

data on the high-energy edge of the spectrum.

A cubic spline is used to interpolate the computer-

generated spectrum for each randomly selected energy. An

error of 6 × 10−5 rms is added to the photon energy to ac-

count for the BPM-based electron energy measurement res-

olution. An error is also added to the number of photons de-

tected at that energy, assuming the bunch charge randomly

varies from pulse to pulse, but a toroid charge monitor, ca-

pable of resolving the relative charge variation to within

0.5% rms, is used to normalize the data. In addition, the

beam angle is assumed to vary by 0.5μrad rms (one-half

the nominal rms beam divergence), adding another source

of undetermined energy error based on small variations of

the Bragg angle. Detector noise is also added assuming a

noise level of 100 photons with respect to the the peak sig-

nal of 105 photons. And finally, a photon statistics error is

included, which is proportional to the inverse square-root
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Table 1: Simulation parameters.

Parameter symbol value unit
e− energy E0 13.6 GeV

bunch charge q 1.0 nC

undulator parameter K0 3.50

fund. wavelength λr 1.5 Å

Bragg spacing (111) d 3.14 Å

Bragg angle (111) θ 13.8 deg

rel. e− energy jitter (ΔE/E)rms 0.1 %

e− energy meas. res. (ΔE/E)res 0.003 %

bunch charge jitter (Δq/q)rms 2 %

charge meas. res. (Δq/q)res 0.5 %

e− angle jitter θrms 0.5 μrad

detector noise level Nnoise
γ 100 photons

peak signal Npk
γ 105 photons
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Figure 3: High-energy spectrum edge for each of nine val-

ues of ΔK/K: (−0.2% to +0.2%). Solid curves are per-

fect spectra and plot points are simulated noisy data.

of the number of photons detected in each pulse. Table 1

lists the simulation parameters.

Figure 3 shows the perfect, computer-generated spec-

trum for each of nine values of ΔK/K as solid curves,

and the simulated, imperfect data as points randomly sam-

pled on the frequency axis due to electron energy jitter.

The scatter of the data points with respect to the curves

is due to the various sources of error, such as BPM reso-

lution, charge measurement resolution, unmeasured beam

angle jitter, detector noise levels, and photon statistics, as

described above.

The data shown in Fig. 3 must now be used to determine

the slope of the high-energy spectrum edge for each value

of ΔK/K. The method used here is to fit the core of the

data, which is between 15-20% below the signal peak and

15-20% above the signal minimum (see horizontal cut lines

in Fig. 3), with a 3rd-order polynomial and solve for the

steepest slope. The fitted polynomial form is

N = N0 + a(Δω/ω) + b(Δω/ω)2 + c(Δω/ω)3. (1)
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Figure 4: Maximum negative slope vs. ΔK/K. Any

ΔK/K error is resolved to within ±0.004%. The goal of

|ΔK/K| < 0.015% is shown as vert. green lines.

This steepest slope (inflection point) on the cubic-fitted

curve is then

(
dN

Δω/ω

)
max

= a − b2

3c
. (2)

The nine determined steepest slopes of Eq. (2) are then

plotted versus ΔK/K, which is taken from the deliberate

undulator displacements, Δx, and the known pole cant an-

gle. The data is fitted to a simple parabolic curve in order

to find the minimum. Figure 4 shows this plot where the

steepest slope is found at ΔK/K = −0.003%, with a sta-

tistical error of ±0.004%, well within the goal of 0.015%.

The error bars are the propagated statistical errors, from the

cubic fit, through each evaluation of Eq. (2).

Similar estimations are repeated for simulated radiation

spectra using magnetic measurements from the real, imper-

fect prototype undulator. A systematic ΔK/K error of up

to 0.008% is seen in this case, which is not fully under-

stood, but is still within the required acceptance. It should

be noted that the prototype is of lower magnetic quality

than the first few production undulators.

In addition to statistical errors and imperfect undulators,

the possibility also exists for a relative phase error between

the two interfering undulators. Simulations were run for

phase errors of 20 and 70 degrees. For reference, the maxi-

mum allowable net error within LCLS undulator specifica-

tions is 20 degrees. The 20 degree error has no significant

impact on the result. The 70 degree error shown in Fig. 5,

clearly affects the data, but the effect can be excluded from

the fit if the lower data cut level is set no lower than 20%

DISCUSSION

Beam Angle and Alignment Systematics
There are two kinds of alignment errors that, when com-

bined, can in principle lead to significant error in the mea-

sured ΔK/K. One is a change in the electron beam angle
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Figure 5: High-energy, two-undulator spectrum edge for 9

values of ΔK/K with a 70-degree relative phase error.

between segments (non-straightness). The other is a mis-

alignment, with respect to the central ray of the beam, of

the effective aperture (usually the vacuum chamber) which

defines the angular distribution of photons detected.

Synchrotron radiation produced by undulator segments

has a strong angle/energy correlation, whereby the spec-

trum is shifted to lower energy for finite angles between the

central ray and the observation point. Theoretically, in the

method presented above, the spectrum is integrated over

all angles, so the measured spectrum should not change

if there are alignment errors — all photons are collected.

However, in practice the range of angular integration is

limited by the vacuum chamber aperture, especially for

the first segments, where there is only ±20(32) μrad ver-

tical(horizontal) acceptance, assuming a perfect chamber

and a perfectly aligned beam.2 The angle-energy correla-

tion implies that, in part, the alignment of the aperture with

respect to the central ray determines the spectrum of pho-

tons that pass through.

The FWHM angular spread for the resonant photon en-

ergy is ±6.7μrad. It is representative of the core angular

size over which photons contribute to the high-energy edge

of the spectrum. Figure 6 shows that beam angles of more

than about ±8 μrad will result in scraping ofthe core x-rays

by the vacuum chamber. However, this situation will result

in an error in the ΔK/K measurement only if there is also

a change in beam angles between the segments being mea-

sured, because otherwise the effect would be the same for

both segments.

We plan to avoid this error by using beam-based align-

ment, which will reduce the residual segment-to-segment

angles to order 1μrad or less. In addition, we plan to check

where the central ray is by scanning a 1 mm2 ‘pinhole’

aperture and finding the position that maximizes the av-

erage photon energy. If necessary, the beam orbit can be

adjusted so that the central ray passes comfortably through

the aperture so that no scraping of the core will occur.

2The angular acceptance of the detector, when properly aligned, is as-

sumed to be larger than the angular acceptance of the vacuum chamber.

647515

Adjustable
slitsSEG 1 SEG 33

+ / - 6.7 μrad FWHM 'Core'

Detector

Undulator Vacuum Chamber, +/- 2.5 mm

Beam Path

8 μrad
~741

Figure 6: The ‘core’ synchtrotron radiation will start to

scrape off on the vacuum chamber if the central angle is

greater than 8 μrad.

Leap Frogging and Near Field Effects
The proposed method gives a measurement of the rela-

tive difference in K values between two nearby undulator

segments. The complete undulator is composed of 33 seg-

ments and is 130 m long, with the last segment about 100 m

from the detector. Simple pairwise measurement of adja-

cent segments builds up the expected error between the first

and last segment by a factor of
√

33. By ‘leap frogging’

over two segments, only 11 measurements are needed to

connect the first and last segments so the relative error be-

tween them would be
√

11 times more than the individual

measurement error. If two segments are skipped, the phase

difference that results from the missing segments can be ad-

justed using a closed orbit bump. Skipping more segments

would tend to further reduce the error build-up. However,

as the distance between the segments being measured in-

creases, the possibility of significant electron trajectory an-

gle errors increases as well. Also near-field effects can start

to appear. The optimum strategy will become apparent dur-

ing measurement.

In the theoretical model of the undulator segments, it

is implicitly assumed that the observation angle from the

beam to the detector is the same for the two segments, i.e.,

the detector is in the far-field of the spontaneous radiation.

If the distance between segments is comparable with the

distance to the detector, then the observation angles will be

significantly different and the detector will see a red-shifted

spectrum from the nearer segment. For the LCLS, segment

spacing 10 m or less (roughly consistent with skipping over

two segments) can be considered to be the far-field case.3

REFERENCES
[1] LCLS Conceptual Design Report, SLAC-R-593 (2002),

http://www-ssrl.slac.stanford.edu/lcls/cdr/.

[2]

11-14 bbkm workshop/ The web page contains several

relatively recent talks on the topic of in situ K measurement.

3Differences in angle of less than 1μrad have negligible effect on the

the measured spectrum. If the integration of radiation from one segment

is over ±15 μrad then a difference in the integration angle of 1μrad for

the other segment corresponds to a segment spacing on the order of 10 m

or three segments.

www-ssrl.slac.stanford.edu/lcls/undulator/meetings/2005-

Proceedings of FEL 2006, BESSY, Berlin, Germany THBAU05

FEL Technology 551
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LASER PULSES FOR PHOTOINJECTORS∗
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Abstract

This work shows a survey of the studies conceived for
obtaining Ultraviolet, high energy laser pulses, totally con-
trolled and characterized in shape, on the kHz, Chirped
Pulse Amplification (CPA)-based Ti:Sa laser system PLFA
at CEA-Saclay. The pulse shaping deals with the ampli-
tude and phase control of the stretched laser pulses issued
from an amplifier before entering the compressor and the
tripling unit. The work presents the theoretical background
and the proposed experimental setup, before showing the
preliminary promising results.

INTRODUCTION

In order to generate high power, subpicosecond XUV
radiation by following the classical Self Amplified Spon-
taneous Emission (SASE) scheme [1, 2] and/or seeded
FELs [3, 4, 5, 6, 7], tight specifications on the electron
bunch are required, noteworthy in terms of highly re-
duced emittance, both for achieving very short wavelength
or high average power, thus high duty cycle continuous
electron beams (repetition rates ≥ 1 kHz). Even though
emittance compensation schemes [8] are used, or ”RF-
focusing” ones [9] for superconducting RF photo-injectors,
for obtaining high brightness electron bunches, the laser
pulses impinging onto the photocathode must meet special
requirements not only in terms of wavelength and delivered
energy per pulse. High repetition rate systems like the one
retained for photo-injector operation at Arc-en-Ciel [10]
will have to fulfil the following requirements:

• Up to 50 μJ pulse energy in the UV (following the
cathode material work function, between 240 and 300
nm), for a 1 nC electron bunch production on a pho-
tocathode with ρ ≈ 0.1 − 1% quantum efficiency
(QE) (as in the case of the most commonly used semi-
conductor Cs2Te). This calls, before a very highly
efficient third harmonic generation, for laser ampli-
fiers delivering at least 1 mJ in the IR (800 nm), and,
for high repetition rates, on Chirped Pulse Amplified
(CPA), Ti:Sa based systems.

• A final duration in the UV, before the cathode, be-
tween 5 and 20 ps [10].

∗This work has been supported by the EU Commission in the Sixth
Framework Program, Contract No. 011935 - EUROFEL.

† david.garzella@cea.fr

• A precise measurement and control of longitudinal
and transverse features (dimensions and shape) in or-
der to prevent non-linear contribution to the emittance
increase.

Indeed, it has been shown [11, 12] that in order to mini-
mize the bunch emittance at the issue of the electron gun,
temporally and spatially shaped UV pulses are needed to
prevent non linear space charge forces and then minimize
the electron emittance. Shaping techniques for ultrashort
laser pulses (in the sub-ps range) are well known. In trans-
verse space an homogeneous energy distribution with a cir-
cular symmetry is needed. This can be obtained by use of
mask filters or deformable mirrors and lenses. In longi-
tudinal space, shaping techniques are mostly based on the
utilisation of spatial masks, in some cases by using pro-
grammable liquid crystals structures at the fourier plane
of a 4f zero-dispersion line [13], or by using an Acousto-
Optic Programmable Dispersive Filter (AOPDF), or DAZ-
ZLER [14]. Both techniques have been already used in
the framework of accelerator and FEL studies [15, 16]. In
the EUROFEL program framework, our goal is to obtain a
few picosecond, 100 μJ laser pulses in the UV (266 nm)
with a totally controlled and characterized longitudinal and
transversal shape. This work presents the experimental
setup and the main diagnostics designed to obtain every de-
sired pulse shape from the ”beer can” profile (correspond-
ing to a cylindrical bunch in the 3D-space) to a parabolic
one (”waterbag” bunch distribution) starting from the IR
ultrashort pulse issued by the kHz, Chirped Pulse Am-
plification (CPA)-based Ti:Sa laser system PLFA (French
acronym for Tunable Laser Femtosecond Platform) [17] at
CEA-Saclay. The pulse manipulation is based on the am-
plitude and phase control of the stretched laser pulses is-
sued from the amplifier, which is performed by the DAZ-
ZLER before entering the compressor and the tripling unit.

FEMTOSECOND LASER PULSES

Direct temporal manipulation of an ultrashort laser pulse
is rather complicated. Thanks to Fourier Analysis, every
temporal feature of a laser pulse has its corresponding one
in the frequency domain. Thus, an ultrashort pulse in time
space exhibits a very broadband spectrum (several tens of
nm). The electric field ˜E(ω, φ) can be described in terms
of the spectral components of amplitude E0(ω) and phase
φ(ω):
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˜E(ω, φ) = E0(ω) · ei(ω0t+φ(ω)) (1)

φ(ω) = φ0 + (ω − ω0) · δφ

δω
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In the polynomial approximation of the phase term (eq.
2), the constant and the first order term coefficient, called
respectively the ”absolute” phase and the group delay, are
not crucial for the propagation of the pulse, as they ac-
count respectively for the position of the peak amplitude
of the field in the phase and the delay undertaken by the
central frequency component E0(ω0) propagating between
two reference planes [18]. The second-order term coeffi-
cient becomes extremely interesting for pulse manipulation
as it accounts, for example, for the different response of the
frequency components to the propagation of the pulse in a
”dispersive” medium. Thus, an original transform-limited

laser pulse will be stretched by a factor ∝ δ2φ
δω2

∣

∣

∣

∣

ω0

. Higher

order terms account for symetric and antisymetric distor-
tion terms of the pulse shape.

EXPERIMENT

Pulse Shaping Technique

The principle of the AOPDF [14] is based on the cou-
pling between the laser pulse and an acoustic wave in a
birefringent crystal. For IR laser pulses, around 800 nm,
a TeO2 crystal is cut in such a way that the acoustic wave
energy and the optical waves energy travel along the same
axis. The incident optical pulse polarized on the ordinary
axis is diffracted by the Bragg grating made by the acous-
tic wave onto the extraordinary axis. Shaping the pulse is
equivalent to programmming the associated suite of acous-
tic grating, so that the spectral amplitude and phase of the
laser pulse is directly linked to the acoustic wave ones.

Target, Filter and Correction Loop

Defining a ”target” pulse here means defining ”target”
spectral amplitude and phase. As the DAZZLER is a linear
filter, the output optical pulse is the product of the input
pulse by the filter response in the spectral domain:

˜Eout(ω, φ) = ˜Ein(ω, φ) · ˜S(ω, φ) (3)

where ˜S(ω, φ) is the filter response.
Therefore, knowing the input pulse, the target pulse is di-

rectly obtained by fitting the filter response (see fig. 1). The
spectral amplitude and phase shapings can be separated as
they are independently measured and controlled.

In practice, amplitude loop preceeds phase loop because
of bandwidth limitation. The complete procedure can be
described as the following steps:

1. The user builds the target amplitude and phase terms.

2. Amplitude loop:

• Initial filter amplitude.

• spectrum measurement.

• Modification of the filter by dividing the ”target”
amplitude by the measured amplitude.

• spectrum measurement ... loop until the mea-
surement fits the ”target”.

3. Phase Loop: Analog process is made on the ”target”
phase.

4. Experimental amplitude and phase are acquired and
an initial check in the time domain is made by IFT
on the experimental data, thus retrieving the temporal
duration and shape (fig. 2).

Figure 1: Blue curve : computed target spectral intensity;
Red curve: experimental spectral intensity; Green curve:
target spectral phase.

Spectral Interferometry

The crucial point in the laser pulse analysis is the re-
trieval of the spectral phase. Indeed, the spectrum inten-
sity acquisition is not enough to characterise a non Fourier-
limited pulse (i.e when its phase is not flat over all the
spectral range). In our experiment, we want to measure
the spectral phase on a single shot, simple, sensitive and
extendable to UV range measurement. Spectral interfer-
ometry [21] between a reference pulse and the unknown
pulse gives directly, through Fourier transform, access to
the phase difference between these two pulses (cf. fig. 3).
In our case, the reference pulse is the input pulse and the
measurement confirms only the phase shaping. For com-
plete phase shaping, the phase of the reference pulse is
needed. As the reference pulse is close to Fourier transform
pulse, any self-referenced measurement (SPIDER [19],
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Figure 2: Blue curve : Fourier Limited laser pulse taking
into account only the target spectral amplitude; Red curve:
target temporal shape taking into account the target spectral
phase.

FROG [20]...) is able to measure the residual phase of this
pulse. This phase is then added to the measured one by
spectral interferometry.

Figure 3: Layout of the Interferogram retrieving protocol.

Experimental Setup

Figure 4: Experimental set-up for spectral interferometry.
The red line shows the path for the two arms of the inter-
ferometer.

First studies are being performed on the laser facility
LUCA (Tunable Ultra Short Laser) which delivers 50 fs
long, 800 nm laser pulses, with an energy of up to 100 mJ,
at a 20 Hz repetition rate. The pulse is split into the two
arms of the interferometer (cf. fig. 4). On the first arm the
laser passes through the acousto-optical device, thus under-
going a phase and/or amplitude manipulation. The second
one travels through a delay line and it is then superposed
on the first one. The two recombined beams enter the spec-
trometer where they interfere on the sensor. Single-shot
interferograms are then collected on a personal computer.
This latter also handles the transfer of the target or refer-
ence amplitude and phase files, as well as the associated
reconstruction process. In practice the difficulty is to iso-
late the secondary lobe without information losses when
the contrast is not very high. Also, to correctly recover the
spectrum, a great care should be taken with the spectrom-
eter calibration, and the signal processing to convert from
the wavelength to the frequency space.

Figure 5: Typical interferogram acquired on the spectrom-
eter.

Figure 6: Retrieved Spectral Amplitude (blue curve) and
Phase (red curve).
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Figure 7: Temporal shape computed with IFT of the ex-
perimental data. Blue curve : Fourier Limited laser pulse
taking into account only the target spectral amplitude; Red
curve: with the target spectral phase.

PRELIMINARY RESULTS

The experiment has been implemented on the LUCA
laser facility. Very low energy IR pulses (≈ 10 μJ) have
been processed up to now. The few obtained preliminary
results are very encouraging. A first example for a rectan-
gular laser shape has been performed. Fig. 6 shows the re-
trieved amplitude and spectral phase behaviours, this latter
without the constant and first order terms, whereas in fig. 7
the computed temporal shape, obtained with only one iter-
ation, highlights the difference between the gaussian shape
pulse which is obtained when only the spectral amplitude
is taken into account, and the rectangular shape, when the
spectral phase is inserted. The obtained pulse has a dura-
tion of 1.3 ps FWHM , with leading and trailing edges
lasting around 170 fs. In order to get rid of the observed
modulation on the top of the pulse, a higher signal-to-noise
ratio should be achieved, always in a single shot configura-
tion.

CONCLUSIONS

The spectral interferometry setup has been implemented
on LUCA. Future steps will deal with the improvement of
the laser beam spatial profile, the completion of the cor-
rective loop for several different longitudinal shapes, a big
increase of the pulse energy injected in the Dazzler, up to 1
mJ before compression. Afterwards the grating compres-
sor will be installed on the beamline, together with a third
harmonic generation stage and a further prisms stretcher, in
order to obtain shaped pulse in the UV at 266 nm, with an
energy of several tens of μJ.
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CHARACTERISATION OF MICROPHONICS IN HOBICAT ∗
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Abstract

The HoBiCaT test-facility at BESSY, which is designed
for cryogenic testing of superconducting TESLA units has
been equipped with a 9-cell TESLA-type cavity. Mechan-
ical vibrations in the cryostat result in microphonic detun-
ing of the cavity resonance. These microphonics have been
characterized, and their sources analyzed, including the im-
pact of operating conditions such as LHe pressure, cavity
field and heater power. Furthermore, the mechanical trans-
fer functions needed for the eventual compensation of the
microphonics have been recorded.

INTRODUCTION

For CW operation of a superconducting, TESLA-type
cavity microphonics represent the largest disturbance of
the resonant frequency. In particular at a small bandwidth
Δf = ω/QL, according to the equation

P ∝ 1 +
(δf)2

(Δf)2
(1)

the microphonics δf lead to a significant increase of the
generator power P, which is required to maintain a con-
stant cavity field. Therefore it is highly desirable to min-
imize the microphonics. Measurements characterizing the
microphonics and their impact on the cavity operation are
presented below. The perspectives on possible countermea-
sures are described elsewhere [1].

MICROPHONICS MEASUREMENTS

Microphonics have been recorded in two different ways.
In a first method, the RF-feedback signal, see Figure 1,
is recorded over time. This is preferably done in open
loop configuration, because obtaining a calibration factor
is more straightforward here, than in closed loop configu-
ration. A second method utilizes the sensor-actuator design
of the piezo tuner to record the induced piezoelectric volt-
age over time. In this design, two high-voltage piezos are
attached to the tuner, thus piezoelectric forces can be ex-
ercised on the cavity and measured simultaneously. The
latter is only an indirect method, as the mechanical influ-
ence from cavity and tank on the frequency response does
not necessarily lead to a linear relationship between cavity-
and piezo position. The results presented here were solely
obtained from the RF-feedback signal.

∗Work funded by the European Commission in the Sixth Framework
Program, contract No. 011935 EUROFEL.
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Figure 1: Phase-lock-loop used for cavity RF-
measurements.

Calibration of RF-feedback signal

In order to interpret the voltage value from the RF-
feedback in terms of a detuning frequency, a calibration
factor has been determined. This was done by mechani-
cally detuning the cavity with the piezo stack, which ex-
hibited a detuning behavior of Δf/ΔV = 1.131 Hz/V. By
varying the piezo voltage the cavity resonance was scanned
open loop at a fixed master oscillator frequency over sev-
eral bandwidths. The RF-feedback value varied by 0.84 V.
Hence, all voltages could be easily interpreted as frequen-
cies. This procedure is only possible because a leveled am-
plification is applied to the cavity pickup-signal. This en-
sures that the mixer output signal is solely dependent on
the phase difference between master oscillator and cavity.
Note that the frequency stability of the Rohde & Schwartz
master oscillator at 1.3 GHz is better than 0.1 Hz.

Measurements at cryogenic temperatures

Microphonics have been measured at cryogenic temper-
atures. In Figure 2 the Fourier transform of a 30 second
long measurement of the RF-feedback signal sampled at 5
kHz is depicted. An immediately identifiable feature is the
constant signal of a turbo vacuum pump (18000 rpm) at 300
Hz. Furthermore, prominent features occur at 41 Hz, 90
Hz, and 170 Hz and are resonances of the cavity-tank-tuner
system. The feature at 30 Hz is a so far unidentified source
not related to any of the mechanical cavity resonances. It
was further investigated whether the measured microphon-
ics would change with the quality factor, or the bandwidth,
respectively. For that purpose, the quality factor was varied
over a wide range (a) by changing the coupler position and
(b) by using a three stub tuner.
In Figure 3 the integrated microphonics frequency spec-
tra taken at different values of QL are plotted. It can be
seen that in general the RMS value of the microphonics in-
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overall RMS value of the microphonics come from low mi-
crophonics frequencies (< 1 Hz). Microphonics increase
with higher cavity bandwiths.

creases with the bandwidth, or in other words the cavity be-
comes less susceptible towards microphonics with increas-
ing QL. It can also be seen that the largest contributions to
the RMS-microphonics are at low frequencies.

Influence of cryogenics on the microphonics

The heavy machinery in our cryogenic system consists
of a Sogevac SV200 Leybold pump and two pairs of Ley-
bold SV1200 and RA7001 SO pumps. They operate at
24 Hz, 11.66 Hz, and 50 Hz, respectively. Note that these
mechanical vibrations can not be found in the microphon-
ics spectra which was also confirmed by slightly varying
the pumping frequencies. This observation suggests that
the decoupling of the pumps from the HoBiCaT facility is
sufficient.
The main contribution to the microphonics was found to be

Microphonics and pressure variation
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Figure 4: Microphonics and He-pressure difference.

Figure 5: Pearson correlation between Helium bath pres-
sure and microphonic detuning The 0.4 seconds offset is
due to the preset sampling time of the pressure sensor. The
occurrence of side maxima suggests, that there is some pe-
riodicity within the microphonics.

from within the cooling medium itself. A change in Helium
pressure (measured with a Rosemount sensor) was mea-
sured to lead to a detuning of the resonant frequency of 55
Hz/mbar. Figure 4 shows the microphonics recorded over a
period of 30 seconds in correlation with the He-bath pres-
sure. In Figure 5 the Pearson correlation between the two
signals is plotted. The maximum correlation occurs at an
offset of 400 ms, which is due to the sampling time of the
pressure sensor. This observation suggests, that a signifi-
cant portion of the microphonics can be compensated with
a feed forward system, provided fast and accurate pressure
sensors are used. The microphonics created by the He-
lium heater, which is part of the cryogenic system and sup-
ports the Joule-Thomsen expansion of the cooling medium,
were also investigated. In Figure 6 microphonics have been
recorded as a direct fft from the RF feedback signal at dif-
ferent values of the heater power. It can be seen that differ-
ent heater powers create significantly different microphon-
ics spectra, suggesting that the heater itself is a source of
microphonics.
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Figure 7: Long-time microphonics measurement.

Long-time measurements of microphonics

As the RF-system has to be laid out to deal with the max-
imum possible microphonics detuning, several long-time
microphonics measurements have been performed. From
these measurements the probability for a certain detuning
within a given time period could be determined. The mea-
surement presented in Figure 7 is a histogram of measured
detuning values. It was taken over 1000 seconds and gives
a maximum detuning frequency of 26.8 Hz and a rms de-
tuning of 4.4 Hz. A 24 hours+ measurement is planned, but
has so far been postponed due to long time stability issues
of the klystron.

Lorentz force detuning

The static response of our setup to Lorentz force detun-
ing has also been measured. We have obtained a value of
kLF = 1.42 Hz/(MV/m)2, see Figure 8, which is within
the range of values of 1–2 Hz/(MV/m)2 gained at DESY
[2].
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Figure 8: Lorentz Force Detuning vs. field gradient

Figure 9: Transfer function of the cavity-tank-tuner system
recorded over a frequency range of 0-400 Hz.

Transfer function

The reaction of the cavity resonance frequency on micro-
phonic vibrations is determined by the mechanical eigen-
modes of the tank-tuner-cavity system. Such Q-modes are
measured via the transfer function. Here, the piezos are
used to create sinusoidal vibration at distinct frequencies
over a certain frequency range. The RF-feedback signal is
recorded over time, yielding amplitude and phase informa-
tion of the mechanical response, see Figure 9. Such modes
arouse from transverse and longitudinal vibrations with re-
spect to the cavity axis. Note, that only longitudinal sym-
metric stretch modes can be excited with the present piezo
setup and thus only such modes can eventually be compen-
sated. Numerical simulations by Luong et al. [3] suggest
that these modes make up for the largest contribution to the
detuning of the cavity.

Influence of passive cavity stabilizers

Titanium fixtures that can be attached between the
cavity’s stiffening rings and the helium tank have been
developed by FZ Rossendorf and manufactured at AC-
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Figure 10: Integrated frequency response signal of cavity
mounted in a He-tank (a) with and (b) without fixtures at-
tached.

CEL. While they were originally intended for earthquake-
protection, we have investigated to what extent they can
dampen mechanical vibrations or shift resonances towards
higher frequencies, and thus reduce the impact of micro-
phonics. Room-temperature measurements were done at
ACCEL with such a cavity. For the experiment, an acous-
tic thumper, operating between 30 Hz and 300 Hz, was at-
tached to one end of the cavity (perpendicular to the cavity
axis). The response was measured with KeBe inductive ve-
locity meters attached at different positions of the tank. It
was found that the fixtures contributed only marginally to
a decrease of the microphonics response signal. As can be
seen from Figure 10 the response function with and without
fixtures is practically identical. The only significant devia-
tion occurs at 80 Hz, but no significant microphonics were
measured in HoBiCaT at this frequency.

OUTLOOK

The next step after characterization of microphonics is
to take countermeasures to compensate them. Such a com-
pensation does not have to be complete as even small im-
provements lower the required RF-power significantly. The
correlation between He-pressure and low frequency micro-
phonics suggests, that a feed-forward algorithm might be
feasible. Such work is underway and will be presented
soon. Also we are investigating adaptive feed forward com-
pensation of higher frequency microphonics.
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Abstract 

Based on the 1.3 GHz normal conducting RF photogun 
installed at the Free Electron Laser in Hamburg (FLASH) 
a new RF gun prototype with an optimized cooling layout 
has been developed at BESSY with the objective to 
operate in the 100 kW average power regime. This would 
significantly enhance the capability of present L-Band 
guns towards operation at higher accelerating fields 
or/and duty factors. High power RF-conditioning at the 
Photo Injector Test Facility at DESY in Zeuthen (PITZ) 
has recently been performed achieving 47 kW average 
power and an electric peak field of 53 MV/m in 
maximum respectively, so far only limited by power 
constraints of the RF-system. In this paper the RF-
conditioning results and relevant simulation results are 
discussed. Tracking studies for the photoinjector 
including two linac modules and a subharmonic cavity 
section are presented. 

INTRODUCTION 
RF photoinjectors bear the potential to generate 

electron pulses of extraordinary high peak brightness 
suitable for future FELs and linear colliders. For the 
proposed BESSY Soft X-Ray FEL (“BESSY FEL”) [1] 
with its superconducting CW driver linac a 
superconducting RF (SRF) gun would be the ideal 
electron source to deliver most flexible pulse pattern 
considering the manifold demands of experimental users. 
Superconducting guns are therefore a very active research 
area. For example, FZR, DESY, MBI and BESSY are 
collaborating to commission an SRF 1.3 GHz 3½-cell 
photoinjector gun cavity at FZR in 2007. Initially, this 
gun will accelerate 1 nC, but schemes have been 
identified and investigated that are capable of achieving 
slice emittances in the order of 1.5 π mm mrad at 2.5 nC 
bunch charge [2]. 

At present, though, normal conducting (NC) photoguns 
are more established and will therefore be used to 
commission the BESSY FEL. Still, a very high rep rate  

(1 kHz) is planned to approach CW operation. Later this 
NC gun can be replaced by an SRF gun. In particular 
much progress has been made by the PITZ collaboration 
which has developed a series of 1.3 GHz NC guns (1 ½ 
cells) characterized at the PITZ facility [3]. So far a 
minimum projected emittance of 1.6 π mm mrad 
(geometrical average of horizontal and vertical emittance) 
for a bunch charge of 1 nC could be demonstrated [4]. 
This system has also been operational at FLASH. 
Improvements at PITZ are expected by further optimizing 
the transverse and temporal profile of the photocathode 
laser, increasing the electric field at the photocathode to 
Ec = 60 MV/m and by utilizing a booster cavity, whereby 
the emittance conversation principle will be studied [5]. 
Beam operation hitherto was performed typically with 
Ec = 40-45 MV/m and a duty factor of 0.9 % (10 Hz RF 
pulse repetition rate) corresponding to an average power 
in the range of 30 kW. The European XFEL [6] and the 
proposed BESSY FEL however require even higher 
values to be achieved as listed in Table 1. 

Table 1: Target parameters of NC RF guns as proposed 
for the European XFEL and the BESSY FEL at 
commissioning phase 

Parameter European 
XFEL 

BESSY 
FEL 

Frequency / GHz 1.3 
Number of cells (copper) 1½ 
Bunch charge / nC 1 2.5 
Single bunch rep. rate / MHz 5 1/3 
RF pulse rep. rate / Hz 10 1000 
Peak field / (MV/m) 60 40 
Peak power* / MW ~6.5 ~3 
Beam pulse length** / μs 650 (max.) 6 
Duty factor / % ~0.67 ~2.5 
Average power / kW ~44 ~75 
Beam parameters at undulator  
Trans. norm. slice emittance /  
π mm mrad 

1.4 1.5 

Max. beam energy / GeV 20 2.3 
* depending on Q0 (~23000), ** excluding RF rise/fall time (~20 μs) 
 
Gun cavity thermal drifts as a source of severe phase 

and amplitude jitters may then become more apparent. 
Despite the progress of RF field stability control [7], one 
challenging task remains the mitigation of these drifts. 
Thus elaborate cooling concepts for the gun have to be 

____________________________________________ 
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considered. With respect to this issue a high average 
power 1 ½-cell RF gun cavity with an optimized cooling 
layout has been developed at BESSY (“BESSY Gun”) as 
described below. A prototype of the cavity has been 
produced and thermal tests without photoemitted 
electrons were performed at PITZ. This gun also served 
as the basis for new beam dynamics simulations. 

BESSY NC RF GUN CAVITY 
A picture of the BESSY Gun and its outer water 

connections is shown in Fig. 1 (left), whereas the CAD 
model (right) reveals the inner cooling circuits. To 
provide sufficient water to the cavity a total number of 43 
water inlets and outlets have been implemented with each 
water circuit separately addressable. Thus a sufficiently 
high water volume flow can be delivered to the cavity 
body and the water temperature rise within each meander 
can be kept rather low. Still emphasis has been placed on 
a simple conceptual design using drilled water holes of 
same dimensions throughout except in the iris aperture. 
Further details on the technical layout and cooling scheme 
can be found in [8]. 

 
Figure 1: The copper 1 ½-cell BESSY Gun (photo left) 
with the outer water connections and the corresponding 
CAD model (right) revealing the inner water circuits. 

 

 
Figure 2: Temperature distribution in the BESSY Gun 
calculated at Pave = 75 kW with Tin = 42°C for a quarter 
symmetric ANSYS model. 

The cooling scheme was optimized with the help of 
thermal simulations using the FEA Code ANSYS [10]. 
Hence the BESSY Gun exhibits moderate temperatures 
(< 100°C) at an average power of Pave = 75 kW, i.e. the 
nominal operation power for the BESSY FEL. As 
illustrated in Fig. 2 this has been achieved for a 
reasonable water inlet temperature of Tin = 42°C. Circular 
notches at each endplate (‘tuning rings’) have been 
implemented to ease a possible tuning effort. The reduced 
cooling efficiency at the tuning rings is taken into account 
for this prototype yielding the maximum local 
temperatures. Mechanical stresses however are not an 
issue [10]. 

As a feature the BESSY Gun was equipped with a 
small pickup port (Ø = 8mm) in the full cell 
implementing an antenna, loosely coupled to produce 
only a negligible field distortion. The antenna amplitude 
and phase information is beneficial for RF field stability 
control, critical for the overall jitter stability of the 
electron beam. Else - as practised at FLASH - the cavity 
field has to be artificially determined from the forward 
and reflected power signals of a directional waveguide 
coupler [7]. 

RF CONDITIONING 
The first pulsed high power RF-conditioning tests of 

the BESSY Gun have been completed in May 2006 in the 
frame of the PITZ-collaboration. The conditioning test 
stand at PITZ is shown in Fig. 3. A 10 MW multi-beam 
klystron (MBK) was used to feed in the RF power to the 
gun via a standard DESY axially symmetric coupler. Due 
to the limited power capability of state-of-the-art RF 
vacuum windows the MBK output power is distributed 
into two separate WR650 waveguide arms. A T-combiner 
with two RF windows was flanged to the input coupler to 
add both RF-waves. 

 
Figure 3: BESSY Gun on the conditioning test stand at 
PITZ. For conditioning no solenoids were installed.  

 
After only 90 hours conditioning time -with a cavity 

vacuum interlock threshold of 10-7 mbar- a peak power of 
Ppeak = 2.9 MW at tRF = 100 μs was reached 
(Pave = 2.9 kW) corresponding to a peak field of 
Ec = 40 MV/m as required for the BESSY FEL. It should 
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be noted, that prior to the installation at PITZ the integrity 
of the gun was checked at BESSY operating several days 
in CW mode at 10 kW, which might have been beneficial 
to achieve this rather rapid progress. Since the repetition 
rate of the low level RF-system at PITZ is limited to 
frep = 10 Hz, the average power could only be increased 
by operating with both the peak power and the pulse 
length far beyond the desired BESSY FEL specifications 
(see Table 1). This “thermal” conditioning was time 
consuming, particularly because of sparking in the 
waveguide arms of the klystron at peak power levels 
above 3 MW. Despite the constraints of the RF-system, 
conditioning could be carried out successfully to a 
maximum operable peak power of Ppeak = 5 MW with 
tRF = 540 μs corresponding to an electric field of 
Ec = 53 MV/m. The maximum average power of 
Pave = 47 kW was reached at the maximum pulse length of 
tRF = 1 ms with Ppeak = 4.7 MW (Ec = 51 MV/m). Higher 
power levels and longer pulse lengths could not be 
reached because of operational limitations of the RF-
system. However up to 47 kW average power no thermal 
or technical limitations attributable to the gun were 
encountered. The main RF-conditioning results are listed 
in Table 2. 

Table 2: BESSY Gun RF-conditioning results at PITZ 

Parameter Achieved at limit 
of RF system 

Desired Unit 

Pave 47 75 kW 
Ppeak 4.7* 3 MW 
Ec 51* 40 MV/m 
tRF 1000 25 μs 
frep 10 1000 Hz 
d.f. 1 2.5 % 

* max. Ppeak = 5 MW corresponding to Ec = 53 MV/m at tRF = 540 μs 
 
 

 
Figure 4: Measured (top) and simulated (bottom) gun 
temperatures when operating at Pave = 40 kW and 
Tin = 27°C (Ppeak = 4 MW, frep = 10 Hz, tRF = 1 ms). 

Fig. 4 (top) depicts a screen shot of the measured gun 
cavity temperatures using external PT100 sensors at 
distinctive locations (green dots). Here the temperatures 
are shown when operating at a thermal load of 
Pave = 40 kW with an inlet water temperature of 
Tin = 27°C. At the bottom corresponding numerical 
results using ANSYS are plotted in good agreement with 
the monitored data. This is also true for the hot spots 
located at the tuning rings. At the antenna port no 
significant heat enhancement has been produced. The 
antenna port has been omitted in the calculation due to 
mesh size constraints. 

To further check the reliability of numerical data, the 
frequency shift Δf caused by thermal deformation of the 
gun cavity has been measured at a constant inlet water 
temperature of 27°C when increasing the average power. 
Hereby the resonance was kept adjusting the master 
oscillator frequency to gain a reflected power below 1%. 
To evaluate Δf the resonance frequency at room 
temperature is taken as reference. In Fig. 5 the measured 
data are plotted as compared with numerical results. The 
latter have been computed by transferring the thermally 
deformed cavity profile given by ANSYS to Superfish 
[11]. This method has been extensively described in [12]. 
A linear drift in the order of Δf ~ -10 kHz/kW over the 
observed power regime at Tin = 27°C was obtained, 
consistent with the simulations. 

 

 
Figure 5: Thermal frequency drift in dependence on the 
average power as measured (red dots, frep = 10 Hz, 
tRF = 1 ms) and calculated (blue line) both at Tin = 27°C. 

BEAM DYNAMICS 
Former beam dynamical studies using the accelerating 

field of the BESSY Gun as an input revealed that the 
photoinjector is able to deliver the required transverse 
slice emittances [10]. Further studies employing a 
multiparameter optimization with ASTRA [13] have been 
performed, the results being depicted in Figs. 6 and 7. 
Here 100000 macro particles have been tracked through 
the first two cryogenic linac modules comprising eight 
standard 1.3 GHz 9-cell TESLA-cavities. An intermediate 
section with quadrupoles as well as eight 9-cell 3.9 GHz 
cavities (under investigation at FERMILAB [14]) have 
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been implemented to linearize the longitudinal phase 
space serving the needs of the subsequent first bunch 
compressor. A thermal energy of 0.55 eV for electrons 
emitted from a Cs2Te photocathode illuminated by a UV 
laser (262 nm) has been taken into account. For the laser a 
temporal profile of 38 ps (flat top) with 4 ps rise/fall time 
and a spot size of 3.3 mm have been chosen. Furthermore 
a peak field of Ec = 40 MV/m has been presumed, which 
already has been exceeded by the BESSY Gun during the 
high power tests. As mentioned above this value however 
is rather constrained by thermal considerations. 

 

 
Figure 6: Evolution of the normalized transverse rms 
emittance εn (100% and 95% core emittance) and beam 
size σx,y for a bunch charge of 2.5 nC up to the exit of 
the 2nd linac module. 

 
For a bunch charge of 2.5 nC the normalized projected 

transverse emittance “frozen” at the exit of the second 
linac module (Ekin = 223 MeV) is 1.8 π mm mrad 
(1.2 π mm mrad for the 95% core emittance). At this 
point the slice emittance averaged over the whole bunch 
amounts to 1.5 π mm mrad fulfilling the design goal of 
the BESSY FEL. 

 

 
Figure 7: Evolution of the longitudinal rms emittance εz 
and average beam energy Ekin for a bunch charge of 
2.5 nC up to the exit of the 2nd linac module. 

 

The rms bunch length is 3.5 mm and a projected 
longitudinal rms emittance of 65 π keV mm has been 
obtained due to phase space linearization with the 
subharmonic cavity section (Fig. 7). 

CONCLUSION 
A high average power RF gun prototype developed at 

BESSY has been high power conditioned at the Photo 
Injector Test Facility at DESY in Zeuthen. The gun was 
tested up to an average power of 47 kW so far only 
limited by the maximum operable power of the RF-
system. Similarly, the maximum electric field achieved at 
the cathode was 53 MV/m so far. All observations at 
present indicate that the gun is thermally stable at the 
desired power level of 75 kW or beyond. This is 
confirmed by corresponding thermal calculations. 
Operation of this prototype with photoemitted beams was 
not planned. However, new numerical tracking studies 
demonstrate that the gun is capable of producing the beam 
quality required for the BESSY FEL. 
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Abstract 
We report on the design of the photocathode laser for a 

superconducting RF gun, which is presently under 
development at the Forschungszentrum (FZ) Rossendorf. 
This laser is foreseen to drive the RF gun in CW mode 
with up to 1 nC bunch charge. It generates pulses of 
12...14 ps duration with 500 kHz repetition rate and 
0.8 μJ pulse energy at 263 nm wavelength. This should 
provide sufficient pulse energy for generation of bunches 
with 1 nC charge using caesium telluride photocathodes. 
Due to two active modelockers in the laser oscillator, the 
latter operates in tight synchronism to the RF master 
oscillator of the linac. 

The laser consists of a short-pulse oscillator, a pulse 
picking Pockels cell, a regenerative amplifier and a 
wavelength conversion unit. The latter converts the 
infrared laser radiation to the ultra-violet (UV). This unit 
turns out to be a particularly critical element of such a 
photocathode laser driving a RF gun in CW mode.  

INTRODUCTION 
Photo injectors within RF guns are important for FELs, 

since they provide an efficient means for generating high-
density electron bunches with low emittance. Most of the 
existing photo injectors are operated in pulsed or in burst 
mode. 

At the FZ Rossendorf a superconducting RF gun is 
being developed [1], which needs an appropriate laser for 
illumination of the caesium telluride photocathode. This 
laser should deliver pulses of 500 kHz repetition rate at a 
wavelength within the range of 260 to 270 nm. The 
desired bunch charge of 1 nC demands a UV pulse energy 
in the order of 0.5 to 1 μJ. The present paper describes a 
first setup for a suitable laser system. 

LAYOUT OF THE LASER  
Fig. 1 shows the general scheme of the laser system, 

which consists of the following main building blocks: 
• the laser oscillator, 
• a pulse picker, 
• a regenerative amplifier, 
• a wavelength conversion stage. 

The laser oscillator generates the initial picosecond 
seed pulses. Its Nd:YLF laser rod is pumped by two fiber-
coupled laser diodes of 805 nm wavelength. Modelocking 
for generation of short picosecond pulses is accomplished 
by two active modelockers. One of them is a standard 
acousto-optic modelocker driven with a 27.08 MHz RF 

signal, while the second one is an electro-optical phase 
modulator for 1300 MHz. A detailed description how to 
operate several modelockers in a single cavity can be 
found in [2] and the references therein.  

 

 
 

Figure 1: Optical scheme of the present photocathode 
laser. 

The oscillator generates a CW pulse train of 54.16 MHz 
repetition rate and provides a single-pulse energy of 
0.05 μJ. Since the signals for the active modelockers are 
derived from the electronic RF master oscillator of the 
gun, the laser pulses are synchronized with an accuracy of 
about 1 ps. 

A subsequent electro-optic pulse selector reduces the 
high repetition rate of the pulses from the oscillator to the 
desired value of 500 kHz. This pulse train is further 
amplified by a regenerative amplifier (regen). The regen 
is based on a folded resonator with 25 ns round-trip time. #will@mbi-berlin.de 
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In addition to the diode-pumped Nd:YLF laser rod, it 
contains two BBO Pockels cells. The first one switches 
the laser pulse from the oscillator into the cavity of the 
regen. Subsequently, this pulse performs 14 round trips in 
the resonator and is thereby amplified to an energy of 
8.5 μJ. 

THE WAVELENGTH CONVERTER 
After switching the amplified pulses out of the 

resonator with the second Pockels cell, they are directed 
towards the wavelength conversion stage. This stage 
contains two consecutive nonlinear frequency doubling 
crystals that convert the infrared laser pulses of 1053 nm 
wavelength to the ultra-violet (263 nm wavelength). 

The general scheme of this conversion unit is similar to 
the one used in the photocathode lasers of FLASH and 
PITZ. At first, a 12 mm long LBO crystal converts the 
pulses to green light. A further 8 mm long BBO crystal 
generates from this the UV output pulses  

It turns out that both, the energy of the generated UV 
pulses as well as the profile of the UV beam depend in a 
highly sensitive way on the size of the beam waist in the 
BBO crystal. Tab. 1 as well as Fig. 1 show the results of 
appropriate measurements done for four different 
diameters of the beam in this crystal. Although the 
highest output energy of 0.83 μJ is achieved for the 
strongest focusing down to a diameter of 260 μm, this 
leads to a non-circular beam profile. 

On the other hand, the most homogeneous output beam 
that largely maintains the original circular cross section is 

obtained when the beam diameter in the BBO crystal is 
larger. The optimum in this respect amounts to 703 μm. 
Unfortunately, this is accompanied by a drop of the laser 
intensity in that crystals by a factor of two, and only a 
smaller portion of the green light is converted to the UV. 
Since the conversion process is now operated far from 
saturation, the energy stability becomes much worse and 
we typically obtain a pulse energy between 2 and 4 μJ. 

 
Diameter of the beam 

waist [μm] in the BBO 
crystal 

Measured output energy 
[μJ] of the UV pulses 

260 0.83 
352 0.71 
527 0.49 
703 0.45 

Although the average power of the CW laser in 
comparison to the pulsed lasers at FLASH and SHARP 
(table 2) is significantly larger, its peak power is at least 
one order of magnitude less. This is reflected by the 
measured peak intensity in the UV. So, the above 
measurements show, that the present design of the 
wavelength converter cannot be used together with the 
photocathode laser for a CW gun without substantial 
modification.  
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Figure 2: Intensity profile of the UV output at four different sizes of the focussed beam diameter in the BBO crystal 
(from left to right: 260, 352, 527 and 703 μm). 

Table 1: Dependence of the resulting UV pulse energy 
on the focussing condition at the BBO crystal  
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In order to still reach a reasonable conversion efficiency, 
the laser radiation must be stronger focused into the 
conversion crystals. This, in turn leads to a significant 
perturbation of the beam profile due to the limited 
acceptance angle as well as due to the walk-off between 
green and UV light in the BBO crystal.  

 

 FLASH, 
PITZ 

ELBE 
(f = 0.5 
MHz) 

ELBE 
(f = 13 
MHz) 

pulses per s 0.008·106 0.5·106 13·106 

pulse energy 
(UV) 20 μJ 1 μJ 0.08 μJ 

pulse duration 20 ps 20 ps 4 ps 

average UV 
power 

0.16 W 0.5 W 1 W 

peak intensity 
(UV) 

1 0.05 0.02 

CONCLUSION AND OUTLOOK 
From the above described measurements follows, that 

the photocathode lasers for RF guns in CW mode should 
be set up for the shortest pulse duration possible. This 
would yield better conversion efficiency to the UV at the 
same laser pulse energy. Since even sub-picosecond 
lasers with an average power larger than 10 W exist, the 
lower limit for the pulse duration is determined by space 
charge effects in the RF gun. Too short pulses however, 
will lead to an increased longitudinal emittance of the 
electron beam. 

Further work is mainly required to develop an 
improved wavelength conversion unit to end up with 
reasonable conversion efficiency and simultaneously a 
nearly circular profile of the UV laser beam. A possible 
solution that is presently investigated at the MBI might be 
based on cylindrical lenses for focusing the beam 
differently in horizontal and vertical direction. 
Compensation of the walk-off between fundamental and 
harmonic wave that occurs in the crystals is another 
option. 
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Abstract 

At the Forschungszentrum Rossendorf the development 
and the setup of the 2nd superconducting radio frequency 
photo electron injector (SRF-Photo-Gun) is nearly 
completed. In this report we present the results of the 
cavity treatment. The warm tuning was carried out 
considering pre-stressing and the tuning range of both 
tuners (half cell and full cells). The optimal antenna 
length of the main coupler and both fundamental pickups 
were determined by practical external Q studies. 
Furthermore the characteristic tuning curves of the choke 
filter and both HOM filters were simulated, measured and 
tuned at the pi-mode frequency. The preparation (etching 
and rinsing) and the vertical cold test were done at DESY.  

INTRODUCTION 
For future FEL light sources and high energy linear 

accelerators a high current electron gun with high 
brilliance is absolutely essential. Thus, an innovative 
superconducting RF photo injector (SRF gun) is under 
development at the Forschungszentrum Rossendorf 
(ELBE), which is a collaboration of BESSY, DESY, MBI 
and FZR and supported by the European Community. 

 
Table 1: rf cavity parameters calculated with MWS© 
normalized to 50MV/m peak axis field 

stored energy U 32.5 J 
quality factor Q0 1x1010 

dissipated power Pc 25.8 W 
geometry factor G 241.9 Ω 

acceleration voltage Vacc 

acceleration gradient Eacc 

9.4 MV 
18.8 MV/m 

shunt impedance 2 / 2a acc cR V P=  1.72x1012 Ω 

Ra/Q0 166.6 Ω 
Epeak/Eacc 2.66 
Bpeak/Eacc 6.1 mT/(MV/m) 

 
This gun allows continuous wave operation at an 

energy of 9.4 MeV and an average current of 1 mA. It can 
generate short pulses and high-brightness electron beams, 
as known from the conventional photo-injectors. 
Moreover, the use of the superconducting cavity allows 

cw-mode operation and thus high average currents. Table 
1 shows some simulated rf cavity parameters. 

The current progress of this project is presented in [1]. 
This paper deals with the treatment of the cavity itself, 
one of the main parts of the SRF-Gun. Fig. 1 shows a 
schematic of its design which is described more in detail 
in [2]. 

 

 
Fig. 1: cross section of the cavity design. 

CAVITY WARM TUNING 
In order to get the right field distribution and the 

accurate frequency at operation inside the cryostat, one 
has to consider different tuning parameters.  

 
Table 2: evaluation of the estimated frequency @ 300K 

operating frequency @ 2K 1300.0 MHz 
cool down shrinking (measured @ ELBE) - 1.97 MHz 

50μm BCP @ DESY (simulated) + 0.55 MHz 
pre-stressing half cell (measured) + 0.10 MHz 

pre-stressing three TESLA cells (measured) + 0.22 MHz 
required frequency @ 300K 1298.9 MHz 

 
The correct frequency at room temperature mainly 

depends on cool down shrinking, additional chemical 
treatment and pre-stressing of both cavity tuners. These 
tuners permit an axial deformation of ±400μm and 
±500μm for the half cell and the three TESLA cells, 
respectively. The induced frequency shifts have been 
taken into account. Thus, the estimated tuning frequency 
follows from Table 2. 

 
Table 3: field detuning caused by pre-stressing half cell 

 Gun Cell TESLA1 TESLA2 End Cell 
detuning 
axis field 

-7.3% -1.8% +1.4% +3.1% 
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A non-negligible detuning of the π-mode field, as 
shown in Table 3, is caused by pre-stressing of the half 
cell. This measurement has to be considered inversely by 
pre-tuning to obtain the right field profile in the cryostat. 
 

 
Fig. 2: measured vs. simulated π-mode field profiles 
before and after tuning. 
 

Based on these target values, the tuning process was 
realized as presented in [3]. It succeeded in the measured 
field profile shown in Fig. 2 and met the calculated 
requirements.  

EXT. Q STUDY MAIN-COUPLER 
In order to maximize the rf power transfer from 

klystron to the electron beam, it is absolutely necessary to 
match the coupling. The applied Rossendorf main coupler 
is not adjustable, thus the antenna is optimized for 
maximum beam power with an external quality factor of: 

 

 70 2.7 10
1ext

beam C

Q
Q

P P
= =

+
i  (1) 

30 35 40 45 50 55

10
6

107

108

 

 MWS simulation
 measurement

Q
ext

distance antenna tip to axis of rotation in mm

optimal distance
to axis = 46.4 mm

+

Fig. 3: external quality factor vs. antenna length. 
 

The determination of the suitable distance between 
antenna tip and axis of rotation is done by an additional 
probe antenna added at the opposite side of the cavity at 

room temperature. As shown in equation 2 one has to 
measure incident and reflected power at the input port, the 
transmitted power at the main coupler as well as the 
unloaded quality factor of the cavity. 
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The results presented in Fig. 3, point to the best 

coupling at a distance of 46.4 mm from axis. An 
additional calculation, using the results of MWS©-
simulations with different boundary conditions as shown 
in [4], gives a similar performance.  

TUNING HOM-COUPLER 
We use the welded DESY TTF II HOM-couplers. Due 

to the asymmetric design caused by the cathode and its 
cooling support, both couplers are welded to the coupler 
section at the end of the beam tube. To estimate the 
precision achieved by trap circuit tuning, we measured the 
external quality factor at the π-mode frequency versus 
tuning displacement and frequency shift. To prevent 
crosstalk it is necessary to place the input antenna probe 
at the opposite side of the HOM couplers. The result is 
presented in Fig. 4. It is obviously hard to get a better 
external quality factor than Qext=1011. In that case less 
than 10% of the dissipated power is transmitted out of 
each HOM-coupler. 
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Q
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pullingpushing
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Fig. 4: external quality factor vs. detuning from best π-
mode suppression. 

TUNING CHOKEFILTER 
The choke filter is situated next to the first gun cell and 

described more in detail in [5]. It prevents the leakage of 
RF power through the coaxial line out of the cavity which 
is caused by the cathode and its coupling to the gun cell. 
The filter is designed as a coaxial trap filter. Its band pass 
frequency will be adjusted during the assembling of the 
cryostat. To estimate the transmitted power, we measured 
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the external quality factor versus detuning of the choke 
cavity by crushing and stretching. For this purpose an 
antenna probe with the same diameter as the original 
cathode was used. Thus the power behind the choke filter 
depending on the dissipated power through the walls can 
be measured (Fig. 5).  

 

 
Fig. 5: assembly to measure π-mode suppression. 

 
As a result one gets a tuning curve shown in Fig. 6. 

Because of mechanical tolerances during the assembling 
of the cryostat, it is hard to improve the accuracy better 
than ±100 microns. Within this range, the external quality 
factor is better than Qext=1012 and the transmitted power 
behind the choke is less than 1% of the dissipated power. 
An additional MWS simulation yielded comparable 
results. 
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Fig. 6: external quality factor vs. choke filter detuning 
measured by frequency shift and deformation. 

1ST VERTICAL COLD TEST 
Following the tuning procedures the cavity was 

prepared at DESY Hamburg by buffered chemical 
polishing (40μm BCP) and high pressure rinsing (HPR). 
Afterwards the cavity was tested in a vertical cold test, as 
described in [6]. During the cool down from 4.4K to 1.6K 
the unloaded quality factor was measured at low rf power 
(Fig. 7). The illustrated surface resistance follows from 
eq. 3 and the numerical calculated geometry factor G.  

0
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Based on the BCS-theory the surface resistance can 

also be calculated analytically. Fitting the measured data 
points by using eq. 4 leads to the following material 
parameters: 
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Fig. 7: surface resistance and unloaded quality factor 
versus temperature. 
 

In view of the measured, unloaded high quality factor 
Q0(@1.8K)=3x1010 and the calculated low residual 
resistance of  Rres=3.4nΩ the preparation of the cavity 
proceeded well.  
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Fig. 8: Q0 vs. peak axis field Epeak @1.8K. 

 
Another matter of substantial interest is the Q vs. E 

chart.  The corresponding measurement also takes place at 
DESY. In order to get comparable values, Q0 is plotted 
versus peak axis field in the TESLA cells (design value 
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Epeak=50MV/m). Furthermore the radiation caused by 
field emitters is included into the same chart. As shown in 
Fig. 8 field emission started early and the quality factor 
decreases. Further increasing of rf power results in strong 
field emission and two Q-switches, which are probably 
caused by thermal breakdown at activated field emitters. 
After the second Q-switch the field was limited by 
quench. Especially the behaviour the Q-switches are most 
likely due to defects in the bulk niobium or to surface 
pollution. This might be induced by the hardly cleanable 
choke filter. Because of the narrow cathode feed through 
between choke filter and gun cell, direct cleaning of the 
filter cell wasn’t feasible. Furthermore contaminated 
water runs out of it into the cavity which leads into 
polluted surface.  

CONCLUSION 
So far all measurements and tuning procedures yield 

acceptable results. In the next steps an improved HPR and 
BCP treatment will be established to achieve the designed 
peak field. Nevertheless the reached field of 
Epeak=39MV/m and the high quality factor of Q0=1.5x1010 
demonstrates first of all the proper design of the gun 
cavity. 
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HIGH PEAK CURRENT DESIGN OF A SUPERCONDUCTING CAVITY 
FOR A SRF PHOTOINJECTOR 

D. Janssen, FZ-Rossendorf, Dresden, Germany,  F. Marhauser, BESSY, Berlin, Germany 
V. Volkov, BINP, Novosibirsk, Russia.

Abstract 
A 1.5-cell cavity for a superconducting RF gun has 

been designed and a magnetic RF mode for emittance 
compensation is applied. For a peak current of 125A a 
transverse emittance of 1.8 mm mrad has been obtained.  

INTRODUCTION 
In collaboration between BESSY, DESY, FZR, MBI 

and BINP a 3½-cell superconducting RF electron gun is 
under development. The status of the project and the 
progress obtained is reported on this conference. The 
motivation for the design of a new gun cavity is the 
proposed FEL project at BESSY. This FEL requires a 
bunch charge of 2.5 nC with transverse slice emittances 
around 1.5 π mm mrad. In the following we will discuss 
the design of a 1½-cell cavity with a frequency of 520 
MHz for the accelerating mode (TM mode) and 
1560 MHz for the magnetic mode (TE mode). The design 
of a 1½ cell superconducting cavity with a frequency of 
1.3 GHz has been also reported in [5]. 

DESIGN CONSIDERATION USING THE 
PILLBOX MODEL 

In order to find some general rules for the cavity 
design, we will discuss a simple pillbox model, where the 
frequencies and RF fields are known analytically.  

Figures of merit 
In order to avoid a quench of the cavity, the maximum 

magnetic field on the cavity surface should be clear below 
180 mT. Otherwise an optimal beam dynamics needs 
large electric and magnetic fields on the cavity axis. So 
the expressions 
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are essential parameters for the quality of the cavity. For a 
pillbox with length L and radius R one obtains: 

Table 1: Figures of merit of the TM mode for R = L 

 

From the first table follows, that at the surface limit of 
180 mT the pillbox has an accelerating field of 
105 MV/m! Therefore our cavity design should be as 
close as possible to the pillbox geometry. The main 

difference between a pillbox and a realistic cavity cell is 
the beam tube. In order to minimize the influence of the 
beam tube on the RF field of the cavity cell, the ratio of 
the cell to the tube radius should be large. The lower limit 
of the beam tube radius is fixed by wake field effects of 
the bunch charge. Therefore the cell radius should be as 
large as possible. This radius is inversely proportional to 
the cell frequency, so we fix the frequency of the TM 
mode to 520 MHz, which is the TESLA frequency 
divided by 2.5. 

 

Table 2: Figures of merit of the TE mode for 

R/L ( )( )max
1 0/ m mJ l J q qπ≥ , ( )1 0mJ q =  

 
 
 
 
The second table shows that the axial magnetic field is 

enhanced when increasing the radial node number for a 
given surface field. Therefore a high frequency TE mode 
should be preferred. 

Third order effects 
The power expansion of radial RF field components 

with respect to the radius r starts with a linear term and is 
followed by third order terms. These third order terms 
produce an increase of the transverse beam emittance. In 
the pillbox cavity for the TM modes with l = 0 the third 
order terms are zero. For the magnetic TE modes the ratio 
of the third order term divided by the first order term is 
given by 
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Therefore the nonlinear effects increase quadratic with 
increasing node number m of the TE mode and decreasing 
radius R of the cavity cell. From this point of view the 
gun should work at the lowest TE mode frequency. 

Comparison of the TE mode with a static 
magnetic field 

Neglecting terms in r2 in the equation of motion for an 
electron in the RF field of the TE mode the following 
equations are obtained: 
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These are the same equations as in the static magnetic 
field. Assuming 1β ≈  we can replace the time 
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dependence in the RF field by z/c and calculate the focal 
distance of the corresponding magnetic lenses.  
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In this case the focal distance is a function of the phase  

0ϕ  of the TE mode. For the case of a pillbox cavity we 

obtain: 
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For α = 2,3, …  the focal distance is independent of φo and 
for α =1/2 , 3/2, …. we have  the maximal phase 
dependence. These limiting cases can be realized 
numerically also for realistic cell geometry.  

The emittance compensation in a RF gun is based on 
the focussing of electrons inside a magnetic field. 
Therefore the quotient of cell radius and cell length 
defines the phase dependence of the focal distance and the 
phase dependence of the emittance. 

CAVITY DESIGN AND RF FIELDS 
As mentioned in the first section, the TM mode 

frequency of our gun cavity is 520 MHz. At this 
frequency the beam energy of a 1½-cell cavity with 
Epeak = 30MV/m is already greater 10 MeV. The cell radii 
are determined by the TM frequency and the field 
amplitudes on the cavity axis. We place the TE mode in 
the second cell. After this the phase slippage of the TM 
mode and the TE mode frequency define the width of the 
cells. As discussed in the previous section, the TE 
frequency can be defined by different arguments. In this 
calculation the frequency of 1560 MHz is used. This 
mode has the radial node number m = 2 and the field ratio 
Bzmax(r=0)/Bsmax is 2.69. Furthermore, the integer value of 
the TE/TM frequency ratio allows the operation of the RF 
gun with the same TE - phase φo for each bunch. In this 

case it is meaningful to minimize the emittance with 
respect to this phase. The cell geometry and the field 
distribution of the gun are given in Fig.1 and Fig. 2 
respectively.  

 

 
Figure 1: Cavity shape and electric field distribution of 
the TM mode. 

 

 

 
Figure 2: Cavity shape and magnetic field distribution of 
the TE mode. 
 

Fig. 3 shows the fields on the cavity axis. 

 

Figure 3: Axis fields of the cavity. 

FIELD AMPLITUDES 
The magnetic surface fields of the TM and the TE 

mode are perpendicular to each other. Therefore we have 
to evaluate the vector sum of both surface fields to 
compute the limiting field. Table 3 lists the maximal field 
limits used in the calculations. They are clearly below the 
critical limit. In Fig.4 the two surface fields and the sum 
of both fields are shown. 

 
Table 3: Maximum axial and surface field values 

 
field unit value 
Ezmax MV/m 57 
Bzmax mT 363 

Bsmax(TM) mT 130 
Bsmax(TE) mT 118 

Bsmax mT 130 
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Figure 4: Magnetic surface fields in dependence on the 

surface coordinate s, 2 2( _ ) ( _ )Bs Bs TM Bs TE= + . 

LASER PULSE SHAPE AND THERMAL 
EMITTANCE 

In a RF photo cathode gun the laser pulse determines 
the bunch shape at the cathode. In the present calculations 
a temporal flat top laser pulse profile up to Lt = 40 ps and 
a rise and fall time of 2 ps have been used. The radial 
distribution is uniform. At a laser wavelength of 260 nm 
the electrons leave the cathode with a thermal energy of 
1 eV isotropically in the whole space. This seems to be a 
set of realistic parameters [1]. 

RESULTS OF TRACKING 
CALCULATIONS 

Tracking studies using ASTRA [2] have been 
performed for the gun cavity followed by a drift space 
and a booster linac section comprising 3 x 4 1.3 GHz 
standard 9-cell TESLA cavities to investigate emittance 
conservation. A Simplex routine has been utilized for a 
multi-parameter optimization. Hereby the transverse 
emittance at the linac exit has been minimized by varying  
the laser spot size at a given laser pulse length Lt and the  
operational parameters of the RF gun (TM and TE mode) 
and booster cavities with Eacc = 20 MV/m in maximum 
for the latter. To reduce the computation time four 

TESLA-cavities have been combined to one section. 
Typically for 1 nC bunch charge the reasonable laser 
pulse length is in the order of Lt =20 ps regarding space 
charge effects arising just at the cathode. To mitigate the 
enhanced space charge at 2.5 nC the laser pulse length 
could be further increased sacrificing some longitudinal 
emittance. First without the booster linac we have studied 
the behaviour for Lt = 20 ps resulting in a minimum 
transverse emittance of ~1.8 π mm mrad at a distance of 
~5.3 m behind the photocathode for Bzmax = 363 mT as 
shown in Fig. 5. 

 

 
Figure 5: Dependence of the projected transverse 
emittance on the axial TE mode amplitude (position 
behind cathode z = 5.3 m, laser spot radius 1.25mm). 

 
With these settings however one operates apart from 

the usual emittance compensation in the drift. Thus when 
including the booster we observed that the beam can not 
be matched according to the so-called invariant envelope 
(I.E.) [3]. Instead the beam is strongly focussed within the 
linac due to RF-focussing and without measures tends to 
extend behind the focal point. 
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Figure 6: Evolution of the projected transverse rms 
emittance (top) and rms beam size (bottom) through the 
linac for Lt = 20 and 40 ps respectively (30000 particles). 

The projected emittance can not be further minimized 
but rather stays constant. This is illustrated in Fig. 6 
showing the evolution of the projected transverse rms 
emittance (top) and rms beam size (bottom) for Lt = 20. 
However the projected emittance is largely deluted by 
mismatched fringe particles which are responsible for the 
oscillations of the projected emittance within the linac 
cavities. Actually the slice emittance as the figure of merit 
amounts to only 1.1 π mm mrad in average. 

We then tried to match the beam to the booster by 
following more closely the I.E.. This necessitates to adjust 
the electric field of the gun according to Bzmax to balance 
the repelling and focussing forces. Thus a typical 
emittance compensation accompanied by an emittance 
oscillation with a double emittance minimum in the drift 
[4] can be produced. Holding the I.E. criterion in this 
mode of operation the minimum projected emittance 
obtained for Lt =20 ps however is rather large (~4 π mm 
mrad). Moreover the accelerating fields in the first 
TESLA-cavities would be in the order of Eacc = 40 MV/m. 
However, the situation relaxes once the pulse length is 
further increased. This has been done using Lt =40 ps in a 
next step as shown in Fig. 6 as well. Here a projected 
transverse emittance of only 1.5 π mm mrad is achieved. 
As more particles follow the I.E., the average slice 
emittance is ~1.4 π mm mrad only marginally below the 
projected emittance. 

Table 4 and 5 summarizes the optimized parameter 
settings and achieved results at the booster exit (z = 24m) 
for Lt = 20ps and Lt = 40ps respectively. Albeit the results 
are not regarded as an overall optimum yet, the required 
specifications of the BESSY FEL can be well fulfilled. 

 
Table 4: Parameter settings for the photocathode laser, RF 
gun (TM and TE mode) and booster cavities respectively 

 
parameter settings unit value 

laser  

  

flat top ps 20 40 
rise/fall time ps 2 2 
spot radius mm 1.2 1.35 
thermal energy eV 1 1 
thermal emittance π mm mrad 0.69 0.77 
RF gun    
gun TM field (max.) MV/m 54.8 54.6 
beam energy MeV 9.8 9.7 
magnetic TE field (max.) mT 354 360 
peak surface field mT 128 127 
booster cavities    
acc. field (cavities #1-4) MV/m 10.5 7.5 
acc. field (cavities #5-8) MV/m 19.9 20 
acc. field (cavities #9-12) MV/m 17.6 17.4 

 
 

 
 
 

 

 
 
Table 5: Achieved beam parameters with a bunch charge 

of 2.5 nC at the exit of the booster linac (z = 24m) 
 

achieved parameters unit value 
laser pulse length (z = 0) ps 20  40 

normalized transverse 
projected rms emitttance 

π mm mrad 2 1.5 

average slice emittance π mm mrad 1.1 1.35 
trans. rms beam size mm 1.45 0.37 
long. rms beam size mm 2.7 3.6 
average kinetic energy MeV 218 204 
long. rms emittance keV mm 1438 3250 
correlated energy spread keV 129 305 

DISCUSSION AND SUMMARY 
For two different lengths of the laser pulse it has been 

shown, that the design parameter of the injector for the 
BESSY FEL can be obtained, using a 1½-cell 
superconducting RF gun. In the calculation a maximal 
surface field of 130 mT has been assumed. This value 
corresponds to accelerating field strength of ~28MV/m in 
a TESLA cavity. For cavity frequencies in the order of 1.3 
GHz this value is standard, but the frequency of the 
accelerating mode in the gun cavity is 520 MHz. For this 
frequency the maximal surface field, which can be 
obtained, is an open question. 

In the present calculation the cathode has a flat surface, 
which is inside of the back wall of the cavity. In this 
simple arrangement we have near the cathode no 
focussing RF forces and possible wake fields from the 
cavity surface are absent. 

In analogy to [6] we plan to place a Cs2Te cathode into 
the superconducting cavity. For this material and λlaser = 
260 nm a quantum efficiency of 5% is realistic. In this 
case the bunch charge of 2.5 nC demands a laser pulse 
energy of 0.24 μJ.  
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Abstract 
 The designs and a report on the progress in construction 
and testing of the cryomodule and the tuning system for 
the SRF gun are presented. The SRF gun project, a 
collaboration of BESSY, DESY, MBI and FZR, aims at 
the installation of a CW photo injector at the ELBE linac.  
The cryostat consists of a stainless steel vacuum vessel, a 
warm magnetic shield, a liquid N cooled thermal shield, 
and a He tank with two-phase supply tube. A heater pot in 
the He input port will be used for He level control. The 
10 kW power coupler is adopted from the ELBE module. 
A cooling and support system for the NC photo cathode 
has been developed and tested. It allows the adjustment of 
the cathode with respect to the cavity from outside. The 
cryomodule will be connected with the 220 W He 
refrigerator of ELBE and will operate at 1.8 to 2 K. The 
static thermal loss is expected to be less than 20 W. 

Two tuners will be installed for separate tuning of the 
three TESLA cells and the half-cell. The tuners are dual 
spindle-lever systems with step motors and low-vibration 
gears outside the cryostat. Functionality, tuning range and 
accuracy have been tested in cryogenic environment. 

INTRODUCTION 
Superconducting radio frequency (SRF) acceleration 

technology is well established for electron linacs with 
considerable progress in acceleration gradient during the 
last years [1]. The adequate SRF photo-injector was 
already proposed in 1988 [2], but up to now such an 
injector has not been operated at an accelerator. As 
electron sources for SRF electron linacs, DC photo-
injectors or thermionic injectors are in use for CW 
operation or normal-conducting RF photoinjectors in 
pulsed mode. The RF photo-injectors deliver electron 
beams of highest quality (short bunch length and low 
transverse emittance at high bunch charge). Its 
combination with a superconducting cavity would further 
allow CW operation. After a successful proof-of-principle 
experiment with a half-cell cavity [3] a project for a SRF 
photo injector has been launched in 2004. The goal of this 

project, carried out in a collaboration of BESSY, DESY, 
MBI and FZR, is to build a fully functioning SRF photo-
injector for the ELBE accelerator. Beside the significant 
beam quality improvement, the operation at ELBE will 
allow long term studies of important issues of SRF 
injectors like low-temperature operation and lifetime of 
photo cathodes, or cavity quality degradation. 

The design parameters of the SRF gun are presented in 
Table 1. The gun will be operated in three modes: the 
standard ELBE FEL mode with 77 pC and 13 MHz pulse 
repetition, the high charge mode for neutron physics at 
ELBE and ERL studies (1 nC, 1 MHz), and the BESSY 
FEL mode (2.5 nC, 1 kHz). A UV driver laser system for 
these three operation modes is under development [4]. 
Beam parameter studies will be performed with a new 
diagnostic beam line [5]. The ELBE mode is determined 
by the two existing far infrared FELs which need 13 MHz 
bunch repetition rate, as well as the maximum average 
current of the ELBE accelerator. The high charge mode is 
essential for neutron physics experiments planned at 
ELBE where time-of-flight measurements require 1 µs 
pulse spacing without average current reduction. At the 
same time, 1 nC is a typical bunch charge for new FEL 
projects and state-of-the-art normal conducting RF photo 
injectors (e.g. FLASH at DESY) where the beam 
parameter should be measured and compared. It is 
planned to study and optimize different emittance 
compensation methods proposed for SRF guns, like a 
downstream magnetic solenoid, RF focusing with a 
backtracked and properly shaped photocathode, and RF 
focusing with an additional TE mode [6] in a future 
upgrade. For the soft x-ray BESSY FEL project [7] a 
bunch charge of 2.5 nC is envisaged and the SRF gun will 
be evaluated with respect to future application.   

CRYOMODULE 
The basic design for the SRF gun cryomodule was 

adopted from the ELBE cryomodule [8] which contains 
two 1.3 GHz TESLA cavities and is developed for CW 
operation with 10 MeV per cavity at a beam current up to 
1 mA. ELBE modules are in routine operation since 2001 
at FZ Rossendorf and wide experience has gained for 
these modules. The SRF gun cryomodule contains one 3½ 
cell cavity which consists of a half-cell with the normal-
conducting cathode in it and three acceleration cells with 
TESLA shape [9]. The envisaged acceleration gradient of 
this cavity is 18.8 MV/m which corresponds to a 
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maximum axial peak field of 50 MV/m in the TESLA 
cells. The geometry constant is 240 Ω and R/Q is 165 Ω. 
For Q0 = 1x1010 and the gradient mentioned above a RF 
power dissipation of 26 W is expected.  

 
Table 1: Gun design parameters and expected beam 
values for the planned operation modes 
 ELBE 

mode 
high charge 

mode 
BESSY-

FEL 
RF frequency 1.3 GHz 
beam energy 9.5 MeV 
Operation CW 
drive laser 262 nm 
Photocathode Cs2Te 
quantum efficiency >1 % >2.5 % 
average current 1 mA 2.5  µA 
pulse length 5 ps 20 ps 50 ps 
Repetition rate 13 MHz [1MHz 1 kHz 
bunch charge 77 pC 1 nC 2.5 nC 
transverse emittance 1.5 µm 2.5 µm 3.0 µm 

      
Fig. 1 shows a section view of the SRF gun 

cryomodule. The stainless steel vacuum vessel has a 
cylindrical shape with 1.3 m length and 0.75 m diameter. 
The vessel has flat plates on both sides and is designed as 
short as possible in order to get a minimum length of the 
transfer rod for cathode exchange, and on the beam line 
side it is planned to install a solenoid magnet for 
emittance compensation as close as possible. The He port 
and the N2 port are on top on the right hand side. The 
refrigerator delivers 4.5 K helium to the valve box, about 
5 m before the cryomodule. There is the Joule-Thompson 
valve for expansion. From the port the He flows through a 
heater pot and the two-phase supply tube into the chimney 
of the He tank. For the cooling of the thermal shield, 
liquid nitrogen is used. The 70 K shield consists of a 
cylindrical Al sheet welded to two circular tubes filled 
with N2. The liquid N2 tank in the upper part of the 
module must be refilled after about 5 h from an outside 
dewar. The liquid N2 is also used for the cooling of the 
photo cathode stem. The photo emission layer, which is 
Cs2Te, and the Cu cathode stem are normal conducting. 
The heat load from the RF field into these parts, estimated 
to be between 10 and 20 W, burdens the liquid N2 bath. 

The cavity is passively protected against ambient 
magnetic fields by means of a µ-metal shield, placed 
between the 80 K shield and the vacuum vessel. The 
shield is fabricated and its suppression of the earth 
magnetic field was measured. The results are shown in 
Fig. 2. In the region where the Nb cavitiy will be placed, 
the residual magnetic field is below 1 µT which is the 
limit during the cool-down [9]. 

The He tank is made of titanium. Three stainless steel 
bellows are integrated for the two tuning systems and for 
the manually tuned choke filter cell. The ten thin titanium 
spokes support the He tank and allow the adjustment of 
the cavity position. The spokes end in micrometer drives 
and vibration dampers attached to the vacuum vessel. The 
main power coupler is the 10 kW CW coupler of the 

ELBE module. It contains a conical cold ceramic window 
at 70 K in its coaxial part. The warm REXOLITE window 
is in the waveguide.      
 

 
Figure 1: Cut drawing of the SRF gun cryostat. 

 

 
Figure 2: Measurement of the earth magnet field 
suppression by the µ-metal shield. 
  

From outside it is also possible to move the cathode 
support and cooling system which allows the adjustment 
of the photo cathode with respect to the cavity. For that 
reason, three rotation feed-throughs exist in the backside 
plate of the vacuum vessel. Fig. 3 shows the design of that 
system.    

The main sources for the static heat leak are the coaxial 
tube of the power coupler, the beamline vacuum tube and 
the vacuum tube for the cathode exchange system (both 
DN40), and the rotational drives of the two tuners. For all 
these subsystems the design is similar to the ELBE 
cryostat. Thus nearly the same static heat leak of less than 
20 W can be expected. 

The SRF gun will be installed in parallel to the existing 
thermionic injector of the ELBE accelerator. The cryostat 
will be connected with the existing 220 W He 
refrigerator. A new helium transfer line with valve box 
was assembled and tested in January 2006. Its design 
allows the connection of the SRF gun cryostat without 
warming up the other two ELBE cryomodules. The 
cryostat can be operated down to 1.8 K but the standard 
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operation temperature at ELBE is 2 K (31 mbar).  In the 
ELBE helium cooling system, the pressure stabilization is 
performed with cold compressors located in the cool box 
of the helium refrigerator. It will be performed for all 
three cryostats together based on a pressure value in one 
module. During operation of the two ELBE modules, it 
turned out that the common pressure stabilization worked 
well for constant liquid helium flux to the modules. In 
order to realize that, the total heat power from the 
electrical heater in the module and the RF power 
dissipation was hold constant by means of a feed-forward 
control. 
 

      
Figure 3: The cathode alignment system. 

 

TUNING SYSTEMS 
For the SRF gun cavity a frequency tuning is needed 

for the choke filter, the half-cell and the three TESLA 
cells. The bandwidth of choke filter is comparably large. 
Therefore a tuning during assembling in the warm stage is 
sufficient. For the accelerating cells tuning is required 
during operation. The half-cell on one hand and the three 
TESLA cells on the other essentially differ in their 
mechanical properties, especially in their stiffness. 
Therefore it was decided to use two separate tuning 
systems, one for the half-cell and one for the three 
TESLA cells in common. 

The tuner design is adopted from the ELBE 
cryomodule dual spindle-lever tuning system [8]. Main 
objectives are a sufficiently large tuning range, high 
resolution, a hysteresis-free and linear operation, long life 
time and low cryogenic loss. But the requirements are less 
restrictive than for tuners in high-energy SRF linacs: Due 
to CW operation a fast tuning for the compensation of 
Lorentz force detuning (LFD) with piezoelectric actuators 
is not needed. This applies to active microphonics 
compensation too, since for a bandwidth of about 100 Hz 
and a moderate acceleration gradient up to about 20 
MV/m, passive methods for microphonics reduction are 
sufficient. Costs per unit and compactness are less 
important too. On the other hand, the two tuners for the 
SRF gun cavity have required a sophisticated mechanical 
design due to many mechanical and cryogenic constraints 
and the insufficient clearance at cathode side of the cavity 

and the He tank. At the end, the ELBE tuner design was 
modified essentially.                  

The tuner mechanism consists of a spindle with partly 
left-hand thread and right-hand thread and two levers. Via 
the threads and the lever system the rotational motion is 
transformed into a longitudinal motion performing the 
length variation of the half-cell and the TESLA cells, 
respectively. The use of two levers ensures that no axial 
force is present on the spindle. The bearing point of the 
leverage system has no rotational parts. It consists of two 
flexible links as it is shown in Fig. 4. The advantage is the 
lack of any hysteresis due to friction effects and bearing 
clearance. The third flexible link is connected with a 
moving bolt which transfers the force to the parts of the 
He tank joint to the end plates of the half-cell or the 
TESLA cells. To allow the movement the He tank has 
two bellows. 
 

 
 

Figure 4: Lever and flexible link of the tuner. 
 

The step motor driving the tuner spindle is outside the 
vacuum vessel. The fixed point is between the half-cell 
and the first full cell where the star-like arranged plates of 
the cavity are welded with the He tank. The motor motion 
is transmitted by rotation feed-throughs and a two-stage 
bellows coupling (the 70 K point is in between) to the 
spindle of the tuning system. The bellows compensate the 
shrinking offset and reduce the heat conduction. Both 
tuning systems have the same design. They differ in the 
lever lengths only.  

The frequency constants Δf/dL of the SRF gun cavity 
were measured with the help of the warm tuning machine 
developed at FZR [10]. The measurement results are 254 
kHz/mm for the half-cell and 449 kHz/mm for the three 
TESLA cells. These values belong to the change of the π 
mode frequency of the whole cavity, where the three 
TESLA cells were unchanged in the first case, and the 
half-cell in the second. Simple numerical estimations with 
SUPERFISH assuming a smoothly and homogeneous 
change of the surface contour give 674 kHz/mm for the 
half-cell and 625 kHz/mm for the TESLA cell tuning. The 
large difference for the half-cell seems to be an effect of 
the low stiffness of the end disk or of other weak areas 
having low influence on the frequency.  

For operating tests and parameter measurements a test 
bench for the designed tuning system was built up. This 
test bench consists of the liquid nitrogen dewar, the 
leverage of the tuner, a spring packet to simulate the 
cavity, and the equipment to produce the tuning force, to 
perform force and length measurements. The spring 
packet was variable in order to simulate the half-cell and 
the three TESLA cells, as well as to measure with 
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preload. For the three TESLA cells a spring constant of 
9 kN/mm was taken [11]. The spring constant for the half-
cell was assumed to be about three times higher. The 
preloads were varied between zero and 9 kN. In 
comparison to the final tuning systems the levers were 
made of aluminium instead of titanium and the tests were 
carried out with one lever only. 

The results of the tuner test bench are summarized in 
Table 2. As expected, the tuning range became smaller 
with 5 kN preload due do the elastic behaviour of the 
flexible link of the tuner. The hysteresis measured is 
caused by the test bench mechanics itself. Fatigue effects 
were not found.   
  
Table 2: Measurements of the tuning ranges in the tuner 
test bench 

tuning range for 2° 
Lever range 

half-cell 
tuner 

TESLA cell 
tuner 

without preload 
D = 0 N/mm 

436 µm 
416 kHz 

450 µm 
247 kHz 

with 5000 N preload 
D = 9000 N/mm 

218 µm 
208 kHz 

223 µm 
122 kHz 

 
Table 3 presents the properties of the two tuners for the 

SRF gun including the test bench results. The limit in the 
tuning range is given by the maximum bending of the 
flexible links of ± 1.5°. The expected tuning ranges are 
sufficient. By comparison, the tuning range in the ELBE 
modules is 230 kHz [8]. The overall tuner resolution 
given in the table are estimations taken from the ELBE 
system. A complete 3D view of the SRF gun tuners with 
parts of the He tank and the cavity is given in Fig. 5. 

  

 
Fig. 5: The two tuners of the SRF gun. 

SUMMARY AND OUTLOOK 
In the paper the design and the parameters of the 

cryostat and the cavity tuning systems for the 3½ cell SRF 
gun are presented. Tests and parameter measurements of 
the tuners were carried out in a cryogenic test bench with 
sufficient results. At present, the different subsystems of 
the cryostat are being assembled und checked. In autumn, 
first vacuum and cryogenic test are planned. In parallel 
the treatment and measurement of the niobium cavity is 
carried out, following by the He tank welding. The 

commissioning is envisaged with the cool-down and RF 
tests beginning of 2007.    

We would like to acknowledge the permanent support 
of the ELBE crew (FWL) and the staff of the technical 
departments (FWF) at FZ Rossendorf.    
  

Table 3: Parameters of the SRF gun tuners 
 half-cell  

tuner 
TESLA  
cell tuner 

lever length 630.6 mm 570.2 mm 
leverage 50.4 44.2 
lever range 33 mm 

3.0° 
30 mm 
3.0° 

tuning range 0.7 mm 
204 kHz 

0.7 mm 
404 kHz 

cavity frequency 
 constants Δf/dL 

178 kHz/mm 283 kHz/mm 

mechanical drive step   0.70 nm/step 0.62 nm/step 
frequency drive step 0.23 Hz/step 0.28 Hz/step 
mechanical resolution 3 nm 
frequency resolution 1 Hz 
position of step-motors warm, outside 
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DARK CURRENT COLLIMATION AND MODIFIED GUN GEOMETRY
FOR THE EUROPEAN X-RAY FEL PROJECT

Jang-Hui Han∗ and Klaus Flöttmann, DESY, Hamburg, Germany

Abstract

An rf field of 60 MV/m will be applied at the L-band
gun of the European X-ray FEL project. Such high rf gra-
dient will allow to achieve a transverse emittance below
1 mm mrad for 1 nC electron bunches but will also pro-
duce a high dark current. The dark current generated in the
gun shows a comparable dynamics as the electron beams
because the same acceleration will be provided from the
gun to the last acceleration module. The dark current from
the gun might generate high radiation doses in the undu-
lator and limit the long pulse operation of the SASE. To
minimize dark current before the first acceleration module,
a modified design of a gun cavity and collimator is inves-
tigated. The beam dynamics for minimal transverse emit-
tance is optimized with the present and the new designed
gun cavity and the resultant machine parameters are used
to understand the dark current behavior.

INTRODUCTION

The Free Electron Laser in Hamburg (FLASH) gun oper-
ates with a max rf field of about 44 MV/m at cathode. The
L-band Cu cavity with cylindrical symmetry is fed through
the coaxial rf input coupler [1]. The photocathode is com-
posed of a Mo cathode plug and a Cs2Te film on the plug.
The plug is a cylindrical rod with 16 mm diameter and the
emissive film has typically 30 nm thickness and 5 mm di-
ameter. The cathode has a high quantum efficiency (QE) of
the order of 1%. Such high QE relaxes the requirement for
the drive-laser producing photoelectrons from the cathode.

In August 2006, a long rf pulse of 800 μs has been ap-
plied into the gun cavity to produce 600 electron bunches
per rf pulse. The number of bunches was limited only by
the flat range of the rf pulse in the accelerator modules. In
the near future, the bunch train will be expanded to fill out
the rf pulse of the gun [2]. At the same time of the long
rf pulse operation, the SASE lasing was also successfully
achieved with the 600 bunches.

One critical factor limiting the long bunch train opera-
tion is the dark current generated in the gun cavity. At the
exit of the gun, the dark current is 0.2 ∼ 0.3 mA. Simu-
lations of dark current trajectories show that only the dark
current emitted at the cathode area can escape from the gun
cavity and flow downstream. The dark current starting at
the cathode area is mostly released at an rf phase around
90◦, i.e. when the rf field is maximum. At the FLASH gun,
dark current starting at the cathode has a similar size as the
election beams at the collimator position, 1.27 m down-
stream from the cathode (see Fig. 1). The inner ring-shape

∗ jang.hui.han@desy.de

dark current seems to come from the boarder of the Cs 2Te
film on the cathode plug [3]. The dark current has a larger
radius at the emission position and obtains a lower kinetic
energy through the gun than the beams. However, 1 nC
beams are focused over a longer distance due to the space
charge force and the higher momentum than the dark cur-
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(a) Dark current image and simulation
for the dark current from the cathode.
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(b) Dark current and 1 nC beam image
and beam simulation.

Figure 1: Dark current and beam images taken at the screen
1.27 m downstream from the cathode. Machine parameters
for the nominal SASE operation are used. The simulations
in the small boxes have been made with ASTRA [4]. A
collimator is located at the same position as the screen. The
dark current from the cathode has a similar size as the 1 nC
bunch. Therefore, the dark current cannot be chopped with
the collimator efficiently.
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rent. With the influence of the focusing solenoid, the size of
the dark current and the beams are similar at the collimator
(see the simulations in Fig. 1).

For a better efficiency, the collimator should be located
more downstream because the dark current is strongly over-
focused. But, the collimator position is limited by the cryo
tank of the first acceleration module. The dark current
gets larger than beams as propagating downstream because
the dark current has a lower momentum than the beams.
This spreading dark current generates radiation doses at the
accelerator modules, the bunch compressor and the other
beamlines. After the first acceleration module, the dark
current can get a kinetic energy of several tens MeV and
possibly produce neutrons and γ rays especially at the first
bunch compressor. Therefore, it is desirable to collimate
the dark current before the first module. This situation is,
however, significantly improved at the XFEL design pa-
rameters.

XFEL GUN

The XFEL gun will operate with 60 MV/m max rf field
for a lower beam emittance and 700 μs rf pulse length for
a long bunch train [5]. The dark current generated in the
gun is an issue because the dark current might be very high
due to the high rf field. Extrapolating the measured dark
current level to gradients of 60 MV/m by means of the
Fowler-Nordheim equation yields dark current levels in the
mA range. This ignores conditioning effects. Moreover is
a reduction of the dark current by improved cleaning tech-
niques as dry-ice cleaning expected.

At FLASH a fraction of the dark current has a momen-
tum as high as the electron beam [3]. As increasing the rf
field in the gun cavity, the optimum emission phase for the
highest momentum gain and the smallest transverse emit-
tance is shifted toward 90◦ of the rf phase. At FLASH
the optimum emission phase is about 38◦. When 60 MV/m
max field is applied to the FLASH gun cavity (type #1), the
optimum emission phase will be shifted to 45◦. This means
that a larger fraction of the dark current emitted around 90 ◦

rf phase will overlap with the electron beam in the momen-
tum spectrum.

In order to separate the momentum distribution of the
dark current from the beam, the half cell of the gun cav-
ity is elongated by 10 mm (type #2). The on-axis rf field
profiles of the two cavity types are shown in Fig. 2. The rf
field profile is calculated with SUPERFISH [6]. When the
half cell is longer, the electrons have to start at an earlier
rf phase to gain the most effective acceleration through the
cavity. The dark current starting around 90◦ will be too late
to be efficiently accelerated.

Beam dynamics

Machine parameters of the injector, including the gun
and the first acceleration module, are optimized for a min-
imum emittance (Fig. 3 and Table 1). When the half cell
is elongated, the optimum emission phase is shifted toward
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Figure 2: On-axis rf field profile for two gun types.

0◦. For cavity type #1, the optimum emission phase is 45◦,
resulting in an rf field of 42 MV/m at cathode during emis-
sion. For cavity type #2, optimum emission phase is 31◦

and the rf field during emission is 31 MV/m.
In photocathode rf guns, a strong rf field suppresses the

beam expansion due to the space charge forces during the
emission of high charge density electron beams. Because
the emission field is lower in gun type #2, the initial beam
size at cathode need to be larger in order to reduce the space
charge force.

The kinetic energy of the emitted electrons is assumed
to be 0.55 keV and an isotropic emission is assumed ac-
cording to Ref. [7]. The kinetic energy of electrons emitted
from Cs2Te cathode has been measured in laboratory con-
dition with a very low electric field at cathode [8].

In a high rf field, a Cs2Te cathode changes its sur-
face properties and the kinetic energy of the emitted elec-
trons increases with the field strength [9]. For the case
of gun type #1, the kinetic energy of the emitted elec-
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Figure 3: Rms beam size and normalized emittance evolu-
tion simulated with ASTRA. The simulation parameters are
summarized in Table 1. The transverse slice emittances at
z = 30 m are shown in the small box. The temporal profile
of the electron bunches at z = 30 m is a hat-shape similar to
the initial distribution of the bunch, i.e. the temporal profile
of the drive-laser.
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Table 1: Simulation parameters for two gun types.

Parameter Type #1 Type #2
Initial distributions of electronsa

transverseb 0.45 mm rms 0.55 mm rms
temporal (flat-top) 2 ps rise/fall and 20 ps fwhm
thermal ε c 0.37 mm mrad 0.47 mm mrad
Gun
max rf field

at cathode 60 MV/m 60 MV/m
at full cell 54 MV/m 53 MV/m

emission phase 45◦ 31◦

rf field at emission 42 MV/m 31 MV/m
max solenoid field 0.222 T 0.226 T

at 0.28 m at 0.29 m
Acceleratord

max rf field 20 MV/m 20 MV/m
start of 1st module 3.43 m 4.05 m
Simulation resulte

bunch charge 1 nC 1 nC
trans. projected ε 0.60 mm mrad 0.64 mm mrad
trans. slice ε f 0.47 mm mrad 0.56 mm mrad
bunch length 2.05 mm 1.95 mm
mean energy 90.1 MeV 90.4 MeV
energy spread 1.19 MeV rms 1.12 MeV rms
long. emittance 302 mm keV 262 mm keV

a This initial distribution is determined by controlling the
three dimensional shape of the drive-laser at the cathode.
b Homogeneous distribution.
c Assuming the kinetic energy of emitted electrons to be
0.55 eV.
d Simulations include the acceleration with 8 × 9 cell
TESLA type cavities.
e 200 000 macro particles are used for the tracking simula-
tion with ASTRA.
f At the center of bunch.

trons is 0.738 eV according to the emission model in
Ref. [9]. This kinetic energy rise and the field enhance-
ment for photoemission increases the thermal emittance up
to 0.59 mm mrad. For the case of gun type #2, the kinetic
energy of the emitted electrons is 0.675 eV and the thermal
emittance is estimated to 0.69 mm mrad.

Dark current

With the machine parameters obtained with the beam op-
timizations, dark current has been simulated (Fig. 4). For
the two gun types, the same amount of dark current from
the cathode is tracked with ASTRA. The inner structure of
the cavities and beam pipe with 35 mm diameter is consid-
ered as aperture.

When machine parameters for the beam optimization are
used, the amount of the surviving dark current to the en-
trance of the first acceleration module is below 40% for
gun type #2 compared to the gun type #1 case. The over-
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Figure 4: Simulated momentum spectra of dark current and
1 nC beam. The machine parameters for the beam opti-
mization are used. The dark current surviving to the en-
trance of the first acceleration module is shown. Because
the emission phase of dark current is higher that the opti-
mum emission phase, some part of the dark current stays
in the gun cavity for several rf cycles. When the dark cur-
rent finally escape from the gun cavity, the dark current
can have certain definite momentum, appeared as spikes.
The dark current reduction by the geometrical collimator is
shown as well.

lapping of the momentum distribution with the beam is sig-
nificantly reduced, which is of great benefit for the dark
current collimator.

COLLIMATION IN THE GUN SECTION

In the gun section, two kinds of collimators can be used.
The first one is a geometrical collimator for different trans-
verse sizes (Fig. 5). Dark current with lower momentum
is strongly overfocused by the solenoid field which is opti-
mized for the beam focusing. The overfocused dark current
is lost at the beam pipe. If a circular collimator is inserted
inside the pipe, the dark current with larger transverse size
can be cut out. Due to the cryo tank, a possible last position
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distributions of beams and dark current. The first horizontal steerer projects the momentum distributions of beams and
dark current to the horizontal axis.

of the collimators is 1.2 m upstream from the entrance of
the first acceleration module. For gun type #1, the position
for the collimator is at 2.2 m. At that position, the electron
beam size is 1.13 mm rms (Fig. 3) and a collimator with
10 mm diameter can be applied. With this collimator, the
dark current from the gun can be reduced by 66%. For gun
type #2, the position for the collimator is 2.8 m. The elec-
tron beam size will be 1.03 mm rms and a collimator with
10 mm diameter can be applied. With this collimator, the
dark current current from the gun can be reduced by more
than 70%. Taking into account the high losses at the beam
pipe for gun type #2, the dark current behind the circular
collimator is only 30% for type #2 compared to type #1.

The second possibility is a momentum collimator. This
collimator is combined with a series of steerers and possi-
bly has an elliptical shape with the major axis in the hori-
zontal direction. If the first steerer kicks the beam and the
dark current, the dark current with lower momentum is de-
flected more and can be chopped with a collimator. The mi-
nor axis length of the inner ellipsoid is determined by the
beam size and the major axis length is determined by the
beam size and the momentum distribution at the collimator
position. When the dark current lower than 6.2 MeV/c,
i.e. 10% lower than the mean momentum of the beam,
is cut out with the elliptical collimator, again 75% of the
dark current is possibly reduced for gun type #2. For gun
type #1, 35% of the dark current is possibly reduced when
the dark current lower than 5.9 MeV/c, again 10% of the
mean momentum of the beam, is cut out.

The momentum collimator can be used to block the dark
current from the acceleration modules which might have a
momentum of several tens or even hundreds MeV/c. When
the high energy dark current hits the Cs2Te cathode, the
emissive film might be seriously damaged.

CONCLUSION

The XFEL gun requires an rf field as high as 60 MV/m
for 1 nC bunches with an transverse emittance below
1 mm mrad. But, such high rf field might generate very
high dark current. With elonging the half cell length of the

gun cavity, the dark current can be separated from the beam
in the momentum spectrum. Collimators can be efficiently
used to chop the dark current with lower momentum before
the first acceleration module.
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IMPACT OF THE CATHODE ROUGHNESS ON THE EMITTANCE OF AN 
ELECTRON BEAM 

M. Krasilnikov*, DESY, Zeuthen, Germany. 

Abstract
An RF photo injector for the European XFEL should 

produce electron beams with normalized transverse 
emittance under 1 mm mrad. In order to achieve this high 
performance of the electron source the electric field at the 
photo cathode has to be increased up to 60 MV/m. The 
emittance budget of the optimized XFEL photo injector 
contains a significant part of thermal (intrinsic) emittance. 
A roughness of the cathode could lead to an additional 
uncorrelated divergence of the emitted electrons and 
therefore to an increased thermal emittance. The cathode 
roughness has been modelled using an analytical 
approximation and numerical simulations. The influence 
of the roughness parameters and the increase of the 
electric field have been studied. 

INTRODUCTION
The main goal of the Photo Injector Test facility in 

Zeuthen (PITZ, [1]) is to optimize electron sources for 
FEL injectors, including already existing (FLASH) and 
future (XFEL) facilities. Increasing the maximum 
gradient at the photo cathode in the rf gun from 40 MV/m 
to 60 MV/m is one of the main improvements towards 
XFEL requirements. This implies (with taking into 
account an optimum launch rf phase) an increasing of the 
electric field at the photo cathode at the moment of the 
emission from 24 MV/m to 42 MV/m. The improved 
normalized beam emittance in the injector is expected to 
be under 1 mm mrad. Besides earlier suppressing of the 
space charge effect in the rf gun the gradient increase also 
leads to a significant increase of the contribution of initial 
(thermal) emittance in the total emittance budget. 

The cathode roughness increases the intrinsic 
divergence of the emitted electron bunch. A model with a 
periodical roughness of the cathode is applied to study the 
geometrical emission effect in dependence on roughness 
parameters. A single bump model is used to study the 
impact of the applied electric field on the initial 
emittance. 

THE MODEL OF THE PERIODIC 
SURFACE ROUGHNESS 

2D model, normal emission only 
Consider a cathode surface given by the formula 

)cos(kxhz ,  (1) 
where h2  is the roughness depth and k/2  is the 
roughness period along the cathode surface. Let’s 
consider first the case of the emission normal to the 
cathode surface, so 0  (Figure 1a), what implies zero 

thermal emittance from the non-perturbed (no roughness) 
cathode. 

-1

0

1

-4 -2 0 2 4 k*x

z/h

Figure 1: Periodic roughness, 2D (a) and 3D (b) models. 

Transverse component of the electron velocity is 

)(sin1
)sin(

220
kx

kxvvx ,   (2) 

where kh , 0v  is velocity of the emitted electron. 
After corresponding integration over the roughness period 
one can obtain an expression for the emittance induced by 
the rough cathode surface 

22
022

1
112 h

mc
eEp xxx

D
x

,  (3) 

where x  is an rms electron beam size at the cathode, 

22
0 /1
/

cv
cvp x

x
 is the normalized transverse momentum 

and 0E  is the electric field at the cathode at the moment 
of the emission. 

3D model, normal emission only 
A cathode surface with periodic roughness is given 

)cos()cos( kykxhz ,  (4) 
where yx  isotropy is assumed (Figure 1b). Transverse 
component of the electron emission velocity: 

)(sin)(cos)(cos)(sin1
)cos()sin(

222220
kykxkykx

kykxvvx
. (5) 

Transverse emittance induced by 3D rough cathode 
surface (4) is 

,)(2 2
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where      (6) 
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One can show, that for the for same roughness parameters 
the emittance D

x
3  is in a factor 2~  smaller than 2D 

one, because the effective roughness depth ( )(~ hI ) in 
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the 3D case is smaller. A ratio D
x

D
x

23 /  is shown in 

Figure 2 as a function of the roughness parameter .

0.7
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Figure 2: Emittance from 3D surface (4) compared to 2D 
case (1) vs. roughness parameter /2 h .

2D model with emission distribution 
In the case of nonzero non-perturbed thermal emittance 

there is an emission in a finite angle , as it happens i.e. 
by emission from the Cs2Te photo cathode. Using 
approach described in [2], one assumes that electrons are 
emitted isotropically in a cone with an angle 

kAm EEarccos  with respect to the local surface 

normal, where AE  is the electron affinity of the emitting 
material and kE  is the electron kinetic energy. For the 
Cs2Te photo cathode eVEA 2.0 , by a applying driving 
laser with 262 nm wavelength eVEk 75.0 . This model 
yields a formula for the thermal emittance of the smooth 
cathode (no roughness assumed) [2]: 

)cos1(6
cos3cos22 3

2
0,

m

mmk
x

th
x mc

E .  (7) 

Within an applied roughness model (1) a transverse 
momentum of the electron emitted at angle  to the local 
normal is given 

sincoscoscossin2
2mc

E
p k

x
, (8) 

where  is a local azimuth angle, )(x  is a rough 
surface slope obtained from (1): 

kxsintan .   (9) 

Applying triple integration to 2
xp  over ];0[ m ,

];0[  and over the roughness period [3] yields a 
formula for the thermal emittance from the periodic rough 
surface:

,
)cos1(6

)cos1)(cos1(2cos)cos3cos2(

2

33

2
,

m

mmmmm

k
x

roughth
x mc

E
(10) 

where 211cos m . Obviously, that in the absence 
of the roughness ( 0m ) the formula (10) is reduced to 
the expression (7). 

Thermal emittance growth 1/ 0,, th
x

roughth
x

 due to the 
cathode roughness is shown in Figure 3. From this plot 
thermal emittance growth <30% corresponds to the 
cathode roughness with h5 , for 10% growth h12
is required. Preliminary cathode plug roughness 
measurements performed at INFN LASA (Milano) [4] 
showed that photo cathodes presently used at PITZ have 
roughness with nm10~ . In order to keep the thermal 
emittance growth under 10% it is necessary to provide a 
roughness period over 100 nm. 
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Figure 3: Thermal emittance growth vs. roughness 
parameter /2 h . Ideal Cs2Te cathode parameters 

eVEA 2.0 , eVEk 75.0  have been assumed [2]. 

In practical case the electron affinity is affected by 
many factors. It is well known that the quantum efficiency 
(QE) of the photo cathodes decreases with operation time; 
electron affinity increase due to the change of the cathode 
surface status is one of the possible mechanisms 
explaining QE degradation. On the other hand an applied 
rf field lowers the electron affinity due to the Schottky 
effect [5]. The electron affinity can be modelled as [6]: 

0
0

3

0, 4
EeEE phAA

,  (11) 

where  is responsible for the increase with a time of the 
initial affinity 0,AE , ph  is a field enhancement factor 
for photoemission, which partially can include also a 
surface roughness effect. A thermal emittance growth as a 
function of roughness period and electron affinity is 
shown in Figure 4 with a contour plot. 
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DEPENDENCE ON ELECTRIC FIELD 
In order to study the dependence of the initial emittance 

on the electric field during emission a model of single 
bump can be used. A two-dimensional model of the bump 
is described in [7]: 

11 22

2

xb
a

b
z ,   (12) 

where parameters a  and b are constants depending on 
roughness depth and width. Typical bump shapes are 
shown in Figure 5. 
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Figure 5: Rough cathode surface: single bump model 
(10). Upper curve corresponds to 100ba .

The choice of equation (12) for the rough cathode surface 
is motivated by the simple conformal transformation  

ibaibizxiwu 22 , (13) 
which maps the electric field of a plane capacitor onto the 
field of the surface (12). An analytical expression for the 
electric field can be obtained from the corresponding 
conformal transformation 

22 abyix

byixiE
iEE o

zx
.   (14) 

The electric field lines are shown in Figure 6. 
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Figure 6: Electric field lines of the bump (10). 

Once the electric field magnitude oE  and the bump 

parameters a  and b  are specified, the field profile is 
determined from (14) and particle position ),( zx  and 
momentum ),( zx pp  can be numerically integrated in 
time according to 
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with initial conditions: 
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Parameter u  from (13) characterizes the location on the 
surface from which an electron is emitted ( 0w ):
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The last emission location Nu  can be defined from the 
condition:

bbazzN
2201.0)0(01.0          (18) 

It should be noticed that within this approach the space 
charge effect is neglected. 

Shown in Figure 7 are typical numerical results of the 
local electron divergence )/(mcpx  as a function of the 

emission parameter Nuu /  at the moment in time when 
electrons reach the region of homogeneous field. At this 
z-position the electric field varies along x-axis not more 
than by 1%, it means that the field at this distance from 
the cathode does not “feel” the rough surface. 
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Figure 7: Local divergence as a function of Nuu /  for 
various 0E . Roughness parameters: depth nmh 20 ,
width nm10  ( nmbnma 57.1;52.21 ).

An estimation of the emittance growth due to the 
increase of the applied electric field could be done based 
on the analysis of the electron divergence for various 
roughness parameters. Emittance growth as a function of 
the applied electric field in comparison to the case of 

mMVE /240
 is shown in Figure 8. Relative emittance 

growth for various bump widths  has a slope of about 
)/(%2 mMV , so field increase up to mMV /42  results in 

a ~30% emittance growth. 
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field, compared to the emittance at mMVE /240 .

Simulations based on the assumption of the neglecting 
the space charge effect have been performed. Modelling 
the space charge limited emission from the bumpy 
cathode surface in the steady state regime [7] showed that 
the space charge may reduce the deterioration effect of 
the surface roughness. But from the other hand the 
cathode roughness may result also in additional density 
non-homogeneity of the emitted electron beam, which 
could lead to degradation of the beam quality. 

CONCLUSIONS AND OUTLOOK 
The photo cathode roughness contributes to the initial 

emittance of the electron beam. Several models of the 
cathode rough surface have been used to estimate the 
effect of the thermal emittance growth. Thermal emittance 
growth induced by the cathode roughness has been 
studied for different roughness parameters, including 
photo emission issues from a Cs2Te photo cathode. 

Since one of the main improvement steps toward XFEL 
requirements is an increase of the maximum rf gun 

gradient from 40 to 60 MV/m, the impact of increasing 
the field at the cathode has been studied. The model of 
single bump has demonstrated that the increase of the 
electric field at the cathode could result in a ~30% growth 
of the roughness contribution to the initial thermal 
emittance. 

Studies on the role of the space charge effect during 
emission from rough cathode as well as more detailed 
measurements of the cathode roughness have to be 
performed in order to improve the understanding of the 
thermal emittance features. 
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Abstract

The linac-based free electron laser facility FLASH1 at
DESY Hamburg is designed to transport electron beams
with high average power of more than 50 kW. To protect
the machine from serious damage passive and active sys-
tems have been installed. This paper concentrates on the
fast active machine protection system (MPS), that stops the
production of new bunches if hazardous machine condi-
tions are detected. Furthermore, the results from the com-
missioning of the fast beam interlock system are presented
that has for the first time allowed to operate the accelerator
with macropulses of up to 600 bunches.

INTRODUCTION

The FLASH linac currently employs 40 superconducting
9-cell cavities distributed over five cryogenic modules to
accelerate an electron beam to an energy of up to 700 MeV.
The beam is guided through an undulator of approximately
30 m length to initiate a free electron laser (FEL) process
based on the SASE principle. The facility is now alter-
nating between blocks of accelerator development and user
operation, supplying experimentators with pulsed radiation
of high brilliance in the XUV wavelength range between
13 and 50 nm. [1]

As typical for superconducting linacs, the transported
bunches are grouped in macropulses or bunch trains. The
viable rf pulse length limits the length of a bunch train to
800 µs. With the standard bunch frequency of 1 MHz and
a macropulse repetition rate of 5 Hz, the power delivered
to the beam dump amounts to ∼3 kW. If the future option
for high duty cycle operation with 9 MHz/10 Hz is real-
ized, this figure increases above 50 kW. Even on partial
loss of the beam along the linac, the induced heat load and
radiation can cause substantial damage to accelerator com-
ponents. Therefore, an active protection system is required
to ensure safe operation of the machine.

MPS ORGANIZATION

The machine protection system of the FLASH linac is
a substantially enhanced version of the system used in
phase 1 of the TESLA Test Facility [2]. Since the descrip-

∗ lars.froehlich@desy.de
1Since April 2006, FLASH—Free Electron Laser in Hamburg—is the

new name for the VUV-FEL, part of the TESLA Test Facility TTF.

Figure 1: Schematic of the FLASH linac. The depicted
elements include the five acceleration modules ACCn, the
two bunch compressors BCn, and the main dipole magnets.

tion of the basic design in [3], the operational experience
gained during the commissioning of FLASH has led to a
number of changes that will be discussed in the following.

Detection Schemes

The detection of beam and darkcurrent losses in the
linac is based on two independent approaches. The FPGA-
controlled Toroid Protection System [4] measures the trans-
mission by comparing the readings from charge monitors
(toroids) in the injector and dump part of the machine, and
generates alarms within less than 110 ns if one of several
configurable thresholds is exceeded.

The second system for fault detection is constituted by
a set of 51 photomultipliers and 18 secondary emission
multipliers distributed along the machine. These beam
loss monitors (BLMs) provide a bunch-resolved online dis-
play of electromagnetic shower intensities (Fig. 2). VME-
based alarm generators with a reaction time far below 1 µs
check whether user-defined thresholds for one or multiple
bunches, or for the integrated signal are exceeded. They
also generate an alarm on failure of the high voltage sup-
ply, or if a misconfiguration has been detected.

As the permanent magnets of the undulator are suscepti-
ple to radiation, close monitoring of beam losses is required
to avoid degradation of the field quality. Therefore, the un-
dulator section features the highest concentration of BLMs
in the whole machine, with 26 monitors currently in place
and another 12 to be installed until the end of the year.

Response to alarms

The purpose of any MPS is to detect situations which
may lead to damage of components, and to take appro-
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Figure 2: Signal from a beam loss monitor behind the col-
limation section. At t = 700 µs, a part of one single bunch
is lost. The losses visible from 690–820 µs are caused by
darkcurrent from the gun.

priate counter-measures. These potentially harmful con-
ditions can be classified into three main categories:

Fast Since the loss of a complete macropulse may already
present a substantial hazard, a fast system must stop
the production of bunches within the train, i.e. on a
time scale of few µs.

Intermediate For the major part of potential dangers, a
reaction between two macropulses is sufficient. Since
the time constants of all magnets employed at FLASH
are of the order of tens of milliseconds or more, the
failure of power supplies falls into this category.

Slow Even if moderate losses of darkcurrent or of few
bunches do not pose an immediate threat, they con-
tribute to the deposited radiation dose, and may thus
cause damage over time scales of minutes or days.
This issue is of special importance for the undulator.

To guarantee an appropriate response to events on any
of these timescales, the FLASH MPS uses two indepen-
dent subsystems: A network of Beam Interlock Concentra-
tors for fast events, and a programmable logic control—the
Beam Interlock System—for intermediate and slow events.

Beam Interlock Concentrators (BICs)

The function of the BIC modules is simply a fast logical
OR concentrating 16 alarm inputs to two outputs within a
processing time of ∼50 ns, with a configurable mask that
allows to suppress any of the input channels. Ten modules
are currently in use, connected in a tree-like fashion as il-
lustrated in Fig. 3. Most of the input channels are used
by the 69 BLM alarm signals, but also the TPS, the cavity
quench detection, and a fast vacuum shutter are connected.
When any of the inputs show an alarm, the top-level BICs
will switch off the injector laser to suppress the production
of new bunches in the gun, and cut the first acceleration
module off from rf power as a precaution against further
transport of darkcurrent.

Figure 3: Organization of beam interlock concentrators.
BIC 3–10 collect alarms from various alarm generators and
relay them to BIC 1–2, which switch off the photoinjector
laser and the rf power of the first acceleration module.

Measurements have confirmed that the reaction time of
the BIC system to beam losses is below 4 µs. This time is
dominated by cable delays, and it means that up to three
more bunches enter the machine after detection of the loss
at the standard bunch frequency of 1 MHz.

Beam Interlock System (BIS)

While the BIC system has been designed to guarantee
minimum response time to fast events, the emphasis for
the Beam Interlock System has been placed on flexibility.
The programmable logic control continuously monitors the
status of critical components like magnet power supplies,
screens, collimators, and valves. It also checks the flow of
cooling water, and the compliance to temperature limits.

From the status of the main dipole magnets and of sev-
eral valves, the BIS deduces an operation mode defining the
basic beam path through the machine according to Tab. 1.
As a simple protective measure, no beam is allowed if there
is no valid operation mode.

Furthermore, the BIS selects one of three beam modes as
shown in Tab. 2. Besides defining the maximum allowed
number of bunches per macropulse, the beam mode also
determines whether the fast protection via the BIC system
is active. This policy allows the operation under charge loss
as long as only few bunches per macropulse are needed,
which is necessary for tuning and for experiments using
the beam. While the operator can choose between short
and long mode, the BIS will automatically reduce to short
or single mode if obstacles like screens are moved into the
beam path, or if other conditions are met.

Apart from these general safety features, attempts have
been made to limit the radiation dose deposited in the un-
dulator with a special BIS routine. Due to the dense place-
ment of BLMs in the undulator section, there is consider-
able overlap in their geometrical acceptances, and electro-
magnetic showers are usually observed on more than one
monitor. The BIS-BLM protection takes advantage of this
by counting the number of simultaneous BLM alarms in
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Table 1: List of operation modes with the required valve
and dipole magnet settings, and the maximum allowed
beam mode.

operation beam
mode conditions mode
Gun gun valve open, ACC1 valve closed,

D1IDUMP off
short

Analysis gun valve open, ACC1 valve closed,
D1IDUMP on

long

Bypass all valves open, D1BYP on, D1DUMP
on, D6DUMP off

long

FEL all valves open, D1BYP off, D1ECOL
on, D6DUMP on

long

Table 2: List of beam modes with the maximum allowed
number of bunches per macropulse.

¿

beam mode nr. of bunches BIC system
Single 2 disabled
Short 30 disabled
Long no limit active

the section. If 2 alarms are pending over 120 s, 4 over 30 s,
or 8 over 5 s, the beam is stopped and has to be restarted
manually via the control system. To allow tuning, the tol-
erances of this routine can be increased for 30 minutes.

Figure 4 shows the average dose rates in the first
two undulator segments measured with thermolumines-
cence dosimeters [5]. Since the activation of the BIS-
BLM protection in September 2005, the dose rates have
been predominantly below 10 Gy/day, indicating that—
together with an overall improved understanding of orbit
and optics—the requirement of avoiding beam stops has
led to a reduction of losses.

OPERATION WITH LONG
MACROPULSES

The commissioning of MPS components relevant for
long pulse operation has been completed in August 2006.
The increase of the gun rf pulse length from 70 to 800 µs
led to the expected rise of darkcurrent losses in the bunch
compressors and in the collimation section by about an or-
der of magnitude. By successive optimization of orbit and
optics, the beam losses could be reduced to a minimum,
and operation of the FEL with 600 bunches per macropulse
was possible with minimal interference of the BIC system.
At an average energy of 20 µJ per photon pulse, the output
power during the test run has reached about 60 mW.

Imperfections of the rf regulation constitute the main
problem in setting up a stable transmission of long macro-
pulses. Due to poorly compensated beam loading or tran-
sient behavior at the beginning of the rf pulse, the bunches
at the head of the macropulse can experience amplitudes
and phases of the accelerating field that deviate signifi-
cantly from the designated values. For the first bunch, an
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Figure 4: Average dose rates measured in the first two un-
dulator segments.

energy deviation of 0.6 % with respect to the last bunches
of a 300 µs long macropulse has been measured after the
first acceleration module. This effectively enlarges the total
phase space occupied by the macropulse and thus reduces
the tolerance for jitter and drifts.

CONCLUSION AND OUTLOOK

The FLASH machine protection system reliably pre-
vents damage of the accelerator due to beam losses, with
the total downtime of the linac caused by MPS failures and
misconfigurations amounting to only few hours. It is also
successful in limiting the slow accumulation of radiation
dose in the undulator.

While the number of bunches per macropulse has been
limited to 30 during past accelerator runs, the recent com-
missioning of the beam interlock concentrator system with
reaction times in the microsecond range now allows to op-
erate the machine with bunch trains of up to 800 pulses.
We expect that future user experiments will benefit highly
from the improved duty cycle.
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EXPERIENCE WITH THE PHOTOINJECTOR LASER AT FLASH
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Abstract

The photoinjector laser system of FLASH is a key el-
ement for the generation of high quality electron beams
required for a stable and reliable operation of the facility.
FLASH is the VUV and soft X-ray FEL user facility at
DESY. FLASH is based on superconducting accelerating
structures allowing to accelerate electron bunch trains of a
length of up to 800µs with a repetition rate of 10 Hz. Based
on the standard 1 MHz pattern, the laser provides to some
extend a flexible bunch train structure. We report on oper-
ational issues and on the performance of the laser system
and its integration into the machine protection system.

INTRODUCTION

FLASH is a free electron laser user facility at DESY pro-
viding laser-like radiation from the VUV to the soft X-ray
wavelength regime.[1, 2] SASE free electron lasers require
an excellent beam quality, which is achieved with an injec-
tor based on a laser driven rf gun.[3] The electron beam is
accelerated with TESLA superconducting modules.

A high quantum efficiency photocathode [4] together
with a synchronized mode-locked laser system is used to
generate the electron beam structure typical for supercon-
ducting accelerators: some thousand bunches in a millisec-
ond long rf pulse. High quantum efficiency cathodes allow
to use a laser system with moderate average power in the
Watt range.

The user facility FLASH has been realized by upgrading
the TESLA Test Facility (TTF) phase 1 FEL to phase 2.[5]
The TTF phase 1 laser system [6] has also been upgraded
to a partially diode pumped system as described in [7].

In this report we describe the running experience with
the laser system and its integration into the machine pro-
tection system of FLASH.

OVERVIEW OF THE LASER BASED
ELECTRON SOURCE

The FLASH electron source is based on a laser driven
L-band 1+1/2-cell rf gun operated with a 5 MW 1.3 GHz
klystron. The rf pulse length is up to 900µs, the repetition
rate 5 Hz, up to 10 Hz are possible.

The electron beam is generated by photoemission with a
Cs2Te photocathode. With a forward rf power of 3.2 MW a
gradient of 42 MV/m on the cathode surface is achieved on

∗siegfried.schreiber@desy.de

Figure 1: Schematic overview of the laser system.

crest. High gradient on the cathode surface is required to
preserve excellent beam quality. The cathode exhibit a high
quantum efficiency in the range between 1 and 5 % for UV
laser light. The charge per bunch required is 1 nC which
translates into a laser pulse energy of not more then 0.5µJ
per pulse. The design of the laser accounted for a QE of
0.5 % only, a bunch frequency of 9 MHz within the train
and an overhead by a factor of 4. With a conversion effi-
ciency of 15 % from the IR to UV this asks for an average
power of 2 W in the infrared.

THE LASER SYSTEM

The laser design is based on a pulsed master oscillator
with subsequent amplification stages. Details of the system
layout are described in [7], a schematic overview shows
Fig. 1.

The laser material chosen is Nd:YLF, lasing at a wave-
length of 1047 nm. The material has together with a high
gain a long upper-state lifetime of 480µs, and exhibits
only a weak thermal lensing. This makes it suitable to pro-
duce pulse trains with milliseconds length. The oscillator
and preamplifers are end-pumped with laser diodes emit-
ting at 805 nm with a maximum power of 32 W. The two
main amplifiers are flashlamp pumped.

The Pulse Train Oscillator

The pulse train oscillator (PTO) runs at 27 MHz synchro-
nized to the master rf of the accelerator. It is a pulsed os-
ciallator with the advantage of a much higher single pulse
energy of 300 nJ as compared to typical cw oscillators. The
master provides reference rf signals in the frequency of the
accelerator of 1.3 GHz and its harmonics 108, 27, and 9
MHz. The synchronization to the rf is achieved using two
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Figure 2: As an example, the air temperature measured at
the laser over a period of 3 days. The temperature reading
is within±0.02◦C.

acousto-optic modulators running at 27/2= 13.5 MHz and
108 MHz resp., and an additional electro-optic modulator
powered with the amplified 1.3 GHz reference. The latter
provides synchronization to the required 1 ps level. The os-
cillator length is stabilized against temperature drifts with
two quartz rods. Quartz has a low temperature coefficient
of expansion of 0.6·10−6 m/◦C. At the same time, the tem-
perature of the laser room is stabilized to±0.02◦C (Fig. 2).
Both measures provide the bases for an excellent phase sta-
bilization of the laser pulses with respect to the rf. An ac-
tive fast feedback loop could be omitted, only a slow feed-
back acting on the resonator length is implemented.

The phase jitter of the laser pulses in respect to the rf can
be estimated using the phase scan technique. The phase
stability measured with this technique depends also on the
performance of the gun rf amplitude and phase regulation
system and therefore only gives an upper limit. The mea-
surement results an rms phase jitter of 0.14◦in respect to
1.3 GHz rf.[8] This translates in an timing stability of the
laser pulses of better than 300 fs rms.

Amplification

Selected pulses of the 27 MHz output of the PTO is
amplified with a chain of linear amplifiers, also based on
Nd:YLF, diode and flashlamp pumped.

A Pockels cell based pulse picker before amplification
runs at 1 MHz forming a pulse train with a length of 1.5 ms.
With the present high voltage driver (4 kV), up to 3 MHz
is possible. The train is amplified by two diode pumped
single pass amplifiers from 0.3 to 6µJ per micro pulse.

A second pulse picker before the last amplification stage
has two functions. The diode pumped amplifiers produce
a transient at the beginning of the pulse train. The second
pulse picker choses the flat part of the train. The second
aim is to give the operator or user of the laser the possibil-
ity to remote control the number of pulses and to a certain
extend the bunch pattern. Details will be described later in
this report.

The final amplification to 300µJ per pulse is performed
by two flashlamp pumped amplifiers. They have already
been used at the phase 1 laser system. They provide a
power over the pulse train of about 300 W or an average

power of up to 3 W for 10 Hz repetition rate.
The pump diode lasers are running since their installa-

tion for more than 20.000 h without any visible degrada-
tion. The flashlamp life time is between 1 to 5·107 shots
and are routinely replaced every 40 days.

The infrared radiation (1047 nm) is doubled twice with
an LBO and a BBO crystal to the UV (262 nm). The energy
stability of a single micro pulse is between 1 and 2 % rms.
However, to maintain this stability, a frequent fine tuning
of the BBO phase matching angle is required.

Transport Beamline

A variable attenuator consisting out of a Brewster an-
gle polarizer together with a remotely rotatable half wave
plate. It allows to adjust the laser pulse energy according
to the electron beam charge required. It is also used for a
slow charge feedback to compensate slow drifts in electron
charge.

Spent beams at various locations (PTO, Pockels cell,
LBO, attenuator) are measured with fast photodiodes and
recorded with a 1 MHz ADC giving additional information
to the operator.

A double pulse generator can be switched into the beam-
line doubling each micro pulse with a variable distance of
some nanoseconds in order to accelerate double bunches in
close-by rf buckets. Refer to [9] for details.

In addition, the laser beam can be directed remotely to a
joulemeter to measure its energy. It is frequently used for
quantum efficiency measurements. The laser pulse can also
be directed to a fast streak camera (Hamamatsu FESCA
200) to measure its longitudinal pulse structure. The pulse
length in the UV is measured frequently and is stable at
4.4±0.1 ps sigma.

The UV beam is transported from the laser hut to the rf
gun. The beamline has a length of 10 m. It is protected
with tubes against dust and air turbulences. The beamline
needs five dielectric mirrors with a coating optimized for
262 nm. A remote controlled mirror box allows true linear
steering of the beam along the cathode. The last mirror in
the vacuum chamber guides the beam to the cathode. It is
manufactured of solid aluminum. Its surface is diamond
turned and has a good optical flatness and a reasonable re-
flectivity of 90 %. We have chosen a solid metal mirror
for two reasons. Dielectric mirrors charge up when hit by
darkcurrent. Charging and discharging leads to cracks on
the mirror surface and influences the electron beam trajec-
tory. Secondly, experiments supported by simulations have
shown, that the beam emittance is also effected.[10]

The laser beam transport is based on the relay imaging
technique together with spatial filtering. A hard edge aper-
ture downstream of the diode pumped amplifiers is consec-
utively imaged to the flashlamp pumped laser heads, to the
doubling crystals and finally to the cathode. This results
in a quasi flat laser pulse on the cathode which is further
sharpened by a hard edge iris aperture close to the gun.
The magnification of the telescope system is about 10 re-
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Figure 3: Laser beam profile measured with a Ce:YAG
crystal at the ’virtual cathode’. A large laser spot (diameter
1 to 1.5 cm) is seen through an iris of 3 mm in diameter. Al-
though interference fringes show up, the pointing stability
is much improved.

Table 1: Laser parameters. Most parameters are adjustable
and are set according to the requirements for the specific
experiment.

parameter value
laser material Nd:YLF
wavelength after conversion 262 nm
output structure pulsed trains
train repetition rate 5 or 10 Hz
train length up to 800µs *
micro pulse spacing 0.33 us to 800µs *
micro pulse longitudinal shapegaussian
micro pulse length 4.4±0.1 ps (sigma)
transverse profile flat, with fringes
transverse size on cathode 3 mm diam.*

*adjustable

sulting in a large beam size of about 1 cm in diameter. The
iris is remote controlled and is usually adjusted to a diame-
ter of 3 mm cutting a large portion of the laser beam. This
results in a roughly flat transverse profile. In addition and
most important, these measures reduce the pointing jitter
by a large amount and contributes to the stability of the
electron source. However, interference fringes created by
the hard edge aperture could not been completely avoided.
The modulation is about 20 %. An upgrade is foreseen to
reduce the modulation (see [11]).

A so called virtual cathode is used to set-up and control
the transverse laser beam shape. A remote controlled mir-
ror directs the laser beam onto a Ce:YAG crystal mounted
at a distance identical to the cathode position. Figure 3
shows an image of the laser beam on the virtual cathode.

Table 1 summarizes the main laser parameters.

Figure 4: Scope screen shot of a 40 kHz pulse train (green
trace, Nb. 4). In addition, the central part of the 27 MHz
train of the oscillator (PTO) (yellow, nb 1), and the 1 MHz
pulse train after the diode pumped preamplifiers (cyan,
nb. 2) are shown.

BUNCH TRAIN PATTERN AND MACHINE
PROTECTION

Experiments with FEL radiation often require different
electron bunch train pattern. The laser can provide to a
certain extend a flexible bunch train pattern chosen by the
operator.

We use the Pockels cell based pulse pickers to vary the
pattern of the laser pulse train. The Pockels cells may run
for 1.5 ms with a rate of up to 3 MHz, pulsed with up to
10 Hz.

An FPGA based controller has been developed. It takes
as an input the 9 MHz rf signal from the master oscillator
and the 5 Hz or 10 Hz trigger from the control system. The
controller produces the trigger gates which go to the Pock-
els cell drivers. The FPGA allows a flexible control on the
number of pulses and the repetition rate, for example in ad-
dition to the standard 1 MHz, 250 kHz, 100 kHz, 10 kHz,
and others are possible. As an example, Fig. 4 shows a
scope screen shot of a 40 kHz pulse train.

The controller also serves as an interface to the machine
protection system (MPS).[12] Three beam modes are de-
fined: a single pulse, short pulse, and a long pulse mode.
These modes are a machine safety measure, for instance
only single bunches are allowed when screens are inserted
in the high energy part of the accelerator. Depending on
the mode, the controller limits the number of laser pulses
picked by the second Pockels cell, independent of the op-
erator request. It also receives a fast beam stop signal from
the MPS, for instance when losses grow within a pulse
train. The stop signal suppresses further triggers to the
pulse pickers. The reaction is immediate within some tens
of nanoseconds.

For a safe operation of the laser, important operating

THPPH017 Proceedings of FEL 2006, BESSY, Berlin, Germany

592 FEL Technology



conditions are surveyed by an SPS based system. For in-
stance, the system issues warnings and interlocks on over-
temperature, water flow interruptions and so on. The over-
all system is controlled with a VME-crate based cpu inte-
grated into the FLASH control system providing an inter-
face to the operators. The cpu reads important laser param-
eters and drives for instance flashlamps, slow feedbacks on
a shot to shot bases.

CONCLUSION

The photoinjector laser system has been upgraded by
partially replacing flashlamp pumped laser heads by diode
pumped heads. The upgraded system has been put into op-
eration at FLASH in February 2004 and providing beam
since then (for more than 20.000 h). The stability and reli-
ability of the system is satisfactory, maintenance a routine
task. An FPGA based controller allows to drive the pulse
pickers with a variable pulse pattern and serves at the same
time as an interface to the machine protection system. The
laser is integrated into the FLASH control system provid-
ing informations about the status of the system and various
remote control options.
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[12] L. Fröhlich et al., ”First Experience with the Machine Pro-
tections System of FLASH”, FEL-2006-THPPH016, these
proceedings.

Proceedings of FEL 2006, BESSY, Berlin, Germany THPPH017

FEL Technology 593



SINGLE-SHOT LONGITUDINAL DIAGNOSTICS WITH THZ RADIATION 
AT THE FREE-ELECTRON LASER FLASH 

H. Delsim-Hashemi, J. Rossbach, P. Schmüser , Univ. Hamburg, Germany  
O. Grimm, H. Schlarb , B. Schmidt, DESY, Hamburg, Germany 

 A.F.G. van der Meer, FOM, Nieuwegein, The Netherlands.

Abstract 
The longitudinal charge distribution in the electron 

bunches has a strong impact on the lasing process in a 
Free-Electron Laser based on the principle of Self 
Amplified Spontaneous Emission of radiation. For the 
ultraviolet and soft X ray FEL FLASH at DESY, structures 
in the range of ten to hundred micrometers play a crucial 
role. The investigation of the longitudinal charge 
distribution in the electron bunches on a bunch-by-bunch 
basis is an important issue for optimizing the bunch 
compression and improving the performance of the 
machine. This paper introduces a new tool for longitudinal 
diagnostics based on THz spectroscopy of coherent 
radiation. A novel spectrometer has been designed which 
permits to analyze the radiation of single electron bunches 
in a broad spectral range and with high resolution. 
Preliminary measurements with this spectrometer are 
presented.  

INTRODUCTION 
FEL facilities in the VUV and X-ray regime require kA 

peak currents which are usually achieved by several stages 
of bunch compression. The longitudinal charge 
distribution of the compressed bunches has to be measured 
with high precision in order to fine-tune the off-crest phase 
in the accelerating section preceding the magnetic bunch 
compressor chicanes and to optimize the SASE

 performance. The existing interferometers operate in the 
scanning mode and determine the average pulse shape of 
many thousand bunches. They are intrinsically unable to 
yield information on single bunches. The new single-shot 
spectrometer uses diffraction gratings as dispersive

 elements and an array of pyro-electric detectors with 
multi-channel readout. Exploratory measurements with the 
first stage, containing thirty channels will be presented. 

GRATING SPECTROMETER 
The coherent radiation of the compressed bunches 

subjected to a radiation process in the FLASH linac covers 
a wide wavelength spectrum from the millimeter range 
down to a few micrometers.  Diffraction gratings are well 
suited to disperse broad-band radiation to different

 

detection channels. The principles of grating based
 spectrometers as tools for longitudinal diagnostic are 

described in reference [1]. These principles are applied in 
several devices that are described in [2] and [3] or will be 
explained in this paper. 

Advanced bunch compression monitor 
As it is described in reference [3], a multi stage 

reflectance blazed grating spectrometer is used to study 
bunch compression versus machine parameters. In the 
following comes an example. It is known that the off-crest 
phase φ in the first acceleration module ACC1 has a strong 
influence on the longitudinal bunch profile that is obtained 
when the bunches have passed the two magnetic chicanes.  
Empirically it is found that the SASE efficiency depends 

very critically on φ and reaches its maximum at φ o5−≈  

to o6− .  A phase scan around this value is shown in Fig.1. 
The signal of the gas monitor detector (GMD), measuring 
the pulse energy of the FEL light, exhibits a pronounced 

maximum at φ = o7.5−  with a width of o2.0± . The 
coherent transition radiation intensities in various 
wavelength channels are also plotted in Fig.1. The 
remarkable observation is that the intensity for short 
wavelengths (20 to 75 mμ ) exhibits a strong peak in the 

region of maximum SASE intensity while the intensity of 
long wavelengths has a monotonic increase towards more 
negative phase.  

Figure 1: Amplitude of the SASE FEL signal as a function 
of the off-crest phase φ in the first acceleration module. 
Also the intensity of coherent transition radiation for    
wavelengths of mμ120 ± , mμ240 ± , mμ475 ±  and 

for mμλ 90>  is shown. Distributions are individually 
normalized to a maximum value of 1. 
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Spectrograph 
Here a single shot spectrometer that gives the ultra 

broadband spectra of coherent radiation on a shot to shot 
basis is called spectrograph. As it was described in [1] a 
spectrograph is composed of three main components, one 
that disperses the polychromatic radiation, one that 
focuses the dispersed radiation to spatially different 
coordinates dependent on wavelength without mix-up and 
the detector system. The first two issues were covered and 
explored in [2] and [3]. The most new achievement is the 
development of a fast 30 channel detection system based 
on pyro-electric sensors, Fig. 2. 

 
Figure 2: The 30 channel pyro line detector is equipped 
with fast read out electronics and pyro sensors with 
broadband smooth response function. The sensitivity is 
about 300 pJ (5 times noise level) for 1μm < λ < 1mm, [4]. 

Two types of single stage spectrographs based on 
Transmission Grating (TG) and Reflectance Blazed

 Grating (RBG) have been successfully tested. 
A TG base spectrograph can cover a rather large range 

of wavelengths in a single stage. It should be noticed that 
with a single stage TG spectrograph we will cover the 
entire interesting wavelength range from 50 to 300 mμ , 

with only two stages the spectra up to 1.8 mm could be 
derived, Fig. 3. Fig. 4 shows a sequence of 600 subsequent 
single shot spectra. 

 
Figure 3: The averaged combined spectra recorded by 
stages with 2.5 and 0.5 line per mm. 

 
Figure 4: Recorded spectra by using a transmission grating 
with 2.5 lines per mm. 

Reflectance blazed grating have a limited free spectral 
range of about a factor of two but offer much better 
resolution and efficiency and can be staged [1]. From the 
previous studies it is clear that the most relevant part of 
the spectra for the FLASH machine operation in SASE 
mode is about 10 to 100 mμ . One of the measured spectra 
in this regime is shown in Fig.5. A combined plot of 
measured spectra on different regions, averaged over 
many shots, is shown in Fig. 6. 

 

 
Figure 5: About 900 subsequent shots measured with re- 
flectance grating of 50 lines per mm during SASE opera-
tion. 
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Figure 6: The averaged combined spectra recorded by 
different RBGs. Full coverage of interesting range of the 
spectra for FLASH electron bunches requires 5 stages of 
RBG base spectrograph. 

Fig. 7 shows a series of single shot spectra in the 
wavelength range from 30 to 50 mμ  recorded while the 
phase of first accelerating module was changed by ~10 
degrees. The spectra shows a very pronounced peak at the 
phase of operation for optimum SASE. 

CONCLUSION 
We have demonstrated that single-shot wavelength-

selective spectroscopy of coherent radiation is possible. 
The described spectrograph can give, on a shot to shot 
basis, information on very short structures of the electron 
bunches which is not possible by other techniques and can 
be used for fast feedback systems.  

  

 
Figure 7: Plotted is the variation of the spectra in one of 
the stages of reflectance blazed grating spectrograph (with 
25 lines per mm) when phase of the first accelerating 
module changed over ~10 degrees. The peak coherent 
radiation intensity corresponds to operational condition for 
optimum SASE.  
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Abstract

The goal of the Photoinjector Test Facility at DESY in
Zeuthen (PITZ) is to test and optimise electron guns for
FELs like FLASH and X-FEL at DESY in Hamburg. In
2005 the setup was extended by a booster cavity. In order to
measure longitudinal and transverse properties of the beam
with a momentum in the range between 4 to 40 MeV/c, a
viewport after the booster cavity has been developed. It
contains several radiators. One of them is Silica aerogel
used as Cherenkov radiator for the measurement of the lon-
gitudinal electron distribution with a streak camera. Design
considerations are presented in this paper.

INTRODUCTION

The main goal of PITZ is the test and optimization of L-
Band RF photo injectors for Free-Electron Lasers (FELs).
The demands on this photo injector are long bunch trains
with short bunches, a charge of about 1 nC and small emit-
tances. The linac based FEL at FLASH incorporates a 1.5
cell RF gun capable of producing a high charge density,
followed by an acceleration section and a magnetic bunch
compressor. For an effective bunch compression detailed
studies of the longitudinal phase space after the gun and its
evolution behind the booster cavity have to be performed.
The new screen station (HIGH1.Scr2) is planed to be
placed about 5 m downstream of the photocathode and
about 1.5 m downstream of the exit of the booster cavity
in the PITZ2 setup [1] as shown in Figure1.

In the past, PITZ made good experience by using the
full cone of a Cherenkov radiator for bunch length mea-
surements after the gun [2]. It will be discussed whether
a copy of screen station LOW.Scr3 can be used and which
modifications are necessary.

SCREEN STATION FOR BUNCH LENGTH
MEASUREMENTS

Screen station LOW.Scr3 was designed for an electron
energy of about 5 MeV. It contains a YAG screen to deter-
mine transverse properties using a TV camera, three radia-

∗This work has partly been supported by the European Community,
contract numbers RII3-CT-2004-506008 and 011935, and by the ’Impuls-
und Vernetzungsfonds’ of the Helmholtz Association, contract number
VH-FZ-005.
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tors (aerogel, an optical transition radiator (OTR), quartz),
whose light is transported to the streak camera [3] and a
tapered empty tube, for beam passage without wakefield
production. The Silica aerogel (refractive index n = 1.03,
thickness th = 2 mm) is used as a Cherenkov radiator and
the pulse length is measured using an optical transmission
line [4] and a streak camera.

The new screen station (HIGH1.Scr2) and its elements
should be designed for electron energies in the range of 4
up to 40 MeV, so it can be used even if the booster cavity
is off. Planed elements are: a YAG-screen and an OTR for
the determination of the transverse beam size and position
of the electron beam using a TV camera, Silica aerogel and
a further OTR for bunch length measurements as well as an
empty tube.

Screen Dimensions

For higher energies the beam size becomes smaller, but
when the booster cavity is turned off the beam size in-
creases. Simulations of transverse beam size at the position
of HIGH1.Scr2 were made to clarify the needed dimen-
sions. Figure 2 (a) shows the simulated transverse beam
size at a gun and booster phase with maximum energy gain
for different solenoid currents, when the booster is turned
on. The smallest transverse beam size could be reached for
about 260 A. In Figure 2 (b) the simulated transverse beam
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Figure 2: Simulations of the electron beam size as a func-
tion of the solenoid current (a) and transverse beam prop-
erties at the screen station (b) for a gun and booster phase
with maximum energy gain and a flat-top longitudinal laser
distribution at 1 nC.

distribution are shown for 260 A and a gun and booster
phase with maximum energy gain.

Proceedings of FEL 2006, BESSY, Berlin, Germany THPPH019

FEL Technology 597



Figure 1: Planed setup of PITZ2. The screen station HIGH1.Scr2, LOW.Scr3 and DISP1.Scr1 are marked.

Results of simulations of the beam dynamics, when the
booster is off are shown in Figure 3. In this case the beam
size is almost 10 times higher than with the booster cavity
turned on.
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Figure 3: Simulated transverse electron beam size as a
function of the solenoid current for 40MV/m and 60MV/m
gradient (a) and transverse beam properties at the screen
station (b) for a gradient of 40MV/m in the gun and a phase
with maximum energy gain, a flat-top longitudinal laser
distribution at 1 nC, when the booster is turned off.

For measurements using the booster the beam size could
be very small, therefore both OTRs will have an effective
size of 20 mm × 20 mm. Using an OTR at an angle of 45◦

with respect to the beam direction, backward radiation is
emitted at 90◦ regarding the beam direction. A thin plate
(about 300µm) will be used as OTR, because of its better
optical quality and resistance compared to a thin foil. Two
different types of OTR screens are in use at FLASH [5]:

• 350 um thick polished silicon (Si)

• 350 um thick Si with an aluminium (Al) coating

The Si has a better thermal resistance than Al, and therefore
the pure Si screen stands a higher charge density (i.e small
beam with high charge) than Si coated with Al. On the
other hand the Al emits about 2-3 times more photons than
polished Si, i.e. the light yield is much better. That is why
we decided to use the Al coated Si plates.

Since there are no quadrupoles planed before this screen
station there is no possibility to reduce the beam size in
the case the booster is off. To catch the whole beam even

when the booster is off the effective size of the YAG screen
should have the dimension size as the beam tube (diameter
= 35 mm).

Bunch Length Measurement

The temporal resolution of the Silica aerogel used at
LOW.Scr3 was calculated to be 0.12 ps at a beam mo-
mentum of 4.5 MeV/c [6]. This value is very small com-
pared to the resolution of the optical transmission line.
The temporal resolution of the optical transmission line
was determined with 1.15 ps when using an optical trans-
mission filter of 550 nm with a bandwidth of 10 nm [7].
The bunch length measurements were typically done for a
streak camera slit width of 100µm. The temporal resolu-
tion of a 100µm slit was determined with about 1.75 ps for
the streak camera used at PITZ [2]. The resolution of the
streak camera C5680 is denoted by the producer with 2 ps
FWHM [3]. Therefore it is useful to increase the thickness
of the Silica aerogel in order to increase the number of pho-
tons, so one could reduce the slit width or the number of
pulses used for a measurement. The initial idea was to use
Silica aerogel with an index of refraction n = 1.03 and a
thickness of 5 mm. Cherenkov light is emitted under a cer-
tain angle depending on the average refractive index of the
radiator (n) and the electron energy. It leaves the radiator
following Snells law. Figure 4(a) shows the emission angle
of Cherenkov radiators with three different indices of re-
fraction. For low energies the angle changes strongly with
the energy, but at higher energies it stays constant. Aero-
gel with n = 1.03 has an emission angle of up to 14.3◦ at
an electron beam momentum of 40 MeV/c, but the accep-
tance angle of the optical system from the screen station to
the streak camera is only ±11.8◦. Using an aerogel with
n = 1.03 it is impossible to collected the whole Cherenkov
cone.

In contrast to Cherenkov radiator the optical transition
radiator emits the light within a certain angular distribution.
The angular distribution of transition radiation depends on
the particle energy and the angle of incident [8]. In Fig-
ure 4,(b) the angular distribution for a beam momentum of
40 MeV/c and 5 MeV/c electrons are shown. At 40 MeV/c
beam momentum most of the light is emitted within a small
angle. At smaller energies it becomes impossible to collect
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Figure 4: The emission angle of OTR and the Silica aero-
gel radiators with different reflective indices as a function
of the electron momentum (a) and the angular distribu-
tion of optical transition radiation produced by 40 MeV and
5 MeV electrons (b).

all the light by the used optical system. The red curve in
Figure 4 (a) shows the angle with the highest number of
emitted photons.

An aerogel with n = 1.02 and th = 7 mm (as well
as n = 1.008 and th = 15 mm) would lead to about the
same temporal resolution as an aerogel with n = 1.03 and
a thickness of th = 5mm, but the number of photons is
lower, as shown in Figure 5.
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Figure 5: Number of photons (a) and resolution (b) of Sil-
ica aerogels with different indices of refraction and thick-
ness’s as a function of the energy.

By mechanical reason the maximum usable thickness is
9 mm. The Budker Institut of Nuclear Physics (Novosi-
birsk) is producing Silica aerogel for PITZ, but only Sil-
ica aerogel with n = 1.008, 1.03 and 1.05 are produced
by default. A production of Silica aerogel with n = 1.02
would take a lot of effort. So we will start to use aero-
gel with n = 1.008 and 9 mm, which can be replaced later.
The main disadvantage of the refractive index n = 1.008 is
that the lower limit for the production of Cherenkov light
is at about 4 MeV/c and the photon yield changes strongly
within the beam momentum range from 4 to 6 MeV/c. The
advantage is that the Cherenkov light of bigger transverse
distributions can be transported and small misalignments
of the optical transmission line does not lead to losses. The
number of photons produced by aerogel at 40 MeV/c is still
a factor of a few hundred higher compared to OTR.

LONGITUDINAL PHASE SPACE
MEASUREMENTS

The longitudinal phase space after the gun at DISP1.Scr1
(shown in Figure1) and its projection were measured for
different phases of the gun. In order to compare simu-
lated (Fig.6 second row) and measured (Fig.6 first row)
longitudinal phase space the simulated one was tracked
through the dipole using matrix formalism. The vertical
scale was converted into momentum scale after the correc-
tion of M56 [9] by shearing the distribution (Fig.6 third
row). Matrix element M56 describes the influence of the
dipole on the longitudinal distribution due to different par-
ticle momenta. The measured momentum distribution fits
very well with the distribution traced through the dipole
(Fig.6 fourth row). Also the longitudinal distribution (Fig.6
fifth row) shows a rather good agreement. It is difficult to
find similarities with in the longitudinal phase space. The
longitudinal phase space changes completely after tracing
the particle though the dipole. In [10] it will be shown,
how to design a dipole magnet in order to minimize this
problem. Beside the influence of the dipole magnet the op-
tical transmission line and the streak camera itself have an
influence onto the resolution as described in [7].

CONCLUSION

A screen station to measure longitudinal and trans-
verse beam properties in the momentum range from 4 to
40 MeV/c was designed. One of the radiator is Silica aero-
gel used as Cherenkov radiator for the measurement of
the longitudinal electron distribution with a streak camera.
Even at 40 MeV/c Silica aerogel produces a higher photon
yield than OTR. Longitudinal phase space studies and im-
provements of the system are ongoing.
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S. Khodyachykh† , J. Bähr, M. Krasilnikov, A. Oppelt, L. Staykov, F. Stephan,
DESY, Zeuthen, Germany,

T. Garvey, LAL, Orsay, France, D. Lipk, BESSY GmbH, Berlin, Germany,
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Abstract

A detailed knowledge of the parameters of a high-
brightness electron beam is of major importance for eval-
uating the performance of a free electron laser using the
beam. Therefore, a full characterization of the beam pa-
rameters is required during the commissioning of RF photo
injectors. As one important contribution to fulfill this task,
a multi-purpose high energy dispersive arm (HEDA1) for
electron energies up to 40 MeV is presently under construc-
tion at the Photo Injector Test Facility at DESY in Zeuthen
(PITZ). The dispersive section is designed such that it will
combine the functionality of 1) an electron spectrometer,
2) a device for characterization of the longitudinal phase
space, and 3) a transverse slice emittance measuring sys-
tem. The HEDA1 consists of a 180◦ dipole magnet (C-
Bend), followed by removable slit, a quadrupole magnet,
and a screen station with a read-out for the streak camera.
Design considerations and the detailed lay out of the high-
energy dispersive section are presented.

INTRODUCTION

The Photo-Injector Test Facility at DESY in Zeuthen
(PITZ) is an electron accelerator which was built by
Deutsches Elektronen-Synchrotron (DESY) in collabora-
tion with international partners with the goal to develop
and to optimize high brightness electron sources suitable
for SASE FEL operation.

The PITZ facility consists of a 1.5 cell L-band RF gun,
a photo-cathode laser system, a normal-conducting booster
cavity and a diagnostic section. Being an operational ma-
chine showing pioneering results in achieving of high-
charge low-emittance electron beams for electron bunch
trains [1], PITZ is still under development. The beam line
which has a present length of about 13 meters will be ex-
tended up to about 21 meters within the next two years.
Many additional diagnostics components will be added to
the present layout. Together with the deflecting cavity [2],
the phase space tomography module [3] and the second
high-energy dispersive arm (HEDA2), HEDA1 will extend
the existing diagnostics system of the photo injector. The
scope of the present paper is the multi-purpose high en-
ergy dispersive arm (HEDA1). The dispersive section is
designed to combine the functionality of (i) an electron
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Vernetzungsfonds’ of the Helmholtz Association, contract VH-FZ-005.
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spectrometer, (ii) a device for characterization of the lon-
gitudinal phase space, and (iii) a transverse slice emittance
measuring system.

SETUP
The layout of the dispersive section HEDA1 is schemat-

ically shown in Fig 1.
The heart of the dispersive section is a 180◦ dipole mag-

net having the bending radius of 300 mm. The bending
radius has been chosen as a compromise between the space
requirements and momentum resolution on the one hand
and the ability of the spectrometer to operate within the
large range of gun and booster parameters. Being deflected
in vertical plane, the electron beam enters the dispersive
arm which goes below the main beam line parallel to it.
The dispersive arm includes a pumping port combined with
a removable slit mask, a quadrupole magnet Q1 for the slice
emittance measurements, a drift space of 600 mm followed
by two screen stations (for simplicity only one is shown)
and by a beam dump. For measuring of the bunch charge an
integrating current transformer (ICT) is foreseen between
the two screen stations (not shown).

For the reasons described in the following sections ad-
ditional components which contribute to the measurements
at HEDA are located in the main beam line. These are the
quadrupole magnet Q2 and the screen station S2 placed up-
and downstream to the dipole magnet D, respectively.

The main advantage of the 180-degree spectrometer
is the simplicity to reconstruct the momentum distribu-
tion [4]. One uses the screen S2 in the straight section and
measures the contribution from the transverse beam size
and divergence, which can be de-convoluted with the mea-
sured spectrum to obtain the pure momentum distribution.
This can be illustrated by comparing of the transport ma-
trix MD (describing the transport of the electron beam be-
tween the position of the quadrupole magnet Q2 and the
screen S1) with the matrix MS which corresponds to the
drift between Q2 and the screen S2. The matrices in thin
lens approximation have the form

MD =

⎛
⎝

−1 −l1 − l2 2ρ
0 −
0 0

⎞
⎠

MS =

⎛
⎝

1 l1 + l2 0
0 1 0
0 0 1

⎞
⎠ (1)

 1 

    

0 
 1 
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Figure 1: Simplified layout of PITZ with the first high energy dispersive section.

transverse position, y′
i is the divergency and pi/〈p〉 is the

relative momentum. Assuming the electron with the co-
ordinate y0 is transported through the spectrometer it will
get the transverse coordinate on the screen S1 which is de-
scribed by the first component of vector �y1 = MD�y0. The
shift of the particle with respect to the reference trajectory
is thus defined not only by the relative momentum of the
particle, but also by it initial transverse offset and diver-
gency. To exclude these two contributions one uses the
measurements on the screen S2 where only initial coordi-
nate and initial divergency define the position of the parti-
cle (compare M11 and M12 elements of matrices in Eq.1).
Moreover, by focusing the beam on the screen S2 with the
help of the quadrupole magnet Q2 one can control the res-
olution of the momentum measurement.

Beam momentum and momentum spread depends
strongly on the machine parameters. It is very sensitive
to the RF phases of the gun and of the booster. Because of
the large dispersion of the dipole magnet the spot sizes on
the screen S1 are expected to be very large, especially in
cases of far off-crest RF phases. Figure 2 shows the depen-
dence of the vertical beam size on the screen S1 as a two
dimensional function of the gun and booster phases. The
aperture of the quadrupole magnet Q1 (80 mm) defines the
transversal acceptance of the dispersive section. Thus, us-
ing HEDA1 measurements within the range of −35...35◦

of booster phases will be possible in single shot. For larger
off-crest phases a scan of dipole current will be used.

LONGITUDINAL PHASE SPACE

Very important information for the understanding of the
photo-injector can be gained by studying the electron dis-
tribution in the longitudinal phase space, when the electron
momentum is measured as a function of its longitudinal po-
sition within the bunch. For this purpose one of the screen
stations will be equipped with an aerogel screen used as a
Cherenkov radiator and a read-out for the streak-camera.

Figure 3 (a) shows the results of numerical simulation
of the longitudinal phase space using the code ASTRA [7]

at the entrance of the dipole magnet. The particles were
tracked through the dipole using the matrix formalism,
similar to that described in previous section, but using
6 × 6 transport matrix. The longitudinal phase space re-
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Figure 2: The total beam size in dispersive plane on screen
S1 as a function of gun and booster phases.

constructed on the screen S1 of the dispersive section after
the drift having the length of a 1 m is shown in Fig. 3 (b). A
correction of the influence from the matrix element M56 [6]
was applied in Fig. 3 (c). Figure 3 (d) shows the momen-
tum distribution as a projection of Fig. 3 (a) in red and 3 (c)
in blue.

A comparison of the initial and the reconstructed values
of mean momentum 〈p〉, momentum spread prms and lon-
gitudinal emittance εl are shownin table 1. The

< p > (MeV) prms (keV) εl (π keV mm)
(a) 18.3111 36.6 75.99
(c) 18.3109 49.0 105.08

(a − c)/a −0.0009% 33.8% 38.3%

results in Fig. 3 and table 1 were done without quadrupole.
These results could be improved by applying deconvolu-
tion with known beam size at S2. However, this proce-
dure unnecessary complicates data analysis comparing to
the method discussed below.

The simulations were repeated using a quadrupole triplet
4.5 m downstream the photocathode in order to focus the

where ρ is the bending radius of the dipole magnet and
lengths l1 and l2 are defined in Fig 1.

The transverse coordinates of the i-th electron can be de-
scribed by a vector �yi = (yi, y

′
i, pi/〈p〉)T , where yi is theTable

Table 1:Initial and reconstructed values of mean momen-
   tum, momentum spread and longitudinal emittance.
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Figure 3: Longitudinal phase space obtained with the
quadrupole magnet Q2 being off: longitudinal phase space
(a), reconstructed longitudinal phase space at S1 (b), recon-
structed longitudinal phase space at S1 after correction of
M56 (c), momentum distribution (d).

beam onto screen S1 (at position 6.5 m). The results are
shown in figure 4 and table 2.

pmean (MeV) prms (keV) εl (π keV mm)
(a) 18.3105 36.54 75.72
(c) 18.3104 36.59 76.11

(a − c)/a −0.0005% 0.16% 0.5%

The use of a quadrupole triplet brings a remarkable im-
provement to the measurements of the longitudinal phase
space. Both, the longitudinal phase space and the momen-
tum distribution are reproduced with very good agreement.
The differences between the simulated and reconstructed
values of the momentum spread and longitudinal emittance
reduces by using of the triplet from about 35% down to less
than one per cent.

In order to save some space in the main beamline, we
studied the possibility to exchange the quadrupole triplet
with a single quadrupole magnet. Indeed such replacement
almost does not decrease the accuracy of the longitudinal
phase-space reconstruction. Figure 5 shows a comparison
of the momentum measurements. The differences between
the simulated and reconstructed mean momentum, momen-
tum spread and longitudinal phase space are still within
1 %.

TRANSVERSE SLICE EMITTANCE
MEASUREMENTS

The functionality of the HEDA can be enhanced with a
setup that allows us to measure the transverse emittance of

Figure 4: Longitudinal phase space obtained with the
quadrupole triplet placed on the position of Q2 being on:
longitudinal phase space (a), reconstructed longitudinal
phase space at S1 (b), reconstructed longitudinal phase
space at S1 after correction of M56 (c). For a compari-
son reconstructed longitudinal phase space at S1 [as (c)]
but with a single quadrupole instead of a triplet.
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Figure 5: Simulated momentum distribution (black) com-
pared to its reconstruction in the dispersive arm with the
single quadrupole Q2 (red), quadrupole triplet (green) and
without quadrupole (blue).

the electron beam at different longitudinal positions along
the bunch. The so called slice emittance is providing better
understanding of the physics of a photoinjector, particulary
the emittance compensation and conservation principles. It
is also an important parameter for the SASE FELs since
the slice emittance and slice peak current define the gain
of the SASE FEL process. Using proper phasing of the
booster cavity we can obtain linear correlation between the
momentum and longitudinal distribution of the electrons in

Table 2: Initial and reconstructed values using a quadru-
  pole triplett
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the bunch. Afterwards one applies the standard quadrupole
scan technique and measures the emittance for different
momentum/time slices of the bunch.

A setup similar to that in [8] will be implemented. A slit
at the dipole exit selects the necessary slice from the energy
chirped beam. This slice is scanned with the quadrupole Q1

focusing in a plane orthogonal to the dispersion plane of the
dipole, the beam distribution will be observed on screen S1.
Due to the short distance between the quadrupole and the
screen the beam size tends to become very small during the
scan. For the correction of this the quadrupole magnet Q2

with fixed strength placed before the dipole will be used
(see Fig.1). The experimental setup was simulated with

Figure 6: Slice emittance distribution at the dipole en-
trance. The solid line gives the value for the projected emit-
tance.

ASTRA [7] in attempt to verify the technique and to opti-
mize the setup. For the simulations presented here, a gun
gradient of 60 MV/m and a phase of maximum accelera-
tion in the gun, the current in the main solenoid was 385 A,
and a booster phase of +70 degrees were chosen. This cor-
responds to a projected emittance of 1.6 mm · mrad (see
Fig. 6), a mean momentum of 17 MeV/c and an RMS mo-
mentum spread of 1.4 MeV/c.

The electron bunch was separated in ten longitudinal
slices which were scanned with ten different quadrupole
strengths. The distribution is fited to a quadratic equation
(2) where the corresponding beam parameters are obtained.

〈x2
s〉 = M2

11 ·〈x2
0〉+2 ·M11M12〈x0 ·x′

0〉+M2
22 ·〈x′2

0 〉 (2)

Here 〈x2
s〉 is the beam size coresponding to the particular

strength of the quadrupole magnet, M11, M12 and M22

are the elements of the transport matrix, functions of the
quadrupole strength, 〈x2

0〉, 〈x0 ·x′
0〉 and 〈x′2

0 〉 are the initial
beam parameters that need to be found. The corresponding
value for the emittance then is calculated using Eq. 3.

εn = βγ ·
√

〈x2
0〉 · 〈x′2

0 〉 − 〈x0 · x′
0〉2. (3)

Here 〈x2
0〉 and 〈x′2

0 〉 are the rms dimensions of the beam in
the so-called trace phase space and 〈x0 · x′

0〉 is the correla-
tion between both.

Figure 7: Deviation between the result from the simulated
measurement and the slice emittance distribution obtained
with ASTRA.

Figure 7 shows the deviation between the result from the
simulated measurement and the slice emittance distribution
obtained with ASTRA. The average deviation is 21 % but
for some slices it can reach up to 66 %. Further improve-
ment of the measuring accuracy can be reached by taking
into account the space charge during the reconstruction.
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DESIGN CONSIDERATION OF THE RF DEFLECTOR TO OPTIMIZE THE 
PHOTO INJECTOR AT PITZ*

S. Korepanov#, S. Khodyachykh, M. Krasilnikov, A. Oppelt, F. Stephan, DESY-Zeuthen, Germany  
V. Paramonov, INR, Moscow, Russia.

Abstract
In order to optimize photo injector for Free Electron 

Laser (FEL) applications, a detailed characterization of 
the longitudinal and transverse phase space of the electron 
beam provided by the Photo Injector Test Facility at 
DESY in Zeuthen (PITZ) is required. In the paper we 
present design considerations of the RF deflecting cavity 
for transverse slice emittance and longitudinal phase 
space measurements. 

INTRODUCTION
The main research goal of PITZ is the development of 

electron sources with minimized transverse emittance [1]. 
The current setup at PITZ permits us to measure 
transverse emittance averaged along a bunch using the 
Emittance Measurement System (EMSY) [2]. With the 
use of an RF deflector it is possible to analyse the 
slice transverse emittance. Adding a dispersive arm

 the longitudinal beam phase space can be 
constructed.  

At PITZ2 the application of an RF deflector is planned. 
The deflector position is about 9 m from the gun. The 
next 3.5 m space is taken by a tomography module, which 
will be used for transverse phase space measurements. At 
about 15.5 m a spectrometer based on dipole magnet is 
positioned. 

In Fig. 1 the effect of the RF deflector is illustrated: the 
RF deflector voltage is null in the longitudinal centre of 
the bunch and gives a linear transverse deflection to the 
bunch itself. The maximum displacement of the edge slice 
YB can be estimated by the expression 

eEc
VLLfY BRF

b /
 ,                    (1) 

where fRF is the frequency of the deflecting voltage, V  is 
the peak transverse voltage, L – drift space after the 
deflector, and E is the beam energy in eV units [3]. 

The resolution length Lres can be estimated as the bunch 
length LB divided by the number of slices Nslices which can 
 be resolved at the screen. And the number of the slices is 
YB divided to transverse beam size B.

VLf
eEc

Y
L

N
LL

RF

B

B

BB

slices

B
res

/
    (2) 

 For the prospect beam parameters at PITZ2 (Table 1) 
the possible resolution length is limited by the transverse 
size of the screen ( < 36 mm) and minimum transverse 
beam size ( B ~ 1.6 mm). That gives the maximum 
number of the slices about 20 and the longitudinal 
resolution length about 0.4 mm (1.3 ps). 

RF DEFLECTORS 
 For PITZ2 diagnostics we have reviewed three kinds of 
RF deflectors. Two of them are steady wave resonators 
and one is a travelling wave cavity. We analyzed electron 
beam parameters after passing the cavity and compared 
the results for the different deflectors.  

Steady wave cavities 
We have chosen the well known cavity which is a disk 

loaded waveguide [3]. It has five cylindrical cells. We 
scaled it to the frequency 1.3 GHz, Fig.2a. This cavity 

YB

L

Deflecting voltage

zs z
LB

Figure 1. The principle of the RF deflector work. 

Table 1. PITZ2 beam parameters. 
bunch charge 1 nC 
max. long. momentum 32 MeV/c 
min. norm. emittance (rms) < 1  mm mrad 
transverse beam size on 
screen in tomography 
module, rms (full) 

< 0.4 (1.6) mm 

full longitudinal beam size  8 mm (27 ps) 
pulse frequency 1-9 MHz 
repetition rate 10 Hz 

___________________________________________ 

* This work has been partly supported by the European 
Community, contracts RII3-CT-2004-506008 and 011935, and by 
the ‘Impuls- und Vernetzungsfonds’ of the Helmholtz Association, 
contract VH-FZ-005 
# sergey.korepanov@desy.de 
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operates with TM11 mode. Another steady wave cavity is 
a new one designed by V. Paramonov. The shape of the 
structure is shown in Fig.2b. It operates in TE11 mode. 
More details about this cavity are given in [4]. 

Travelling wave cavity 
The third cavity is based on LOLA-IV - transverse 

deflecting cavity [5], Fig.3. We have adapted it for our 
beam: scaled it from 2.856 GHZ to 1.3 GHZ and changed 
length from 3.6 m to 0.7 m. It has 9 cells and two 
additional cells for coupler and load.  

In the Table 2 we compare the deflector   parameters 
for two operations regimes - to analyse the longitudinal 
phase space at a distance of about 6 m from the deflector 
in the dispersive arm and – to observe the beam at the 
first screen in tomography module at a distance of ~ 2 m 

from the deflector. In the table Q is  unloaded quality 
factor, “Field build up” is the time which field needs to 
reaches about 99% of there maximum value [5].  

BEAM DYNAMICS 
Beam dynamics simulations have been performed for 

comparing the cavities presented above. For our 
simulations we use a beam with the parameters: average 
energy 32 MeV, energy dispersion 140 keV, transverse 
beam size about 0.7 mm, transverse emittance - 0.9  mm 
mrad.  The beam is passing through the deflector and is 
observed at the points of screens positions in the 
tomography module and in the dispersive section after the 
dipole.  

For correct longitudinal phase space measurements in 
the dispersive arm we have to minimize distortion of the 
longitudinal momentum distribution during passing the 
deflector. We compared the longitudinal momentum 
distribution on the dispersive arm screen for the different 
deflectors. In Fig.4 momentum distributions for the three 
variants of the deflectors are compared with the initial 
momentum distribution (before deflector). One can not 
see large difference between these three cases. The 
estimated resolution of the method is about 25keV/c. This 
value we can roughly resolve from the presented 
distributions. The rise or fall edge in the initial 
momentum distribution is about a few keV. They are 
transformed to the edges with the width of about 25 keV. 

The transverse slice emittance measurements require 
high similarity of the initial longitudinal charge 
distribution to the transverse charge distribution (along 
deflecting direction) after deflector. This requires a lineal 
dependence of the deflecting voltage to the position inside 
the bunch. The requirement is provided by a quite large 
RF wave length (230 mm) in the cavities in comparison 
with the bunch length (8 mm). Beside that the cavity has 
to generate a minimum distortion in the transverse 

      a)                                                b) 

Figure 2. General view of “classical” cavity (a) and 
“Paramonov” cavity (b). 

RF

Deflection

RF

Deflection

Figure 3. Travelling wave cavity based on LOLA-IV. 
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Figure 4. Longitudinal momentum distribution.  
Red line corresponds to the initial distribution (before 

   deflector).Blue line is the distribution for the beam 
   passed through a)“classic” cavity, b) “Paramonov” 
   cavity, c) traveling wave cavity. 

Table 2. Deflector parameters. 
 Classic cavity “Paramonov” 

cavity
Travelling 

wave cavity 

Frequency 
GHz

1.3 1.3 1.3 1.3 1.3 1.3 

Distance, 
m

2 6 2 6 2 6 

V , MV 1.8 0.6 1.8 0.6 1.8 0.6 
Q 21000 21000 15000 15000 19000 19000 

PRF, MW 2 0.12 0.17 0.02 9.1 1.01 
Field 

build up, 
s

~20 ~20 ~20 ~20 ~0.2 ~0.2
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direction (perpendicular to deflected direction). This is 
necessary for correct emittance measurements. In Fig.5 
we compare the longitudinal charge distribution of the 
initial beam and transverse charge distribution for the 
beam passed through deflecting cavity. We add a special 
gap (0.4mm) in the initial distribution in our simulations. 
That helps us to estimate the resolution length by 
observing the gap in the transverse distribution of the 

deflected bunch. One can see that all cavities provide 
transverse bunch charge profile (corresponds to deflected 
direction) similar to the initial longitudinal charge profile. 
Because of the 100 % degree of the modulation in the 
final distribution we can estimate that the resolution 
length for these measurements is about the gap width (0.4 
mm). The transverse momentum distributions 
(perpendicular to deflection direction) practically are not 
changed in the deflector. An example of the transverse 
momentum distribution before and after the deflector is 
shown on Fig.6 for the travelling wave cavity. The 
simulations show minimal influence from the deflectors 
to transverse beam parameters (perpendicular to 
deflection direction).   

    DISSCUSION OF THE RESULTS  
All presented cavities can be used for the beam phase 

space analysis. We have considered their advantages and 
disadvantages. The main differences are between steady 
wave and travelling wave cavities. The first one request 
less RF power (see Table 2) and is easy in control. But the 
travelling wave cavity gives us a possibility to analyse a 
single bunch in a bunch train. We plan to work with the 
beam bunch repetition frequency up to 9 MHz (period 
~0.11 s). Because of short filling time in travelling wave 
cavity (0.2 s) we can “take” a single bunch and direct it 
to a screen and distort 1-2 other pulses in the train only. 
This possibility is important for the analysis of the beam 
parameters fluctuation in the train from bunch to bunch. 
Also we can make the beam monitoring during tuning the 
beam. We decided to use the travelling wave cavity in 
combination with the tomography module for the 
possibility to analyse single bunches. 

DIAGNOSTIC COMPLEX FOR 
LONGITUDINAL SLICE TRANSVERSE 

EMITTANCE MEASUREMENTS 
The layout of the prospect system for slice emittance 

measurements is shown in Fig.7. It contains a deflecting 
cavity, a tomography module and four kickers.  The beam 
is matched by quadrupoles on the entrance of the 
tomography section so that  and  functions are 
periodically repeated from screen to screen [6]. That 
permits us to analyse the beam more easily. The bunch 
deflected in the RF cavity in vertical direction is deflected 
by the kicker in horizontal direction to the screens. The 
screens are located off axis. The kicker pulse duration is 
less 100 ns with rise(fall) time about 10 ns. That permits 
to observe deflected bunches only. The few bunches 
which are distorted in deflecting cavity by the rising or 
falling RF field don’t hit the screens and are lost in the 
beam line. All other bunches are passing through the 
tomography module and accepted at the beam dump. 

The layout of diagnostics for longitudinal beam phase 
space measurements is shown in Fig.8. After tomography 
module downstream we plan to set dispersive section. The 
distance between the deflector and the screen in the 
dispersive arm is about 6 m. Bunches are deflected by a 
dipole magnet and are analysed on the screen. During the 
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Figure 6. Transverse momentum distribution 
(perpendicular to deflect direction). Red line – 
initial distribution (before deflector), blue line – 
distribution for the beam passed through 
traveling wave cavity 
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Figure 5. Charge distributions.  
Red line corresponds to the initial longitudinal 
distribution (before deflector). Blue line is the transverse 
distribution in the deflected direction for the beam passed 
through a) “classic” cavity, b) “Paramonov” cavity, c) 
traveling wave cavity. 
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Figure 7. Prospect diagnostic for longitudinal slice 
emittance measurements. 
Q – quadruple; K – kicker; DC – deflecting cavity 
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dispersive arm operation the magnets in the tomography 
module will be off. 

CONCLUSION 
The deflectors reviewed in this paper satisfy the 

requirements for the beam diagnostic at PITZ2. We 
consider to use the travelling deflecting cavity due to its 
additional possibility to analyse single bunches in a bunch 
train.   We   expect   the   possibility   to   measure  
transverse slice emittance with ~20 slices in the 
tomography module. For longitudinal phase space 
measurements in the dispersive arm we estimate the 
resolution as ~25 keV/c.  
The authors would like to thank D.J. Holder and B.D. 
Muratori for their work under the tomography module 
analysing.
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J.Rönsch, University of Hamburg, 22761 Hamburg, Germany.

Abstract

In December 2005, a new gun cavity for the Photo Injec-
tor Test Facility at DESY in Zeuthen (PITZ) was tuned with
the help of a specially designed tuning device. The tuning
procedure and its results as well as RF measurements will
be presented. Meanwhile, the cavity was installed in the
PITZ facility and conditioned. Dark current measurements
with different cathodes were performed and are described.
Comparisons to former measurements are made.

INTRODUCTION

The photo injector test facility at DESY in Zeuthen (PITZ)
was built in order to test and optimize electron sources
for Free Electron Lasers and Linear Colliders. One of the
main tasks is to prepare gun cavities for subsequent use at
FLASH and XFEL. Up to now, three gun cavities have been
built by DESY and another one is in production. They are
designed for a peak power of 4.5 MW and an average heat
load of 50 kW [1]. In order to reach higher power levels,
two further guns with improved cooling will be built to-
wards the end of 2006.
After the production of the first gun cavity, prototype No.1,
a water-to-vacuum leak was found. It was figured out that
the used copper did not fulfill the specifications. The leak
was repaired with a kind of glue, but an installation at
FLASH was not recommended. Therefore, this gun was
used for high power tests at PITZ after the commission-
ing of a 10 MW multi beam klystron in June 2005 [2]. The
conditioning towards higher peak and average power ended
suddenly with the break-up of the old water-to-vacuum leak
which appeared at a gradient of about 57 MV/m [3]. Mean-
while, the cavity was again repaired and is available for
further tests.
Frequency measurements after the gun production showed
a frequency difference from the goal frequency of 1.3 GHz
(detuning) of 615 kHz, see Table 1. This detuning is caused

∗This work has partly been supported by the European Community,
contract numbers RII3-CT-2004-506008 (IA-SFS) and 011935 (EURO-
FEL), and by the ’Impuls- und Vernetzungsfonds’ of the Helmholtz Asso-
ciation, contract number VH-FZ-005.
† presenting author: anne.oppelt@desy.de

by the brazing and cannot be calculated. Thus, the gun was
mechanically tuned and the dimensions of the cells have
been corrected in the design of the next gun cavity.
Gun cavity prototype No.2 was nevertheless showing a
large detuning, probably due to the different copper quality.
The gun was used in the PITZ1 phase until Nov.2003 and
was installed at FLASH after a complete characterization
at PITZ [4] where it is in operation since February 2004.

Gun cavity prototype No. 1 2 3.1
Frequency detuning (kHz) 616 1207 632
Field flatness Ehalf/Efull 0.90 0.97 0.94
Mode spacing 0-π-mode (MHz) 5.3 5.2 5.2

Table 1: RF measurements results of all three existing
DESY cavities before tuning. The detuning was calculated
for an operation temperature of 43◦C under vacuum (mea-
surement at 23◦C in air).

The third gun cavity (prototype No.3.1) has been built in
2003. In order to avoid the complicated tuning procedure
that was necessary for the previous guns, the cell’s dimen-
sions have been corrected again. In addition, the gun has
special tuning knobs that allow modifying the resonance

Figure 1: Photograph of gun cavity prototype No.3.1.
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frequency by up to 300 kHz. However, after some first
rf measurements of the resonance frequency in September
2004, it became clear that the tuning knobs cannot be used:
the measured detuning was too large (Table 1).

TUNING OF THE NEW GUN CAVITY

In order to shift the frequency and to correct the field pro-
file, a new tuning device has been developed. It consists of
a stable girder on which the gun is placed, and two tools
for deforming the cavity walls: a tuning stamp for push-
ing the cathode wall at the cathode plane, and a tuning
clamp for pulling the coupler-facing wall of the full cell.
For frequency measurements a small tapered coupler has
been built by BESSY. Thus the system became much easi-
er to handle compared to the large and heavy coaxial cou-
pler used in the beamline installation. A bead pull setup for
field profil measurements can be easily mounted to the tu-
ning device. Figure 2 shows a photograph of the complete
setup.

Figure 2: Photograph of the tuning device with the gun
cavity, the BESSY test coupler, the bead pull setup, and the
tuning tools: the clamp (mounted) and the stamp.

In November 2005, the new tuning device was used for the
first time. Gun cavity No.3.1 was tuned in several con-
sequent steps. Each time the cavity walls were pushed

or pulled some ten microns and the deformation was sur-
veyed. The use of the tuning tools left partly visible sig-
natures in the material, but mostly not to recognize when
touching. Figure 3 shows an example of the marks from
both tuning tools.

Figure 3: Marks in the copper material from the tuning
stamp (left; a circular mark around the cathode hole) and
from the tuning clamp (right; two imprints in the coupler-
side wall).

As result of the tuning, the resonance frequency is reached
at the design operation temperature of 54◦C, while the
field flatness Ehalf/Efull was measured to be about 1.06,
see Figure 4. This means, the field at the cathode is 6%
higher than in the full cell. According to simulations, this
is a good compromise between high average accelerating
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Figure 4: Field distribution in the gun before (top) and after
(bottom) tuning. The cathode field is finally 6% higher than
the field in the full cell.
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gradient and maximum gradient at the cathode for space
charge compensation. The quality factor of the cavity was
also determined: Q0= 24200.
Using the new tuning device, the tuning procedure was very
smooth and comfortable. Therefore, it was decided to do
a re-tuning of cavity No.1 which was tuned in 2001 for an
operation temperature of 35◦C. But during the high power
tests in 2005 it was found that the lower temperature limit
of the cooling water system limits the reachable average
power at such a low operation temperature. The goal of the
tuning was thus to increase the operation temperature. As
a result of the re-tuning, an operation temperature of 50◦C
was obtained while keeping the field flatness constant at a
value of about 1.05.

DARK CURRENT STUDIES

After the tuning, the new gun cavity was installed in the
PITZ beamline and conditioned up to the full FLASH spe-
cifications: 3.5 MW peak power, 900 µs pulse duration,
and 10 Hz repetition rate, corresponding to an average
power of 31.5 kW [3].
Extensive dark current studies started in April 2006 and
continued during the summer. The measurements were
done for one Cs2Te cathode (used for beam operation in
2005 and 2006), and for four Mo cathodes (with optical
polished surface, used for gun conditioning). One of the
Mo cathodes (cathode 80.1) has a hole pattern on its sur-
face [5]. It was foreseen to serve for dark current gener-
ation studies but the corresponding pattern was not found
in the dark current images. An example of such an image
is displayed in Figure 5: it shows the YAG screen signal
of dark current emitted by this specially prepared cathode
80.1.

Figure 5: Dark current from cathode 80.1 on a YAG screen.

Figure 6 displays a photograph of the cathode 80.1 as well
as a picture of cathode 58.1 (Cs2Te).
Figure 7 shows the measured dark current level without
solenoid magnets (Imain = Ibucking = 0 A) as function
of the gradient at the cathode for two different guns: ca-
vity prototype No.2 (data from 2002) and cavity prototype
No.3.1 (data from 2006). For each gun, one distribution is
shown for Mo and one for Cs2Te. The dark current level

Figure 6: Topview of two of cathodes in the cathode cham-
ber: Mo cathode 80.1 with the special hole pattern (left)
and Cs2Te cathode 58.1 (right).

produced 2002 without magnets is higher than the currently
measured level. In order to understand the origin of this
difference - the cavity or the photo cathodes or both - more
detailed studies are necessary. One possible reason is a dif-
ference in the emitted dark current spectrum, as presented
in [3]. At fixed magnet settings it can lead to a different ef-
fective aperture (due to the gun itself, the coupler, and the
following beamline) and thus to a different detected dark
current level downstream the gun.
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Figure 7: Dark current without solenoids produced with
two gun cavities for different cathodes at PITZ.

Dark current measurements at different gradients have been
performed as function of the currents in the main and the
bucking solenoids. Examples for such 2D dark current
measurements are shown in Figure 8: the dark current emit-
ted by cathode 75.1 (Mo) was recorded for all combinations
of Imain and Ibucking at three different gradients.
Taking the maximum entry in such a 2D dark current distri-
bution, one obtains the maximum dark current level emitted
by a certain cathode at a defined gradient. Figure 9 shows
the resulting distribution for gun cavity No.3.1 with cath-
ode 53.1 (Mo) and cathode 58.1 (Cs2Te). In addition to the
data from 2006, an old result from the PITZ1 phase (spring
2003) when using gun cavity No.2 is drawn for compari-
son. The level of the emitted dark current is approximately
equal, at least for the Cs2Te cathode.
Finally, the maximum dark current of all Mo cathodes used
in gun cavity No.3.1 is shown in Figure 10. The maxi-
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Figure 8: 2D scans of dark current emitted by Mo cathode 75.1 for all combinations of Imain and Ibucking at different
gradients: 35 MV/m, 40 MV/m, and 3543 MV/m (from left to right). Note the different color coded scale.
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Figure 9: Maximum emitted dark current with two gun cav-
ities for different cathodes.

mum amount of dark current is comparable for the ana-
lyzed cathodes, even if the emitted spectrum was different,
as reported in [3].
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Figure 10: Maximum emitted dark current from the Mo
cathodes used in gun cavity No.3.1.

From all dark current studies done with the new gun cavity
it can be concluded that this cavity produces about the same
amount of dark current as the former used cavity (prototype
No.2). This means that there is no influence on the dark
current from the tuning marks which have been produced

by using the new tuning device. Therefore, the device can
be also used for the tuning of further new cavities which
are planned to be used at PITZ.
Nevertheless, the dark current level produced by the cath-
odes needs to be further decreased. In order to do so, more
detailed studies of the dark current emission are necessary
as well as improvements on the photo cathodes themselves.

SUMMARY AND OUTLOOK
A new gun cavity (prototype No.3.1) has been built, tuned,
and commissioned at PITZ. The results of the tuning and
extensive dark current measurements have been presented
in this paper. Comparisons with formerly taken data was
done. The gun is currently used for beam measurements at
PITZ. After its full characterization, it will be dismounted
from the beamline in autumn 2006 in order to be available
as spare gun for the FLASH user facility. For PITZ, a new
gun is currently in preparation (prototype No.3.2).
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DESIGN OF THE CAVITY BPM FOR FERMI@ELETTRA
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Abstract

High resolution Beam Position Monitors (BPM)
are fundamental diagnostics for a seeded FEL, like
FERMI@ELETTRA, as they allow to measure the electron
beam trajectory non destructively and on a shot-by shot ba-
sis. Cavity BPMs provide the required sub-micrometer res-
olution relying on the excitation of the TM110 dipole mode
when the beam passes through the cavity off axis. For the
seeded FEL FERMI, we adopted a pair of cavity BPMs
located upstream the modulating undulator to measure the
electron beam trajectory at the sub-micrometer level. In
this paper we first discuss the requirements for such a cav-
ity BPM including those for the beam based alignment.
The scaling from an X-band design to the final C-band de-
sign is presented. The resolution to stay below one mi-
crometer has been cross-checked, both analytically and nu-
merically. The losses of the common mode TM010 have
been also checked, leading to the final dimensions which
keep the losses at the level of the X-band cavity BPM.

INTRODUCTION

An accurate measurement of the transverse beam posi-
tion is an important issue throughout all the machine; in
the undulator sections, the position and angle of the elec-
tron beam at the entrance is a fundamental parameter to be
measured in order to match it to the seed laser trajectory to
maximise the interaction, laser to beam. In order to provide
the required single shot resolution for the position measure-
ment two cavity BPMs have been adopted in front of the
modulator. According to the FERMI layout based on two
undulator sections (FEL-1 and FEL-2), two pairs of cavity
BPMs will be located in front of each FEL. The design of
this cavity BPM is based on a previous development [1, 2].
It is a resonant pill-box cavity where the information on
beam position is encoded in the amplitude and phase vari-
ations of the dipole mode (TM110) with beam transverse
position, as measured on the two ports located on opposite
sides of the cavity. A scaling from X-band to C-band of
cavity BPM has been performed. We evaluated by means
of analytical and numerical models that the resolution at
C-band remains below 1 micron. In the scaling process
we paid attention at the losses in the common mode: the
new dimensions have been set to get same losses as for the
X-band common mode. Using previous analysis we have
fixed geometrical dimensions for a 3-D model of the cavity
BPM and coupling waveguide used to extract the signals
excited by electron bunch. Here we present results of the

∗paolo.craievich@elettra.trieste.it

simulations obtained by means of Microwave Studio 3-D
code [3].

BACKGROUND

The cavity BPM is essentially a pill-box cavity; the an-
alytical formulas for a cylindrical cavity with circular sec-
tion without beam pipe are an upper limit to estimate beam
losses and RF parameters. From a theoretical point of view
the energy losses experienced by a charge q when passing
through a cavity are: ΔU110 = q2k110x

2 and ΔU010 =
q2k010 for TM110 and TM010 modes respectively. The
loss factors are defined as k110 = (ω110/2)(R/Q)110 and
k010 = (ω010/2)(R/Q)010. ω110 and ω010 are the reso-
nant frequencies of dipole and monopole modes. The ratio
R over Q is defined for the two modes as:

(R

Q

)
110

=
|Vz(x)|2110

x22ω110U110
(1)

(R

Q

)
010

=
|Vz(x)|2010
2ω010U010

(2)

where |Vz(x)|2110 and |Vz(x)|2010 are the squared voltages
for each mode seen by a charge particle when it flies along
the longitudinal axis at some offset x (x=0 for monopole).
U110 and U010 are stored energy in cavity for the TM110

and TM010 modes respectively. The ratio R over Q of a
given mode can be also theoretically computed for a cavity
without beam pipe.

Dipole mode TM110

(R

Q

)
110

=
2LJ1(a11

b x)2T 2

πε0ω110b2J0(a11)2x2
(3)

where L is cavity gap, b is the cavity radius, ε0 is the per-
meability of the vacuum, J0 is the 0th order Bessel function
of the 1st kind, J1 is the 1st order Bessel function of the 1st

kind, with its first zero a11 = 3.832 and T is the transit time
factor defined by:

T =
sin

(
ω110L
2c0

)
ω110L
2c0

(4)

being c0 the speed of light. It is worthwhile to mention
that for small x, J1(a11

b x) ≈ a11
2b x; furthermore R over Q

and also k110 become independent from x. The loss factor
k110, as a function of the cavity gap L and of the resonant
frequency of TM110, is plotted in figure 1. In general for
a small cavity gap, the transit time factor T is almost equal
to 1, but from figure 1 we can see that in the X-band range
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and with a cavity gap longer than 15mm, approximately,
there is a reduction of the loss factor due to influence of T.
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Figure 1: Loss factor of the dipole mode TM110 versus
cavity gap L and resonant frequency.

Monopole mode TM010

(R

Q

)
010

=
LJ0(a01

b x)2T 2

πε0ω010b2J1(a01)2
(5)

where a01 = 2.405 is the first zero of the Bessel func-
tion J0 and T defined as above. For the monopole mode
the R over Q is calculated on longitudinal axis (x=0) where
J0(a01

b x) = 1. The loss factor k010 as a function of cavity
gap L and resonant frequency of TM010 is shown in figure
2. The energy lost in the TM010 mode produces undesir-
able wake fields and has to be minimized in the design.
We can see from figure 2 that, using a lower resonant fre-
quency, we can increase cavity gap L without increasing
the value of the loss factor.
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Figure 2: Loss factor of the monopole mode TM010 versus
cavity gap L and resonant frequency.

BPM RESOLUTION

As presented in [1, 2] it is possible to design the coupling
waveguide to selectively couple out to the TM110 mode
but not the TM010 mode. Without the contamination of the
monopole mode, the intrinsic BPM resolution is limited by
the signal to thermal noise ratio of the system. For a given
coupling coefficient, the external signal voltage on matched
impedance Z0 for a charge q is:

Vext = q

√
Z0

ω110

Qext
k110 x (6)

The thermal noise voltage of the BPM is given by N =√
Z0kTkΔf where k is the Boltzmann’s constant, Tk the

temperature in Kelvin and Δf = f110/Qext is the band-
width. The upper limit of resolution can be achieved when
the external signal Vext is equal to the thermal noise N for:

xmin =
1
q

√
kTk

2πk110
(7)

Assuming a charge q = 0.8nC and Tk = 300K, in
figure 3 we plot the BPM resolution with respect to the
resolution at X-band as a function of resonant frequency of
dipole mode TM110. As a reference case for an X-band
design we have assumed a pill-box cavity without beam
pipe, with gap length L = 3mm and cavity radius b =
14.7mm. In table 1 we report the parameters for the X-
band cavity used as reference.
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Figure 3: Resolution of the cavity BPM with respect to
the resolution of an X-band cavity BPM versus its resonant
frequency.

Table 1: Loss factors and resonant frequencies for X-band
cavity BPM without beam pipe used as reference.

f110 k110 xmin f010 k010

[GHz] [V/nC/mm2] [nm] [GHz] [V/nC]
12.4 49.7 0.14 7.8 907.6

THPPH025 Proceedings of FEL 2006, BESSY, Berlin, Germany

614 FEL Technology



SCALING OF THE CAVITY BPM

At X-band frequencies the mechanical tolerances are
more stringent than at lower frequencies. Considering also
the requirement on the minimum beam pipe radius, being
equal to about 10mm in the undulator region, we have
explored the achievable performance adopting a scaling
at frequencies lower than X-band. In fact, dipole mode
TM110 will be coupled away into the beam pipe if its
resonant frequency is higher than the lowest cut-off fre-
quency of the beam pipe. Assuming a beam pipe radius
of 10mm, the beam pipe cut-off frequencies are: 8.8GHz
and 11.5GHz, respectively for the TE11 and TM01 cir-
cular waveguide modes. Considering the available C-band
hardware together with the above motivations, a resonant
frequency of 6GHz (C-band) for the cavity BPM (radius
cavity b = 30.4mm) has been selected. From figure 3,
we can see that the resolution at C-band is still within an
acceptable range. Looking at figures 2 we can increase
the cavity gap up to about L = 10mm without increas-
ing losses in TM010 mode if compared to the losses in the
X-band cavity. Assuming a charge q = 0.8nC, at room
temperature, in table 2 are reported the parameters for C-
band BPM cavity.

Table 2: Loss factors and resonant frequencies for C-band
BPM cavity without beam pipe (cavity radius b = 30.4mm
and gap length L = 10mm).

f110 k110 xmin f010 k010

[GHz] [V/nC/mm2] [nm] [GHz] [V/nC]
6.0 8.3 0.35 3.8 684.9

C-BAND CAVITY BPM

Preliminary numerical simulations by means of CST
MWS[3] were done on a 3-D model with beam pipe to have
a comparison with previous analytical treatments. For 3-
D model we have adopted the following dimensions: b =
30.4mm, L = 10mm and beam pipe radius a = 10mm.
Table 3 shows results from analytical and numerical cal-
culations and we can observe that the analytical one with-
out beam pipe is a good estimation of cavity BPM with
beam pipe for both dipole and monopole modes. We have
adopted as waveguide the commercially available standard
WR137 with internal dimensions of 34.85×15.80mm2. To
couple this waveguide to the cavity we have left unchanged
the width while we have used a transition to 6mm for the
height. This standard works in the frequency range of
5.85-8.20 GHz thus we have fixed the resonant frequency
at 6.5GHz decreasing the radius of the cavity to 26.4mm.
Figure 4 shows the 3-D model of the C-band cavity BPM
where we can observe the waveguide transition to the stan-
dard WR137.

The external voltage in eq. 6 depends on Qext = Q0/β
where β is the coupling coefficient and Q0 = 8530 is the

Figure 4: C-band cavity BPM with its four coupling waveg-
uides and reference cavity.

Table 3: Comparison between numerical obtained by
means of CST MWS and analytical results for C-band
BPM.

analytical numerical unit
f110 6.0 5.7 [GHz]

(R/Q)110 0.44 0.39 [Ω/mm2]
k110 8.3 7.0 [V/nC/mm2]
Q0 8400
f010 3.8 4.0 [GHz]
k010 685 523 [V/nC]

unloaded Q factor of the cavity with new dimensions. Fig-
ure 5 shows the dipole Qext as a function of the distance
between beam axis and bottom of the waveguide.
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Figure 5: Qext of the dipole mode as a function of distance
of the bottom of waveguide to beam axis.

The waveguide is always under coupled to the cavity and
for distance below 13 mm the Qext remains about constant.
We have fixed the distance between waveguide and beam
axis at 12 mm thus β = 0.1 and Qext = 10500. In this
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situation we only have a loss of 0.9 dB in the external volt-
age with respect to a critical coupling β = 1. In figure 4
the reference cavity is also indicated. The cavity will be
used to provide the reference signal in the RF electronics
and is designed to resonate at 6.5 GHz approximately with
TM010 mode. The external coupling is foreseen by means
of an antenna placed on the cavity lateral side.

A prototype C-band cavity BPM is being designed and
cold test are foreseen. Table 4 shows dimensional and RF
parameters of the C-band and reference cavity prototypes.
From the mechanical point of view, we are faced with some
challenges. First of all the required machining tolerance
was fixed to ±10μm for cavities, waveguides and their rel-
ative positioning. An important item is to decide how to
build the BPM and reference cavities from bulk copper.
One idea is to divide in two parts the whole geometry along
the longitudinal symmetrical plane. The first part consists
of half cavity together with waveguides, as shown in fig-
ure 6 [4], and second part consists of the other half cav-
ity without waveguides. Both parts will be milled with the
profile of the cavity and waveguides and subsequently the
beam pipes, cavity and waveguides are brazed together. So
the challenge concerns the brazing process and in partic-
ular to find the best brazing material. During the process
it is important not to pollute the copper nor to deform the
construct. This last item must be investigated through ad-
ditional numerical simulations.

Table 4: Collections of the dimensional and RF parameters
of the C-band cavity BPM and reference cavity.

C-band cavity BPM
Cavity gap 10mm
Cavity radius 26.4mm
Beam pipe radius 10mm
Coupling WG 34.85 × 6mm2

Distance WG to beam axis 12mm
WG standard WR137
Resonant frequency 6.5GHz
Unloaded Q factor 8530
External Q 10500
Coupling coefficient 0.1

Reference cavity
Cavity gap 10mm
Cavity radius 17.6mm

CONCLUSION

In this paper we have explored a possible scaling of the
cavity BPM presented in [1, 2]. For our considerations, we
have used a model of a pill-box without beam pipe and have
shown that a scaling from X-band to C-band frequencies is
possible without loss of resolution. In addition, we have
done simulations on a 3-D model to validate the analytical
treatment and we have analyzed the position of the cou-
pling waveguide to the cavity. These studies have allowed

Figure 6: Preliminary technical drawing of the cavity
BPM [4].

fixing dimensional parameters for a C-band prototype of
the cavity BPM.

REFERENCES

[1] R. Johnson et al., “Cavity BPMs for NLC”, BIW 2002, Up-
ton, NY, May 2002.

[2] Z. Li et al., “An X-band Cavity for a high precision beam
position monitor”, DIPAC 2003, Mainz, Germany, May 2003.

[3] CST Microwave Studio, http://www.cst.de.

[4] Cinel Strumenti Scientifici, http://www.cinel.com.

THPPH025 Proceedings of FEL 2006, BESSY, Berlin, Germany

616 FEL Technology



DESIGN OF A TWO-STAGE LASER PULSE SHAPING SYSTEM 
FOR FEL PHOTOINJECTORS∗

M. B. Danailov, A. Demidovich, R. Ivanov (ELETTRA, Basovizza, Trieste).

Abstract
This paper presents an approach for photoinjector laser

pulse  shaping  which  combines  the  two  main  pulse
shaping techniques, namely acousto-optic dispersive filter
(DAZZLER)  and  Fourier-based  4-f  system.  The
DAZZLER  is  inserted  between  the  seed  mode-locked
oscillator  and the amplifier  and  is  used for  preliminary
shaping in the infrared, while  the final  pulse shape and
duration  are  determined  by  a  4-f  dispersive  system
positioned after the harmonic conversion to UV. 

INTRODUCTION
Temporal  pulse shaping is one of the most  important

requirements  to  photoinjector  lasers  needed  in  the
majority  of  FEL  projects.  The  laser  pulses  commonly
requested for excitation of the photocathode are in the UV
(around 260 nm) and have flat-top shape of duration in
the 5-10 ps range. Recently, more complex pulse shapes
like  ramps  have  been  shown  to  be  advantageous  and
proposed  for  implementation  [1,3],  indicating  that  the
pulse shaping scheme must offer flexibility in generating
different  shapes.  In  principle,  there  are  two  main
ultrashort  pulse  shaping  techniques,  namely  4-f  type
Fourie  shaping  [4]  and  acousto-optic  dispersive
modulator (DAZZLER) based [5] shaping. As it will be
shown below, the use of one of these only is unlikely to
allow  reaching  the  required  performance.  The  main
complication comes from the fact, that the pulse shape is
needed in the UV, and the required pulse energy is quite
high,  while  pulse  shaping  is  easy  to  do  at  low  pulse
energy  in  the  IR.  In  the  paper  we  describe  a  hybrid
scheme  proposed  for  the  FERMI  photoinjector,  which
utilizes both methods, one in the  infrared and the other in
UV.  The  paper  starts  with  brief  introduction  to  the
ultrashort  pulse  shaping  basics  and  notation,  which  is
important  for  understanding  the  analysis  and  results
presented  later  on.   The  specific  problems  related  to
photoinjector laser pulse shaping and the proposed optical
scheme  are  discussed  in  the  next  section,  followed  by
simulations and preliminary experimental results of flat-
top and increasing ramp pulse generation.

PULSE SHAPING BASICS
As mentioned above, there are different laser pulse shapes
that can be used to optimize the photoinjector (and overall
FEL) performance. Here we will mostly refer to two of
them, namely flat-top and increasing ramp, however the
techniques used allow in principle to generate any desired
pulse shape. To make the discussion of the pulse shaping

schemes  clearer,  we  will  very  briefly  introduce  some
basics of the pulse shaping theory. 

Assuming that the light field can be factorized into spatial
and time dependent part, the electric field of the latter can
be written as: 

E(t)=1/2 [I(t)]1/2 exp{i[ω0t-ϕ(t)]}+ c.c. ,  (1)

where ω0 is the central frequency , I(t)1/2  and ϕ (t) are the
time  dependent   temporal  amplitude  and  phase.  For
simplicity in the following equations the c.c. part will be
omitted. The quantity  

E(t)= I(t)1/2 exp[-iϕ(t)]                              (2)

is  referred  to  as  the  complex  amplitude  in  the  time
domain.  In the frequency domain, the pulse field can be
represented in a similar manner: 

 E(ω)=1/2 [S(ω)]1/2 exp[-iψ(ω)] ,                  (3)
where S(ω) is the spectral intensity of the light pulse.  As
it  is  known,  the  time  and  frequency  domain  field
representations are linked by a Fourier transform relation:

 E(t)=(1/2π) ∫
∞

∞−
E(ω)exp (iωt) dω (4).

Most  of  the  known  methods  for  shaping  of  ultrashort
pulses  are  based  on  this  relation,  they  implement
manipulation  of the spectral amplitude or phase (or both)
of  the  pulse,  which  in  turn  leads  to  the  required
modulation  in the time domain. The output pulse shape is
given  by  the  convolution  of  the  input  pulse  and  the
impulse response function of the modulating function:

Eout(t)= ∫
∞

∞−
Ein(t`)h(t-t`) dt` , (5)

where h(t) can be calculated from its complex frequency
transfer function by: 

h(t)=(1/2π) ∫
∞

∞−
M(ω)exp (iωt) dω. (6)

The  complex  transmission  function  M(ω)  can  be
presented as: 

M(ω)=[MI(ω)]1/2 exp[-iΦ(ω)]    ,                                    (7)

and  the  phase  transmission  is  commonly  expanded  in
Taylor series : 

Φ(ω)=Φ(ω0)+Φ(1)Δω+(1/2!)Φ(2)Δω2+
+(1/3!)Φ(3)Δω3+…                                              

       (8)
____________________________________________
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where  Φ(i) is the i-th derivative of the phase evaluated at
ω0 and are usually called i-th order dispersion. While the
first and second terms in (9) represent only a constant and
an overall  time  shift  of  the pulse,  the  third  and higher
order terms may lead to significant pulse shape changes
even  if  the  spectral  amplitude   [MI(ω)]1/2 remains
constant.  In  principle,  if  one  could  design  a  frequency
filter  with  a  prescribed  optical  frequency  transmission
function,  any  desired  pulse  shape  (with  temporal
resolution limited by the inverse bandwidth of the input
pulse  Ein(t))  can  be  generated.  In  reality,  it  is  quite
difficult to produce optical filters with complex frequency
transmission  functions  defined  with  high  precision.  As
will be shown later, some specific shapes, like flat-tops,
however,  can be produced by use of interference filter. 
The  first  technique  which  solves  in  a  general  way  the
pulse shaping has been known for more than a decade [4]
: the spectral components of the input pulse are spatially
separated by a dispersive element (e.g. diffraction grating)
, and then manipulated in the spatial domain by using a
modulator with  spatially dependent  transmission,  placed
in the Fourier (focal) plane of a lens, as shown on Fig.1.
A second lens and grating recollimated the pulse spectral
components,  so  the  output  pulse  has  again  a  spatially
independent  pulse  shape  that  can  be  calculated  using
Eq.6.  By proper  choice  of  the  modulator  the  technique
allows to use both amplitude and phase modulation. It is
worth noting that large second order phase terms (i.e large
linear  chirp)  can  be  produced  even  without  the  use  of
modulator in this scheme, by just shifting the grating with
respect to the focal plane of the lens.   

Figure 1: 4-f Fourier shaping system 

A newer and very powerful technique for pulse shaping is
the so called DAZZLER introduced by P.Tournois [5] and
commercially  available  from  Fastlite  (France).  In  this
method, also based on Eq.6, the spectral components are
not  separated  spatially,  the  optical  pulse  travels  in  an
acousto-optic  modulator  where  a  longitudinal  acoustic
wave is present. By shaping the acoustic wave frequency
and  amplitude,  the  spectral  components  of  the  optical
pulse are diffracted out of the crystal at different positions
(and  therefore  with  different  delay)  and  with  different
efficiency. In this way, the  deviated part of the incoming
pulse can be time modulated with very good precision. 

DISCUSSION 
The  basic  gun  laser  specs  in  the  case  of  Copper
photocathode  are  relatively  well  agreed.  It  is  usually
accepted  that  about  0.5  mJ  of  pulse  energy  in  the  UV
(wavelength around 260 nm) has to be provided in order
to obtain about 1 nC of charge. 
Both  techniques  presented  above  allow  in  principle  to
obtain  pulses  with  the  required  shape  for  the
photoinjector.  When  flat-top  is  concerned,  some
experimental results with Dazzler have been presented in
[6].The Dazzler has the obvious advantage of flexibility
and  compactness.  It  is  provided  with  computer  control
allowing both amplitude and phase modulation. However,
it has the following limitations:
- wavelength resolution of the high resolution model  is
about 0.3 nm. For this reason the bandwidth of the input
pulse should be about 10 nm or higher in order to obtain
high fidelity amplitude shaping; 
-if  a  single  pass  is  used,  the  maximum  second  order
dispersion that can be provided by the Dazzler allows to
generate pulses of up to 4 ps, which is not enough in most
cases. A two pass geometry can be used  for having ~10
ps long pulses,  however in this case the insertion loss ,
even  at  maximum  diffraction  efficiency,  is  above  90%
which  does not seem to be practical;
-the Dazzler can be used only in IR. Fastlite announced
recently a UV version, however it is not suitable for the
task  considered  here  (allowed  power  levels  and
wavelength resolution can not be met) 
-  maximum  peak  power  limitation   in  the  IR does  not
allow  to  use  the  Dazzler  after  the  amplifier.  For  this
reason it has to be placed between the seed oscillator and
laser amplifier.
   On the other hand, the 4-f based shaping can be used
directly in UV, if a proper modulator is found. At present,
the only available option is a piezo-deformable mirror [7]
with  a dielectric coating.  Liquid crystal  modulators like
are only available down to 350 nm, which is not enough
for our photoinjector case. There are two main limitations
to be taken into account: 
- the use of deformable mirror allows to obtain only phase
modulation 
- the obtainable phase curvature is limited by the limit of
about 8 micron for maximum mirror deformation, so the
deformable mirror alone will not be enough for obtaining
large phase gradients,  it can rather be used as a tool for
compensating slow phase curvature errors.

PROPOSED LAYOUT  
Fig.2  presents  a  layout  of  the  hybrid  shaping  setup
proposed for the FERMI photoinjector. Input seed pulses
with a bandwidth of about 12 nm at 780 nm are generated
by a mode-locked Ti:Sapphire laser. The IR pulse shaping
is  done  by  a  DAZZLER  inserted  before  the  amplifier
stages.  The  Dazzler  is  implemented  primarily  for
producing  the  desired  spectral  amplitude  shape  (e.g.
super-gaussian like) , and in addition for compensation of 

f f f f

M(x)x
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Figure 2: Proposed two-step shaping setup 

third-order  phase  distortions    due  to  the  grating
compressor of the amplifier.  Usually this compressor is
used for exact  compensation of the chirp introduced by
the stretcher.  In our scheme it is also used for adding a
second  order  dispersion  by  detuning  with  respect  to
maximum  compression  point.   In  this  way,  the  pulse
duration  at  the   entrance  at  the  harmonic  generation
crystals  can  be  adjusted  to  an  optimum  value  which
allows  to  have high enough harmonic efficiency while
still  keeping high order nonlinear effects (e.g. self-phase
modulation)  at  low.  Such  a  safe  peak  power  level  is
reported to be in the order of 10-20 GW/cm2 for BBO.
We note that our approach gives an additional degree of
freedom for adjusting this level.  
The final pulse duration and shape is then controlled by a
dispersion based system working in the UV. Two version
of this system are under consideration. The simpler one is
just a two-pass grating stretcher used for adding a second-
order phase needed to obtain the exact pulse duration (see
the simulation later on). This version will be used in case
the DAZZLER alone allows good enough compensation
of all phase distortions.  If it  appears that an additional
high  order  spectral  phase  compensation  is  needed after
the harmonic generation, the UV shaping will include also
a deformable mirror in a modified 4-f arrangement.
In  order  to  illustrate  better  the  described  scheme,   on
Figs.3 and 4  we present the results of a simple simulation

Figure 3:  Input  spectrum for the simulation (blue dots)
and modulated spectrum after Dazzler (red solid line).

Figure  4:  Pulse  profiles  after  compressor  in  the  IR(red
solid line), after THG (blue dots), after UV stretcher (blue
solid).

of  pulseshaping  which  generates  the  pulse  shape
(increasing ramp) requested for the FERMI ‘long bunch
case’ [3].  
The simulation is done starting with a transform-limited
Gaussian  pulse  at  800  nm  having  12  nm  of  FWHM
bandwidth  (dashed  blue  line  on  Fig.3).  The  spectrum
shown in red line is obtained after amplitude filtering  by
the  Dazzler.  In  addition,  it  is  assumed  that  the  latter
completely  compensates  the  residual  third-order
dispersion of the system. The pulse shape shown by blue
line on Fig.4 corresponds to the amplifier output, where a
second  order  dispersion  of  about  60000  fs2 has  been
introduced  by detuning the compressor.  Assuming  that
the third harmonic generation is performed in sufficiently
thin  BBO  crystals  ,  so  GVM  and  spectral  acceptance
effects can be neglected, the UV pulse shape (dashed blue
line) is proportional to the third power of the IR one. The
final  shape  and  duration,  shown  by solid  blue  line  are
obtained  by  adding  only  an  additional  second  order
dispersion from the  UV grating stretcher.  We note  that
this  stretcher  will  inevitably  add  also  a  third  order
dispersion term on the order of 100 000 fs3 , which is in
principle  possible  to  compensate  in  advance  by  the
Dazzler,  so  it  has  not  been taken into  account  into  the
above presented simulation. As mentioned above, in case
the  DAZZLER  compensation  is  not  sufficient  the  odd
dispersion  terms  will  be  cancelled  by  the  use  of
deformable mirror.  

Pulse shape control
phase
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PRELIMINARY EXPERIMENTAL
RESULTS  

Most  of  the  components  of  the  above  presented  setup
have already been tested at Elettra. Here we will briefly
summarise some of the results. The DAZZLER has been
installed  and  tested  using  a  femtosecond  Ti:Sapphire
oscillator  at  780  nm.  On  Figure  5,  two  typical  flattop
pulse  shapes  are  presented:   phase  only  polynomial
modulation  (blue  line)  and  amplitude  super-gaussian
modulation.  In  both cases,  the  pulses  were  additionally
stretched  by  the  use  of  grating  stretcher.  The  pulse
measurement  is  done  by  cross-correlating  the  shaped
pulse with a part of the input 100 fs long pulse. 

Figure 5: Flat-top pulses generated by the Dazzler; blue
line: phase modulation, red line: amplitude modulation  

It is important to mention here that the fact that amplitude
filtering  plus  stretcher  added  second  order  dispersion
works  well   indicates  a simpler  method.  The amplitude
filtering can be performed by the use of an interference
filter.  Indeed,  we  demonstrated  this  by  the  use  of  a
commercial filter (Spectrogon), centered at 780 nm. There

Figure  6:  Flat-top  pulse  generated  by  the  use  of
interference filter as an amplitude filter.  

Figure 7: Increasing ramp generated by the Dazzler with
pure amplitude modulation

is some freedom to detune  the filter  transmission curve
position and shape by tilting and to obtain a nearly perfect
super-Gaussian spectrum. As a result, after stretching , a
flat-top pulse can also be obtained, as shown on Fig.6.The
price to pay for the simplicity is that there is no control on
phase,  this  might  not  be  a  problem   if  the  UV  part
contains the deformable mirror.
On Fig. 7 we show a ramp type pulse profile [3]  obtained
on  the  same  setup  by  using  the  Dazzler  in  amplitude
modulation  mode.  We  note  that  the  cross-correlator
scanning in this setup was starting from the back of the
pulse, so the pulse front is on the right of graph and the
ramp is increasing, as requested. 

CONCLUSIONS 
The setup  described  above  is  in  principle  capable of

producing arbitrary pulse shapes in UV, especially in the
version  containing  deformable  mirror.  The  two   basic
techniques  have  been  already  tested  at  low  power  at
Elettra, and a high energy version including the UV part
is to be completed and tested in a few months time. There
is still some freedom to choose the exact system and laser
pulse  parameters  in order  to obtain  the  required shapes
with high fidelity. 
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RAMPING LONGITUDINAL DISTRIBUTION STUDIES FOR THE
FERMI@ELETTRA INJECTOR

G. Penco∗, M.Trovò, Sincrotrone Trieste, Trieste, Italy
Steven M. Lidia, LBNL, Berkeley, California, USA.

Abstract

In the FERMI Linac optimization studies it comes out
the request to have at the exit of the photoinjector a linear
ramp in the current distribution along the bunch as alterna-
tive option with respect to the flat-top. This requirement is
translated in the photoinjector optimization in a big issue.
In fact the longitudinal bunch profile at the exit of the pho-
toinjector is affected by the strong non linearity of the space
charge fields at the cathode and in the drift between the gun
and the first booster. The knowledge of the space charge
fields at the cathode plays in important role in finding the
optimum driven laser pulse shape. At this purpose an ana-
lytical description of the space charge fields produced by a
bunch with an arbitrary current distribution at the cathode
is provided. Space charge codes (GPT [1] and ASTRA [2])
have been used to evaluate the evolution of several ramping
profiles from the cathode to the entrance of the first booster
and the results are presented in this paper.

INTRODUCTION

In the optimization of the high brightness RF photoin-
jector a great effort is usually spent to produce an electron
bunch as much as possible uniformly charged distributed.
This is a precise requirement coming from the optimiza-
tion of the emittance compensation in the injector and in
the bunch transport through the linac, especially in pres-
ence of bunch compressors. By the other hand it has been
demonstrated that the strong non-linearity of the linac sec-
tions longitudinal wakefields can be compensated by pro-
viding at the exit of the photoinjector a linear ramping elec-
trons distribution instead of a flat top [3]. This requirement
translates to the photoinjector optimization as a large per-
turbation due to the strong nonlinearity of the space charge
fields at the cathode and in the drift between the gun and the
first booster. To produce a ramped current bunch, a special
initial profile has to be found that evolves along the injector
to produce the final desired shape.

LONGITUDINAL SPACE CHARGE FIELD
ON AXIS

In order to solve this problem, the longitudinal space
charge fields on axis at the cathode was investigated, since
it is mainly responsible for blowing out the particles, espe-
cially in case of high peak current. In case of a uniformly

∗giuseppe.penco@elettra.trieste.it

charged bunch the longitudinal space charge field on axis,
inside and outside the bunch, at a distance z from the bunch
tail is given by the following equation [4]:

ESC
z (z) =

Q

2πε0R2
H(z) (1)

where H(z) is

H(z) =

√(
1 − z

L

)2

+
(

R

γL

)2

−
√( z

L

)2

+
(

R

γL

)2

−
∣∣∣1 − z

L

∣∣∣ +
∣∣∣ z

L

∣∣∣ (2)

and Q is the total bunch charge, L the bunch length, R the
bunch radius. For simplicity γ = 1 is assumed.
As example the figure 1 shows the field ESC

z (z) versus z
(normalized with respect to the bunch length L) for a nom-
inal 1nC bunch, with a radius of 1mm and a bunch length
of 3mm. The flat-top current distribution at the cathode is
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Figure 1: Longitudinal space charge field on axis of a
bunch just extracted from the cathode; Q=1nC, R=1mm,
L=3mm

deformed by this space charge field into a parabolic distrib-
ution after several centimeters, suggesting that a linear cur-
rent distribution would suffer a strong degradation before
entering into the relativistic regime. Thus the drive laser
pulse should be shaped according to a non-linear distrib-
ution pattern. Eq.(1) has been generalized for an arbitrary
longitudinal current density distribution ρ(z) at the cathode
[5], obtaining:

ESC
z (z) =

∫ L

0

dz′
ρ(z′)
2ε0

[
z′ − z√

(z′ − z)2 + R2
−

|z′ − z|
z′ − z

]
(3)
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Eq.(3) represents a useful analytical instrument to
quickly predict the evolution and distortion of an arbitrary
current profile. For example figure 2 shows the longitu-
dinal space charge field on axis inside a bunch with re-
spectively a linear and a quadratic ramping in the current
distribution (image charge not included). Electrons in the
high charge density region are pushed backwards during
the bunch propagation because of the strong repulsive elec-
tric field and this modifies the starting bunch profile.
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Figure 2: Longitudinal space charge field on axis of a linear
(a) and parabolic (b) ramping charged bunch just extracted
from the cathode having different radius; Q=1nC, L=3mm.
Cathode plate is in z=0.

Figure 2a shows that a linear ramp charge distribution
samples an almost quadratic longitudinal space charge field
(Figure 2a). Thus one can easily expect a large deteriora-
tion of the initial ramping current profile while propagating
through the injector. Multiparticles codes trackings of lin-
ear ramp profiles similar to figure 2a have confirmed the
expectation and figure 3 shows the bunch current profile
at the exit of the injector: the initial linear ramp has been
destroyed and the bunch presents a parabolic-like charge
distribution.
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Figure 3: Resulting profile at the exit of the injector in case
of an 800pC-bunch with a linear ramp at the cathode.

Also a quadratic ramp, like Figure 2b, is strongly mod-
ified during the transport between the cathode and the first
booster section, but the linearity of the space charge field
at least in the middle of the bunch helps in preserving the
linear ramp in about 70% of the bunch (see Figure 4).
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Figure 4: Resulting profile at the exit of the injector in case
of an 800pC-bunch with a quadratic ramp at the cathode as
Figure 2b.

Several initial current distributions have been studied in
order to find the best one which linearizes as much as pos-
sible the space charge field experienced by electrons within
the bunch and which evolves into the desired longitudinal
profile. A fourth-degree polynomial distribution (see Fig-
ure 5) has been found to be an interesting solution that of-
fers flexibility in compensating the high orders contribu-
tions of the space charge field and that increases the bunch
fraction sampling a linear space charge field.
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Figure 5: A fourth-degree polynomial distribution at the
cathode (a) and at the end of the photoinjector (b).

The current distribution plotted in Figure 5a has been
considered as the baseline ramping distribution for the
medium bunch case assuming a large efficiency in the laser
pulse shaping process [6]. However in a conservative sce-
nario even a quadratic distribution could be used without
severe drawbacks.

A large charge density close to the cathode surface in-
creases the image charge field and this should be consid-
ered in the generation of a ramping charge distribution. The
effect of the image charge at the cathode can be easily in-
cluded by adding the field ESC

z (−z) to the formula 3.
As example the space charge field with and without the im-
age charges effects in case of a parabolic ramping charged
bunch is shown in figure 6: the electrons close to the cath-
ode sample a space charge field two times the value ob-
tained without considering the image charges. In the op-
timization process and in the multiparticles trackings the
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image charge effects have been included.
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Figure 6: Comparison between the Longitudinal space
charge field on axis with (continuous line) and without
(dashed line) the image charges effects; Q=1nC, L=3mm

EMITTANCE COMPENSATION AND
OPTICS MATCHING ISSUES

Because of the non-uniform charge distribution of the
ramping regime, it is very difficult to find an injector pa-
rameter set-up that completely satisfies the invariant enve-
lope equation, performing perfect emittance compensation
for all slices. Since each slice contains a different amount
of charge, each slice evolves in a particular and unique way
in the gun-booster drift when the injector parameters are
fixed. In order to minimize the projected emittance at the
end of the injector an average parameters setting should be
found, taking in account also the slice parameters behav-
ior along the bunch. Studies were carried on by tracking
several initial laser shapes with GPT and ASTRA. A cru-
cial role has been played by the coefficients of the quadratic
ramp chosen at the cathode. For example an attractive solu-
tion is to consider a quadratic profile with “double peaks”,
as showed in figure 7a. The small peak electrons are pushed
forwards by the space charge field and this partially com-
pensates the backwards spreading of the high peak elec-
trons, increasing the linearity and the width of the ramp-
ing fraction of the bunch (figure 7b). In addition the head
of the bunch presents a hard edge, instead of a smoothing
falling edge. By the other hand, finding the optimum fo-
cusing condition is an issue in this case. In fact in order to
compensate the emittance contribution of the high charge
fraction of the bunch, the solenoid strength has been in-
creased, leading to an overfocusing of the bunch core and
head, as showed in the top view of figure 8.

Figure 9 shows the slice analysis concerning the emit-
tance and the Twiss parameters for this case. The over-
focused electrons in the middle of the bunch have even
a higher slice emittance, around 1.4mm mrad. This ove-
focusing has consequences also in the optics parameters:
Twiss parameters suffer a very large oscillation slice by
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Figure 7: The “double peaks” charge distribution at the
cathode (a) and at the end of the potoinjector (b).

Figure 8: Top view of the evolved “double peaks” option.
The initial charge distribution is translated into a transver-
sal charge density.

slice. These modulations in α and β affect not only the
matching with the linac optics, but they can be even sources
of microbunching instabilities when the bunch propagates
through the chicanes, leading finally to enlarge the band-
width of the FEL output radiation [7]. A different result is
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Figure 9: Slice analysis of the emittance, αX and βX para-
meters for the double peaks solution.

obtained starting with a profile similar to figure 5a, which
presents at the end of the injector a trasversal distribution
showed in figure 10. The slice analysis have been per-
formed as well and the results are reported in figure 11. In
this case the slice emittance has a ramping behavior very
similar to the ramp in the charge distribution, and no bunch
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Figure 10: Top view of the evolved profile of figure 5a.

fraction is overfocused. By the way in correspondence of
the high charge density the space charge field leads to in-
crease the transversal dimension, as showed in the plot in-
side of figure 11. Also the slice β and α functions are very
high in correspondence to the high charge density, but they
are quite constant in the remainder bunch fraction and this
constitutes a great improvement for the linac matching
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Figure 11: Slice analysis of the emittance, αX and βX pa-
rameters for the propagated bunch of figure 5a.

CONCLUSION

The linac requirement to have a bunch with a linear cur-
rent ramp at the injector exit has been translated in studying
the best current distribution at the cathode that evolves in
the desired profile. An analytical description of the longitu-
dinal space charge field on axis helps in predicting the evo-
lution of an arbitrary current ramp before running the mul-
tiparticles space-charge codes. A quadratic current ramp at
the cathode constitutes a good option to have at the end of
the injector a reasonable large ramping bunch fraction.
Emittance compensation scheme has been showed to be an
issue since each slice evolves in an unique way. Optimiza-
tion of the injector parameters has to aim not only to min-
imize the projected emittance, but also to avoid overfocus-
ing and slice emittance blowing-up, paying attention also

to the behavior of the slice optics parameters. In fact track-
ing results have revealed that large modulation of the slice
α and β functions can be an issue in the bunch propaga-
tion through the linac chicanes. Finally great attention has
to be paid in the choice of the coefficients of the quadratic
ramp, in order to reach the best compromise between the
achievement of the linear ramp at the end of the injector
and emittance and optics functions slice behavior.
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[2] K. Flöttman, ASTRA User’s Manual,
https://www.desy.de/˜mpyflo/Astra dokumentation.

[3] A.Zholents at al., “Study of the electron beam dynamics
in the FERMI@ELETTRA linac”, Proc. of the EPAC 2006
Conf., Edimburgh (GB).

[4] M.Ferrario et alter, “HOMDYN Study for the LCLS RF
Photo-Injector”, LCLS-TN-00-04.

[5] G. Penco, “Longitudinal Space Charge Field at the Cathode
In Case of a Non Uniform Bunch”, ST/F-TN-06/03 (2006).
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FURTHER STUDIES IN THE FERMI@ELETTRA PHOTOINJECTOR
OPTIMIZATION

M. Trovò∗, G. Penco, Sincrotrone Trieste, Trieste, Italy
S. M. Lidia, LBNL, Berkeley, California

Abstract

In the framework of the FERMI@elettra project we
are presently studying an electron beam configuration sat-
isfying the bunch energy distribution requirements com-
ing from the FEL photon production system. The
multi-particle tracking results concerning the photoinjec-
tor, which include the RF gun and the first two accelerating
sections, are presented in this paper. We describe two pos-
sible electron bunch configurations which satisfy the FEL
operation modes. Both injector configurations match the
linac requirements for a ’ramped’ current profile at the exit
of the photoinjector. Sensitivity studies and time and en-
ergy jitter estimations are presented for both cases.

INTRODUCTION

Several configurations of the electron bunch deliv-
ered to the undulator chain by the linac accelerator have
been considered in the optimization study process for
the FERMI@elettra project. After considerations of per-
formance optimization in the remainder of the FERMI
linac [1], a new type of laser excitation at the photocathode,
consisting in a ramped current distribution, is proposed.
In particular, the linac studies show that the accelerating
structure wakefield and chicane CSR effects require an ini-
tial electron beam distribution with a quasi-linear head-tail
ramp in the instantaneous current in order to produce a
’flat-flat’ beam profile (i.e. uniform in current and energy)
at the entrance of the FEL undulators. This linac require-
ment translates to photoinjector in the problem of finding a
special laser shape that extracts from the cathode a bunch
that evolves along the gun machine section (mainly a drift
at low energy), producing the desired output profile. In this
paper two possible ’ramped’ bunch solutions are presented.
These two FERMI photoinjector configurations are suitable
for the machine operation in the so called medium and long
bunch modes [2].

PHOTOINJECTOR CONFIGURATIONS

For the FERMI@elettra project two machine operat-
ing modes are proposed that provide at the undulator en-
trance two different bunches in term of length and peak
current [3]. These two mode require the gun to provide
two different beams, presented in Table 1. To produce a

∗mauro.trovo@elettra.trieste.it

Parameters Medium Long
E 95 MeV 95 MeV
Q 800 pC 1 nC

Ipeak A 80 A 100 A
Lb (FWHM) 8 ps 10 ps

εproj. <1.5 μ m 1.5 μm
εslice <1.0 μm <1.0 μm

σE (uncorr.) <2 keV <2 keV

Table 1: Main beam parameters required at the exit of in-
jector in the two studied configurations.

quasi-linear head-tail current ramp in the bunch an uncon-
ventional shape of the laser pulse has to be introduced. In
the simulations performed so far a transverse cylindrical
distribution (top hat with 1mm edge radius) has been used
while a time-varying intensity is used to produce the varia-
tion in instantaneous current along the bunch. This particu-
lar shaping is achievable with the appropriate design of the
drive laser optical system [4].

Medium bunch case

The first case (so called medium bunch case) requires
from the photoinjector a bunch charge of 800pC and a cur-
rent profile, in the ramped part, with a length of about 8ps.
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Figure 1: Longitudinal laser pulse shape: temporal inten-
sity modulation.

Figure 1 shows the shape chosen for laser pulse inten-
sity [2]. The curve is a Fermi-edge (with 7ps FWHM, 0.5ps
of rise/fall time) multiplied by a polynomial (0.26 + 0.05 ·
t+0.012 · t2 +0.008 · t3 +0.0019 · t4). A bunch generated
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by such a laser pulse propagates in the FERMI Gun ma-
chine section producing the output current profile shown in
Figure 2.
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Figure 2: Current profile of the output bunch (head on the
left).

Because of the highly non-linear charge distribution of
the ramped profile, it is difficult to find an injector pa-
rameter configuration that completely satisfies the invariant
envelope equation, performing perfect emittance compen-
sation for all slices. Since each slice contains a different
amount of charge, it evolves in a particular and unique way
in the gun drift. Thus an average setting has been found
that minimizes the projected emittance at the exit of the
photoinjector (see Figure 3), which reaches 1.39 mm mrad.
In the core 80% of the bunch particles the emittance is re-
duced to 1.21 mm mrad.
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Figure 3: Transverse normalized emittance, radial spot di-
mension and energy along the photoinjector beamline for
the medium bunch regime.

The slice analysis of the bunch at the injector exit, see
Figure 4, shows that the slice emittance is affected by the
current ramp and presents an head-tail increase from 0.7 up
to 1.1 mm mrad.

Long bunch case

The second, or “long bunch”, case represents the config-
uration with higher bunch charge (1 nC) and longer drive
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Figure 4: Slice emittance and slice energy spread at the in-
jector exit for the medium bunch case calculated at the exit
of the photoinjector machine section. Plot inside: Longitu-
dinal phase space. Bunch head is to the left.

laser pulse. Figure 5 shows the laser shape chosen for the
long case. The curve has FWHM of 10ps and the slope is
driven by polynomial as 35 + 10 · t + 1.5 · t2. The output
current profile is also shown and it reaches a peak current
of 100 A. The useful bunch part (from head to the current
drop) is about 10ps and this satisfies the linac requirements
(Table 1).
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Figure 5: Longitudinal laser pulse shape: temporal inten-
sity modulation on the left. Output current profile on the
right.
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Figure 6: Transverse normalized emittance, radial spot di-
mension and energy along the photoinjector beamline for
the long bunch regime.

THPPH028 Proceedings of FEL 2006, BESSY, Berlin, Germany

626 FEL Technology



2.0

1.5

1.0

0.5

 s
lic

e 
em

it
ta

nc
e 

(m
m

 m
ra

d)

2mm10-1
Slice position along bunch

14

12

10

8

6

4

2

0

 silce energy spread (keV
)

97.5

97.0

96.5

96.0
Sl

ic
e 

en
er

gy
 (

M
eV

)

2mm10-1
Bunch length

Figure 7: Slice emittance and slice energy spread at the in-
jector exit for the long bunch case calculated at the exit of
the photoinjector machine section. Plot inside: Longitudi-
nal phase space. Bunch head is to the left.

Figure 6 shows the evolution of the transverse beam
emittance, spot size and beam energy in this case. A final
projected emittance of 1.33 mm mrad is achieved. Simi-
larly to the medium bunch case The slice emittance also
presents an head-tail ramp (see Figure 7).

SENSITIVITY AND JITTER STUDIES

The time of flight, the energy, the energy spread and the
emittance at the end of the injector have been identified
as the main output parameters whose shot to shot varia-
tion should be quantified, as well the slice properties of the
bunch. To identify the main sources of variation for each
of these, a single-parameter sensitivity study has been per-
formed for the two cases, with results shown in Table 2.
The time of flight is sensitive to gun parameters, while the
emittance is more effected by a solenoid variation.

By randomly sampling each injector parameter within a
specified tolerance range fixed by present technology (see
Table 3), one thousand injector cases have been tracked
(with 50000 particles), obtaining a statistical evaluation
of the expected jitter. Results are presented in Table 4.
Figures 8 and 9 show the jitter distributions for the emit-
tance and the time of flight and their histograms. The
gun solenoid has been neglected in this analysis due to the
high stability (10−5) provided by DC power supplies. The
bunch time of flight jitter is about 300 fs at the injector
exit and, linked to the energy jitter, it is propagated through
the whole machine [5]. This effect becames an issue in
the synchronization in the undulators between bunch and a
short seed laser.

In order to consider the optical matching between the in-
jector and the linac, an analysis of the jitter in the Twiss pa-
rameters has been also carried out on the same ensemble of
bunches. The results are reported in Table 4. The average
αx and βx are respectively -0.09 and 18m for the medium
case (0.77 and 21m for the long), but the jittered outputs are
spread out with a standard deviation respectively of 0.15
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Figure 8: Projected transverse emittance jitter at the injec-
tor exit obtained by randomly sampling input injector pa-
rameters.
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Figure 9: Electron bunch time of flight jitter at the injector
exit obtained by randomly sampling input injector parame-
ters.

and 2.1m (0.26 and 6.3m for the long case). This should be
taken into account for the finalization of the optics match-
ing.

Parameters Tolerances
RF injection phase 0.1 deg
Laser time jitter 200 fs

Gun Eacc 0.25%
SOA Eacc 0.25 %

SOA RF phase 0.1 deg
Charge 4%

Laser spot size 4%
Laser pulse length (FWHM) 5%

Table 3: Tolerance budget for the injector parameters.

Further analysis

A further analysis of the injector output bunches from
the jitter simulations has been implemented. Polynomial
fittings of the longitudinal phase space and current bunch
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Parameters (variation) ΔI (1%) ΔT (100fs) σE(10keV) ΔE/E (0.1%) εproj (10%) < εslice > (10%)
Gun Bsol (%) 1.5 (2.2) > 10 (10) 1.1 (5) n/s (n/s) 0.2 (0.8) 2 (1.2)
Gun Eacc (%) 0.47 (0.6) 0.13 (0.15) 0.12 (0.17) 0.96 (1.6) 0.33 (0.5) 4.3 (0.9)

Gun RFphase (deg) 0.65 (1.0) 2.8 (0.3) 0.8 (0.28) 3.8 (1.8) 0.5 (2.9) 4.8 (4.6)
SOA Eacc (%) 20 (n/s) 2.0 (2.0) 3.9 (1.1) 0.21 (0.2) n/s (n/s) n/s (n/s)

SOA RFphase (deg) 6.2 (n/s) n/s (n/s) 0.1 (0.22) 1.9 (0.7) n/s (n/s) n/s (n/s)

Table 2: Minimum parameters variation, for the medium bunch and long bunch (in parentheses) cases, providing a fixed
variation of the outputs, indicated in brackets in the first row. The average slice emittance < ε slice > is calculated over all
the slices. n/s = not sensitive.

Output parameter RMS jitter RMS jitter
medium long

Arrival Time (fs) 351 266
Peak Current (%) 2.4 3.3

Energy (%) 0.17 0.17
σE (keV) 42 24

Emittancex (%) 13.1 6.3
αx 0.15 0.26

βx (m) 2.1 6.3

Table 4: Simulation results of the output jitter for the
medium and long bunch cases.
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Figure 10: Twelve polynomial curve fits (fourth order),
randomly sampled in the thousands performed, of the lon-
gitudinal phase spaces of bunches simulated for the long
case. Bunch head is on the left.

profile have been performed for each simulated case. Fig-
ure 10 shows twelve fourth order polynomial curve fits of
the longitudinal phase spaces of the bunches simulated for
the long case, while Figure 11 shows the current profile
cases. The curves show the synchronous bunch core (3mm)
while the bunch tails are neglected.

After fitting all simulation results, a statistical analysis of
the fit coefficients has been performed [6]. These statistical
characterization can be used to reconstruct analytically the
injector output particle distribution with respect to the jitter.

CONCLUSION

Injector optimization of the medium and long bunch
ramped cases have been described. The ramped current
distributions have been presented as possible interesting so-
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Figure 11: Twelve polynomial curve fits (fourth order),
randomly sampled in the thousands performed, of the cur-
rent profile of bunches simulated for the long ramped case.
Bunch head is on the left.

lutions for the FERMI@elettra FEL operation with respect
to the “standard” flat-top distribution despite the slight pro-
jected emittance increase. The jitter studies have shown
that time jitter remains a critical parameter for seeded ma-
chine FELs and it will drive the future improvements in the
performance of the laser and RF systems.
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THE DIAGNOSTICS OF THE FERMI@ELETTRA BUNCH COMPRESSORS 

M. Veronese*, S. Di Mitri, M. Ferianis, Sincrotrone Trieste, Trieste, Italy 
 

Abstract 
Bunch compressors (BC) are key components of the 
seeded FEL FERMI@ELETTRA. A complete set up of 
non destructive diagnostics is foreseen to provide the 
required stability for the production of sub-psec electron 
bunches. Main task of these diagnostics is to provide the 
error signals to the feedback systems used to stabilize the 
energy and the peak current of the electron bunch which 
are crucial parameters for optimum FEL operation. The 
different operation regimes foreseen for FERMI [1] call 
for a flexible set-up, for both the bunch compressors and 
the associated diagnostics. In this paper we present the 
adopted diagnostics for the measurement of position, 
energy and energy spread; both “energy” BPM, in 
between bunch compressors (BC), and optical transition 
radiation (OTR) screen plus wire scanner have been 
adopted. The design of a relative bunch length monitor 
needed for the determination of the optimal compression 
and for peak current stabilization is presented as well. The 
scheme is based on non-invasive techniques, namely the 
detection of the coherent synchrotron radiation (CSR) 
from the last bending of the BC plus the coherent 
diffraction radiation (CDR) from a downstream slit. 
Finally, a technique for the bunch phase measurement is 
presented. 

INTRODUCTION 
The FERMI FEL, presently under construction at the 

Elettra Laboratory, is based on a seeded HGHG scheme. 
Two FEL undulator chains FEL1 and FEL2 are foreseen 
according to the needs of the FERMI scientific 
community, to lase in two adiacent UV spectral regions 
(100-40nm and 40-10nm) with different pulse lengths. 
The FERMI layout has been described in detail in [1], its 
main parameters are presented in Table 1. High charge 
(~nC) electron bunches are produced in a RF photo-
injector, with bunch length (LB) of about 10psecFWHM. 
The acceleration is provided by normal conducting S-
band RF structures and the bunch compression is 
achieved by two magnetic chicanes. Up to now, two main 
bunch regimes have been studied: the “medium bunch” 
(LB=600fsFWHM) optimized for the FEL1 operation and 
the “long bunch” (LB=1.4psFWHM) which is best suited for 
FEL2. High quality beams (low emittance, low energy 
spread, high current stability and high energy stability) 
are needed to obtain high quality FEL output radiation. 
Non-standard diagnostics and instrumentation suitable to 
fully characterize and monitor the beam during the 
machine operation have to be developed according to the 
specific beam parameters and machine requirements.  

Table 1: Fermi@Elettra parameters 

Parameter FEL 1 

(medium bunch) 

FEL 2 

(long bunch) 

Wavelength 100-40 nm 40-10 nm 

Electron Beam Energy 1.2 GeV 1.2 GeV 

Bunch Charge 0.8 nC 1 nC 

Peak Current 800 A 500 A 

Bunch Length 
(FWHM) 

600 fs 1400 fs 

Energy Spread (slice) 100 KeV 100 KeV 

Norm. emittance 
(slice) 

1.5 mm mrad 1.5 mm mrad 

Repetition Rate 10-50 Hz 50 Hz 

Photon Pulse Length 
(FWHM) 

≤ 100fs ~ 1000 fs 

 
BUNCH COMPRESSORS 

Bunch compressors are used to produce high peak current 
electron bunches needed to obtain GW peak power FEL 
radiation generation. Several aspects have to be 
considered to avoid beam quality degradation (e.g. CSR 
induced emittance dilution). In particular, the stabilisation 
of the peak current and the energy in the chicane are 
needed to guarantee the long term stability of the FEL 
output [2]. The bunch compression is obtained with two 
magnetic chicanes located at the nominal energies of 220 
MeV (BC1) and 600 MeV (BC2) respectively. This 
design allows for both single and double compression 
schemes, with a total compression factor ranging from 2 
up to about 100 [3].   

 
 
 
 
 
 
 
 

 
Figure 1: Bunch Compressor Diagnostics layout. 

  
The conceptual scheme is the same for BC1 and BC2, but 
some components are adapted according to the different 
bunch parameters. In Fig. 1 the bunch compressor scheme 
is sketched together with the foreseen diagnostics. The 
main parameters of BCs for a double compression scheme 
are summarized in Table 2. 

___________________________________________  
 

*E-mail: marco.veronese@elettra.trieste.it 
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Table 2: Fermi bunch compressors parameters. 

Parameter BC1 BC2 

Number of magnets 4 4 

Magnetic length 0.5 m 0.5 m 

Distance DIP1-DIP2 2.5 m 2.5 m 

Distance DIP2-DIP3 1 m 1 m 

Distance DIP3-DIP4 2.5 m 2.5 m 

Nominal DIP angular 
range  

66.8 :77.2 mrad 53.1:77.5 mrad 

Commis. DIP angular 
range 

50 : 80 mrad 50 : 80 mrad 

Linac phases ranges L1=-42° : -20° L1=-42° : -20° 

L2,3=-20° : -10° 
 
From Table 2 it can be seen that even if the bending 
angles are quite small they span over a wide relative 
range [3]. This fact, together with the dispersion and the 
energy spread, has a deep impact on the electron beam 
parameters in the chicanes (see Table 3) and on their 
measurement.  
 

Table 3: Main beam parameters at BC1 and BC2. 

Parameter BC1 BC2 

Energy Range 220 : 260 MeV 580 : 615 MeV 

Rel. En. Spread  2.3 : 2.7 % 0.97 : 1.05 % 

Beta (βx) 16 m (z=31 m) 23 m (z=98 m) 

Dispersion (Dx) 0.165 : 0.255 m 0.155 : 0.24 m 

Transverse 
displacement (Δx) 

0.165 : 0.255 m 0.155 : 0.24 m 

Energy Spread 

Beam size ±3σ 

28 : 44 mm 10 : 15 mm 

Betatron 

Beam size ±3σ 

1.4 mm 2.0 mm 

 

In particular, in the area between DIP2 and DIP3, where 
all diagnostics will be located, the beam size is expected 
to be dominated by the dispersion. 

 

DIAGNOSTICS 
We will now discuss the diagnostics according to the 
measured parameter: energy, energy spread, bunch arrival 
time, relative bunch length. 
 
Energy Measurement 
The transverse displacement of the beam centroid (Δx of 
Fig.1) spans, for the BC1 and BC2 ranges, over 
approximately 100mm. If we consider building the BCs 
with a wide vacuum chamber, then for that chamber a 

width of at least 150mm is needed to allocate the wide 
electron beam (±3σ beam size of 35mm) and its 
displacements. Taking in account a beam transversely 
centred at Δx=200 mm, the rms energy stability required 
by the FEL (ΔΕ/Ε=0.1%) will translate in terms of rm 
displacement variations to 200 μm (at nominal BC1 
operating conditions). To correctly operate the feedback 
system, the resolution of the position measurement has to 
be at least four times better than the value we want to 
stabilize within, which means that a single shot resolution 
of 50 μm is needed. This is a very tough value to be met 
on a 150mm chamber width and with a beam size of 
35mm. Therefore, we plan to put the second and the third 
dipoles of the chicanes and all the related diagnostics on a 
transverse high precision translator stage. This will allow 
us to reduce the vacuum chamber transverse size to about 
60 mm and thus to use an “energy BPM”. Another 
possible approach to the problem has been proposed at 
DESY; it is based on the measurement of the relative time 
difference between two pulses generated in a transverse 
strip-line arrangement [4]. Its applicability to Fermi will 
be evaluated in the near future.  
 
Energy Spread Measurement 
The energy spread is a crucial parameter for the machine 
operation and it has to be carefully monitored. It will be 
measured by means of a wire-scanner on multi shot basis 
and by an OTR screen plus a CCD camera, shot by shot. 
Both techniques are destructive and the measurements 
will be performed during the commissioning and, 
periodically, during the operation to check the long term 
stability of the energy spread. As depicted in Fig. 1, in 
between the wire-scanner and the OTR screen, we plan to 
install a collimator. With this geometry the energy spread 
of the beam can be measured upstream and downstream 
of the collimator and its effect can be followed step by 
step. The energy spread can be directly extracted from the 
measurement of the transverse size of the beam since the 
dispersion in the middle of the chicane is known and 
dominates the beam size. The needed resolution is 
different for the two bunch compressors. For BC1 the 
minimum δE/E is 2.3% which will reflect in a 28 mm 
beam size (±3σ beam). The needed relative resolution is 
estimated to be 2%, which means 0.56 mm, in terms of 
spatial resolution. For BC2 the energy spread will be 
smaller and it will have a small operation range. Then for 
a 0.95% δE/E will reflect in a ±3σ beam size of 10 mm 
and to appreciate the changes in energy spread we will 
need to have a 1% relative resolution which means 100 
microns spatial resolution. This resolution level can be 
achieved with an OTR screen plus a CCD detector, higher 
resolutions will be achieved by the wire-scanners [5].   
 
Bunch Arrival Time Measurement 
The bunch arrival time measurement will be provided by 
a new kind of diagnostics. The concept has been proposed 
at DESY [6] and will make use of the optical pulses from 
the ultra stable timing distribution system [7] to measure 
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the bunch arrival time relative to the optical clock pulse. 
This technique is non-destructive and it has shown so far 
a resolution better than 100fs. Two devices, one at the 
entrance and one at the exit of each chicane, will be 
installed. The signal from the device at the entrance of 
BC1 will provide a direct measure of the total initial jitter 
from the injector. 
 

 
As can be seen from Eq. 1 the coupled measurement of 
the jitter at the entrance and at the exit of the chicane 
initial will give us the RF contribution of the timing jitter.  
   
Relative Bunch Length Measurement 
The needs for peak current stabilisation push to develop a 
non-destructive relative bunch length monitor, so that its 
signal can be fed to the feedbacks systems that will keep 
the peak current stability acting on the phases of the RF 
accelerating sections. For this purpose we will develop 
power monitors based on the detection of coherent 
synchrotron radiation (CSR) [8] and coherent diffraction 
radiation (CDR) [9]. We plan to implement a redundant 
system based on the detection of the CSR emitted from 
the last dipole of the chicanes and on the detection of the 
CDR emitted from a slit placed downstream the chicane. 
Coherent radiation is emitted from short electron bunches, 
in the case of a Gaussian bunch where σz is the sigma of 
the distribution, it is emitted at wavelengths longer than 
roughly 2πσz. For electron bunches with psec and sub-
psec duration the coherent emission is in the mm/sub-mm 
wavelength spectral range. An overview of the related 
physics can be found in [10]. The CSR spectral angular 
distribution of a N-electrons bunch can be related to the 
spectral angular distribution of a single electron as shown 
in Eq. 2. 
 

 
(2) 

 
 

Where F(ρ(z)) is the Fourier transform of the longitudinal 
normalized bunch distribution ρ(t). From Eq. 2 we can see 
that the total N-electron CSR angular distribution is the 
sum of the incoherent synchrotron radiation of N electrons 
(∝ N) and a coherently enhanced term (∝ N2). The 
frequency behaviour of the coherently enhanced term 
depends on the square of the Fourier Transform of ρ(t). As 
the bunch gets shorter the F(ρ) get spectrally broader and 
the emitted power increases. To evaluate the emission 
properties (spectral distribution and intensity) we have 
computed the CSR spectra angular distribution in two 
steps. In the first we have calculated F(ρ), by means of the 
FFT of the bunch profile coming from Elegant simulations 
(shown in Fig. 2). In the second, to calculate the single 
electron spectral-angular distribution, since the circular 

motion approximation is not sufficient in our case, we 
have used a numerical code written by O.Grimm at DESY.  
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Figure 2: Longitudinal electron distributions at BC1 exit 
(red) and BC2 exit (blue) for the “medium bunch” (left) 
and the “long bunch” (right). 

 
The code implements a full Liénardt-Wiechert potential 
formalism, and makes a tracking of a single electron 
through an arbitrary magnetic field. In the calculation both 
velocity and acceleration terms are included as well as the 
finite dimensions of the dipoles, the contributions of both 
3rd and 4th bending magnets and the shielding effects of 
the vacuum chamber walls (in a parallel perfectly 
conducting planes approximation). Some results of these 
simulations are shown in Fig.3 for the CSR emission from 
the last bending magnet of BC1 for the “medium bunch” 
and in Fig.4 for the “long bunch” case. Plotted are the 
angle integrated spectral intensity distributions, for a 
detector (30x30 mm) placed 150 mm downstream the last 
bending of BC1 and normal to the edge radiation direction 
centred 25 mm away from the straight beam path. 

 

 
Figure 3: Expected spectral distribution of the radiation 
extracted from the 4th dipole of BC1 for the “medium 
bunch. 
 
These results suggest that, for the CSR emitted from the 
bunch compressors of FERMI the Gaussian bunch plus 
circular motion approximations [8] might not be 
sufficient. They also indicated that the choice of the 
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frequency range for the detectors has to be done with 
special care for narrowband detectors. Moreover 
considering both BC1 and BC2 the core of CSR emission 
is in a critical spectral region (between 10GHz and 1THz) 
for the detectors.  
 

 
Figure 4: Expected spectral distribution of the radiation 
extracted from the 4th dipole of BC1 for the “long bunch”.  
 
In this region the detection of CSR can be done by RF 
diodes or pyrodetectors. The diodes have higher 
sensitivity in the sub-THz range, but are limited at about 
600GHz while pyrodetectors offer a wider operation 
range starting from about 150GHz. We plan to use the 
pyrodetectors for their flexibility and ease of use, but RF 
diodes may be employed especially for the case of “long” 
bunch in BC1. The total energy per pulse emitted in the 
spectral range from 10 GHz to 1THz is of about 10μJ for 
the “medium bunch” and of about 4μJ for the “long 
bunch”. In the spectral range of the pyrodetector (e.g. 
Coherent/Molectron P4-42) the energy per pulse is 
respectively of 1.5μJ and 0.3μJ. In this case a simple 
estimate gives us a sensitivity of 0.04% sufficient to fulfil 
the 2% of the feedback requirements (to obtain 10% 
current stability). Other factors should also be considered: 
the efficiency of the radiation collection, the absorption 
and reflection from air and from the vacuum window. 
A second coherent radiation source, a CDR source (e.g. 
an OTR screen with a small aperture) will be installed 
immediately downstream the bunch compressors. It is 
meant to add redundancy to the CSR system. We have 
performed some calculations to evaluate its application to 
FERMI diagnostics. Our calculation started from the 
CDR description given in [11] for a relativistic electron 
beam. Here γ is the Lorentz factor of the electrons passing 
through a hole of radius “b” in a circular screen of radius 
“a”. It is worth saying that the infinite screen 
approximation is satisfied if a > λγ. For FERMI BC1 
“medium” bunch we can consider: λ=3 mm and γ=430 
then the condition becomes a > 1.3 m. This shows that a 
large screen and a large detector angular acceptance are 
desirable to avoid low frequency intensity suppression. 
On the other hand a compromise has to be found to meet 

space requirements. This led us to choose a screen radius 
“a” of 60 mm and an angular acceptance of 0.2 rad. The 
effect of the hole radius has to be considered, for CDR 
emission, the smaller the hole radius is, the better. On the 
other side the higher is the radius, the smaller is the 
impact of the CDR emitter on the beam dynamics. CDR 
Spectral distributions calculated with a rectangular 
distribution approximation of the longitudinal bunch 
profile are shown in Fig. 5 for two extreme cases: BC1 
“long bunch” and of BC2 medium bunch for different 
values of the hole radius.  

 
 

Figure 5: CDR spectral distributions for “medium bunch” 
at the exit of BC2 and the “long bunch” at the exit of BC1 
for values of b=0, 1, 5 mm. 
 
The calculation indicates that, for the “long” bunch at 
BC1 a quite large hole can be used without loosing too 
much in intensity, while the hole size effect is more 
important in the case of the “medium” bunch in BC2.  
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Abstract 
This paper will describe the preliminary design of a 4.8 

MW Main High Voltage Power Supply, rated 60kV/80A, 
especially conceived to supply the voltage between 
Cathode and Collector of a Gyrotron. A full solid state 
technology, named SWM (Stair-Way Modulation) for the 
full scale Electron Cyclotron (EC) Test Facility at CRPP, 
Lausanne. The ITER EC system may also make use of a 
similar system, in alternative to the present baseline 
design based on naturally commutated thyristor 
converters and series high voltages solid state switches. 
The 60kV output is reached by adding more than 120 
high voltage modules in series connection, with ad hoc 
control criteria to allow a regulation at full performances 
in the range of 45kV-60kV, a square wave modulation 
and a fast switch-off in less than 10us.Components 
choices and simulations of the system will be highlighted 
in order to demonstrate the fulfilments of the technical 
specification before the manufacturing stage. This 
solution can be extended to several applications in the 
High Voltage domain and is aimed to enhance the 
reliability,  decrease costs, provide redundancy, plug-in 
modularity, component de-rating and component 
standardization. 

INTRODUCTION 
The ITER Heating and Current Drive (H&CD) system, 

includes the installation of an Electron Cyclotron system 
based on CPD type Gyrotrons (170GHz). This type of RF 
sources requires two power supplies, one Main High 
Voltage Power Supply (MHVPS) between cathode and 
collector (typically V = 50 ÷ 60kV, 80A) and an 
Acceleration Power Supply, which, with the MHVPS, 
establishes the voltage between body and cathode, 
typically 80 ÷ 100 kV. The modulation frequency 
specified in the ITER reference design is 1 kHz but in the 
developments on-going in Europe, 5 kHz are considered 
for the stabilization of Neoclassical Tearing Modes 
(NTM). The continuous developments of solid state 
devices, available for both higher voltages and higher 
switching frequencies, have highlighted several 
advantages of the fully static solutions which could 
conveniently replace the more traditional systems based 
on  vacuum tubes (e.g. tetrodes). On the basis of the 
above considerations, OCEM has performed a conceptual 
study of a Solid State Body Power Supply (BPS) [1] for 
ENEA Frascati, with support from EFDA.  The first fully 

solid state BPS has now been completed [2] and installed 
at ENEA Frascati. For the new EC Test Facility in 
Lausanne, EFDA is now procuring, on behalf of 
European Commission, both power supplies (MHVPS 
and BPS). The results of a competitive tendering showed 
that the above described modular topology was 
economically convenient beside yielding some important 
technical advantages. 

OUTLINE SPECIFICATIONS 
The performance specifications are listed in Table 1: 

Table 1: Main Performance Specifications 

Description  Value 

Duty Cycle 8 / 24 hours 

AC input Voltage 20kV / 50Hz (±10%) 

Nominal Output Voltage -60 kV DC 

Output Voltage range -1 kVDC < VDC < -
60kVDC 

regulation at full 
performances -45kV to –
60kV 

Nominal Output Current 80 A 

Modulation freq.(ON/OFF) 5kHz 

Output Voltage Accuracy: 

Static 
Reproducibility 
Dynamic transient 
Ripple 

 

<± 1% of VDC nominal 
<± 0.5% of VDC nominal 
<± 1500V 
<± 2%@600Hz, <±0.5% 
for higher frequencies 

Voltage Settling time <15us 

Shutdown time <10us 

Max Energy delivered to 
the load in case of arc 

10J 

 

Protection Transm. delay <1us 

Measurement Accuracy 

Voltage 
 
 
Current 

 

+/-0.1% in DC 
+/-0.2% at 10kHz 
+/-0.3% at 50kHz 
<± 1% of nom. value 

Measurement Bandwidth ≥500kHz 
___________________________________________  

*Work supported by European Fusion Development Agreement 
#physics@ocem.com 
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MHVPS TOPOLOGY  
The preliminary design of the MHVPS is based on a 

series connection of elementary power modules which do 
not require direct series connection of semiconductors. 
Each module, is provided with its own DC power supply 
so that the voltage is evenly shared during normal 
operation. The total output voltage is hence controlled by 
the number of switched-on modules in quantization steps 
of voltage. This topology, together with an ad hoc control 
strategy developed by OCEM, the Multi Pulse Width 
Modulation (MPWM), has been named Stair-Way 
Modulation (SWM). This type of modulation  has the 
advantage of an averaged power distribution among all 
the modules, with a consequent minor stress of the main 
transformers. Also the achievement of a high bandwidth 
is not related to the increasing of the switching frequency 
of only a few modules. In a SWM system the maximum 
switching frequency of each module remains equal to all 
the modules. This leads to reach a very high value of 
bandwidth, according to the constraints due to the 
particular specifications. The overall system also foresees 
a level of modularity in a redundant and fault tolerant 
configuration. Hence, in case of fault of a single module, 
the faulty module can be easily excluded from the main 
circuit, ensuring continuous operation.   

The MHVPS consists mainly of the following blocks:  
• Input circuit breaker with a protection relay, to 

connect the P.S. to the medium voltage grid 
(20kV, 50Hz, three-phase) through a soft start 
equipment. 

• Multi Secondary Transformer system, to adapt 
the input voltage from the grid to the voltage 
required by the downstream parts, with the proper 
insulation level. 

• Power modules in series connection, to transform 
the 50 Hz supply voltage from the transformer 
system in a regulated DC voltage. 

• Control electronics, to provide regulation, 
protection and interface. 

The main parts of the MHVPS are described in the 
following subsections. 

Multi Secondary Transformer System  
Due to the design constraints (mainly the 120kVdc 

insulation voltage, the reduced available space on the 
installation site and the requested very low harmonic 
content in the input current) the transformer system is 
based on two cast-resin transformers, made of several 
secondary, each feeding one power module.  

The secondary coupling of these two transformers is 
either of the star type or of  the delta type, in order to 
obtain an overall primary current from the grid with low 
harmonics. Finally, soft-start devices are integrated 
between the transformers and the main grid. 

Power Modules 
The general scheme diagram of the power module is 

shown in Figure 1. 

The switched-on power modules, controlled by a 
modulation index, determine the total output voltage. By 
using this technique and a proper switching strategy, the 
modulation can be performed in order to obtain the 

desired value of output voltage within the specification 
requirements. The Module is ON when the switch Q2 is 
closed and Q1 is open; a voltage step of -Vdc is added to 
the total output voltage. The Module is OFF when the 
switch Q2 is open and Q1 is closed; the module is 
bypassed. The two switches Q1 and Q2 must be never ON 
simultaneously. Using this structure it is relatively simple 
to perform a fast switch-off: there is enough time to 
simultaneously open the series switches (Q2) of each 
module, and then to close all the parallel switches (Q1); 
this operation can be very fast, in the order of 2-3 us. 

Each module has an output L-R filter, which is a 
portion of the total output filter seen by the load. The 
filter has been conceived for: 

• smoothing the output voltage ripple; 
• limiting the di/dt and the peak current during the 

arc; 
• obtaining a correctly damped overall system; 
Calculations show that in order to minimize the energy 

delivered to the system it is necessary to consider an 
additional resistor of some ohms (4 ohms) in series with 
the load; this will permit to dissipate a portion of the 
energy before that this energy is delivered to the 
Gyrotron. The module is designed for an output voltage 
of 560V. This leads to a series connection of more than 
120 modules with the consequence of a relatively high 
complexity of transformer and cabling. However the 
components mounted on each module can be low voltage 
devices, with an advantage in terms of cost and 
availability. Moreover, each stair of voltage is lower than 
the allowable peak to peak ripple, leading to have an 
additional degree of freedom in the dimensioning of the 
output filter.  

Control Electronics  
The control electronics has been designed to perform 

the following functions: 
• measurement of the output voltage and current; 
• regulation: to keep the output voltage at the 

desired value and within the allowed fluctuations; 
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Figure 1: General schematic of a Power Module. 
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• protection: to guarantee an effective protection in 
case of internal faults or external overloads; 

• interface: to communicate with the main control 
system and to allow the local or remote command 
of the power supply. 

The user interface, data log and Ethernet connections 
are based on commercially available electronics, with 
custom designed software. The regulation system (fully 
digital, based on an high performance FPGA card) 
determines the number of modules that must be ON in 
each time interval, providing a proper "rotation" in the 
module sequence. This allows to equally share the 
stresses among the modules. During commutations, with a 
proper modulation strategy for the semiconductor 
switches, the switching frequency seen by the load is 
equal to the frequency of the single module multiplied by 
the number of modules. This allows an high output 
switching frequency (seen by the load) with the advantage 
of a relatively low switching frequency seen by the 
components of the modules. 

In steady state, when the output voltage is between an 
acceptable range around the set value, the algorithm 
foresees a lock modulation input that stops the switching 
of the modules and the rotation. This prevents an 
unnecessary power dissipation. 

Components Choice 
After a careful market inspection, the main standard 

components have been chosen. The IGBTs is a 
VCES=1200V / IC=140A @80°C (IC=200A @25°C) device 
based on the SPT technology which offers a good 
compromise between the VCE_ON and the switching speed 
(switching losses). The size of the IGBT was chosen also 
looking at its overload behaviour: it has a short circuit 
capability of 1000 pulses at ten times IC and self limiting 
current capability to 6•IC. The IGBT driver choice was 
made looking firstly to its delays which are extremely 
small. The input DC filter topology is an LC-parallel 
damped filter. The damping is chosen to avoid excessive 
over-voltages during power connection or load 

disconnection and to limit the filter peak output 
impedance to less then 0.5 Ohm. 

PRELIMINARY SIMULATIONS RESULTS 
The preliminary simulations for the MHVPS have been 

performed by considering the overall system which will 
be installed in Lausanne and which include the CPD 
Gyrotron, the BPS and MHVPS in order to verify the 
adequate compatibility of the MHVPS to the already 
designed BPS now under construction. 

The model of the whole system has been developed 
using Pspice and Matlab/Simulink. Figure 2 shows the 
step up of the whole system simulation (with Simulink): 
the ramp up of the MHVPS current and voltage are shown 
in the first and third rows respectively. In the second row 
the switch-on of the BPS is simulated. This leads to the 
increase of the Body to Cathode Voltage up to the 
maximum value 100kV, as shown in the fourth row.  

In Figure 3 it is sketched how the MHVPS and the 
overall system behave during the required 5kHz 
modulation. The first two rows show the commands given 
to the BPS and MHVPS for starting the modulation; both 
power supplies start modulating as specified, and the 
voltage patterns can be observed in rows 3 (BPS) and 4 
(MHVPS). The total output voltage between Body and 
Cathode is the result shown in row 5 (100kV peak). Last 
row is the MHVPS current which shows a promising 
behaviour of the overall system during the 5kHz 
modulation. 

Finally, Figure 4 reports a simulation of the overall 
system in case of an arc between Cathode and Collector. 
The arc is simulated by adding in the Simulink model a 
voltage generator of 100V. At 200 us the arc occurs and 
Body to Cathode voltage collapses by leading to an 
increase of the amount of charge in the Gyrotron (fifth 
row). The 0,1 limit value depicted in the fifth row, 
represents the amount of charge delivered to the load and, 
considering an arc voltage of 100V, corresponds to the 
maximum value of energy that could be delivered as per 
technical specification (10 Joules). However it can be 

observed how safe is kept this limit.  

Figure 2: Simulation of the Step up of the whole system (MHVPS+BPS+Gyrotron) 

Proceedings of FEL 2006, BESSY, Berlin, Germany THPPH030

FEL Technology 635



CONCLUSIONS 
This paper has described the preliminary design of a 4.8 

MW Main High Voltage Power Supply, rated 60kV/80A, 
especially conceived to supply the voltage between 
Cathode and Collector of a Gyrotron. This topology has 
been chosen for the EC Test Facility at CRPP, Lausanne 
(CH). Similar systems could be adopted for ITER, which 
includes the installation of an Electron Cyclotron system 
based on CPD type Gyrotrons (170GHz) in alternative to 
the present baseline design.  

The first simulations have demonstrated the correct 
behaviour of the MHVPS not only as a stand alone 
modulator but as part of a complete system which will be 
installed in Lausanne, and which include the MHVPS, the 
BPS and the CPD Gyrotron. Three main situations have 
been depicted in the simulation sketches: the step-up and 

the steady state, the 5kHz ON/OFF modulation and the 
behaviour of the system in case of an arc between 
Cathode and Collector. The first results are very 
encouraging and the design phase can enter into a further 
final detail before entering the manufacturing stage. The 
installation of the overall system in Lausanne is foreseen 
to be starting by September 2007. 

REFERENCES 
[1] T. Bonicelli et alia, “High Frequency/High Voltage 

Solid State Body Power Supplies for CPD 
Gyrotrons”, SOFT’02, Helsinki, September 2002, p. 
543-548. 

[2] G. Taddia et alia, “High Voltage Solid State Gyrotron 
Body Power Supply”, 14th Joint Workshop on 
Electron Cyclotron Resonance Heating, Santorini, 
May 2006, p 95. 

 

Figure 4: Simulation of the Step up of the whole system with an arc between K-C at 200us 

Figure 3: Simulation of the 5kHz Modulation 
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Abstract

The SPARC project [1] is born to perform R&D activity
headed to realize SASE-FEL experiments at 500nm and
higher harmonic generation. The project foresees the real-
ization of a high brightness photo-injector able to produce a
150÷ 200MeV electron beam to drive FEL process inside
a dedicated 12m long undulator. The machine is going to
be assembled at LNF and its final configuration is made up
of an RF gun, driven by a Ti:Sa laser, injecting into three
SLAC type accelerating sections. Nowadays we are work-
ing in a photo-injector test phase, aiming to characterize the
main hardware components and to investigate the behavior
of the e-beam dynamics in the first meters of drift. To do
this we utilize the emittance-meter, a home designed diag-
nostic device placed just after the RF gun, able to move 1.2
meters along the longitudinal axis to measure beam param-
eters. In this paper we report a more accurate description
of the project, the status of the single systems constituting
the machine and the most important results we obtained in
the e-meter phase.

INTRODUCTION

The commissioning of the SPARC photo-injector is
started at Frascati INFN laboratories and we are operat-
ing in a gun test phase, before installing the accelerating
sections. In this phase, laser, radiofrequency, timing, con-
trol system and beam diagnostics are installed and working
in the SPARC bunker. We performed a characterization of
the beam at the gun exit with the home-designed movable
emittance-meter [2] and a spectrometer. A picture of the
hardware installed in the bunker is reported in figure 1. The
most significant results are reported in table 1 that shows
the two investigated main beam configurations.

∗Work supported by the EU Commission in the 6th FP, contract no.
011935 EUROFEL and contract no. RII3-CT-2003-506395 CARE.

Table 1: Main beam configurations
Low charge High charge

Charge 200pC 900pC
Emittance 0.8mm mrad 2.2mm mrad
Energy 5.65MeV 5.55MeV
Energy spread 1% 2.6%
Pulse length 8ps 12ps

PHOTO-INJECTOR STATUS

In the following paragraphs we will give a short descrip-
tion of the main systems constituting the machine.

Figure 1: Picture taken in the SPARC bunker

RF and timing system

The SPARC RF system is mainly constituted by two RF
chains and its scheme is reported in figure 2 together with
the synchronization system layout [3]. The power sources,
shown in figure 3(a), are the 45 MW peak, 2856 MHz
klystrons TH2128C. The klystron n.1 presently feeds only
the RF gun with 3µsec pulses and it is designed to feed also
one accelerating section via a 3dB waveguide coupler and
an RF deflecting cavity for beam diagnostic purposes.

The RF gun, reported in figure 3(b), was successfully
conditioned without relevant problems and we fed into it
more than 10MW of RF power that corresponds to an
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Figure 2: RF system layout

(a) (b)

Figure 3: Installed RF hardware: (a) modulators and
klystrons and (b) RF gun

accelerating electric field of about 120MV/m. Klystron
n. 2 and its waveguide distribution lines are now under
test and they will feed two high gradient accelerating sec-
tions through an energy compressor that allows to obtain a
60MW - 0.8µsec RF pulse.

The timing distribution system is installed and it pro-
vides the 79.33MHz reference to lock the laser system to
the RF oscillator using a home-designed frequency divider
board. It also furnish the 10Hz repetition rate signal to
the machine, synchronous with the external line and to the
2856MHz internal distribution.

The synchronization diagnostic is working with good
and stable performances and the time jitter from each lo-
cation of the machine (relative to the main oscillator) is
displayed in the control room monitors. Also an RF phase
feedback system was implemented to correct slow drifts
due to temperature. The observed time jitter of the acceler-
ating field inside the gun is 250fsRMS and the laser oscil-
lator time jitter is 350fsRMS.

Laser system

Beam dynamics simulations defined the SPARC laser
system [4] specs in order to obtain 2mm mrad emittance
at 100A. The laser is a 10Hz CPA Ti:SA, TW system pro-
duced by Coherent. At the laser exit a THG and an UV
stretcher produce the required wavelength (266nm) and
pulse duration (2 ÷ 10ps). To manipulate the time profile
an acousto-optic programmable dispersive filter is installed

(a) (b)

Figure 4: (a) transverse laser spot on the cathode and (b)
UV pulse longitudinal shape

Figure 5: Cathode QE before (left) and after (right) laser
cleaning

before the amplifier.
The pulse profile is flat in time and gaussian in trans-

verse plane (with 1mm spot size) and an image of the spot
is shown in figure 4(a). We are using a cross-correlator to
investigate the longitudinal behavior of the UV pulse and a
typical observed shape is reported in figure 4(b). The opti-
cal transfer line is designed to increase the pointing stabil-
ity, to easily change the spot dimension and to compensate
the 72◦ incidence distortions.

A laser cleaning on the cathode was performed and it
has given good results, increasing the quantum efficiency
from 3.75 · 10−5 to 6 · 10−5 and improving the emission
uniformity as can be seen in figure 5.

Control system

The control system is perfectly working and it is ready to
be extended to the SPARC full configuration. The SPARC
main server with a RHEL3 operating system, is in a LTSP
configuration so that the consoles are identical diskless
workstations. The photo-injector device drivers are in-
stalled in industrial PCs placed in the bunker. The layout of
figure 6 report the SPARC protected 1Gbit/s LAN archi-
tecture. Two machines form a connecting bridge from the
front-end industrial PCs to the control room consoles:

• the data server: it accepts a request of information
from the consoles and send them the data read from
the proper industrial PC. The data can be software
variables (that identify the controlled devices), sam-
pled signals, images or information about the status of
the computer itself;
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Figure 6: Control system architecture

• the command server: it elaborates the queue com-
ing from the consoles and, once identified legal com-
mands, it delivers them to the front-end PCs to control
the photo-injector devices.

Diagnostics

Beam diagnostic devices are placed along the photo-
injector as shown in figure 7 and reported in table 2.
The main diagnostic tool is the home-designed emittance-
meter, able to move 1.2m along the longitudinal axis and
to study the first meters of beam propagation, where space
charge effects and plasma oscillations dominate the elec-
tron dynamics.

Figure 7: Photo-injector actual layout

Table 2: Diagnostic elements
Distance from

Device Measurement
cathode [cm]

60
Faraday cup, charge, beam

CROMOX screen centering

85 ÷ 200
E-meter (slits, emittance, beam envelope

YAG screen, CCD) and parameters

220
aerogel + streak

beam duration
camera

250 ÷ 300
FODO cell, beam conditioning

dipole before spectrometer

250 ÷ 300
spectrometer energy and
(Yag + CCD) energy spread

350 BCM beam charge

An exhaustive description of the measurements taken us-
ing these items is given in the next section.

BEAM MEASUREMENTS

Charge vs phase

First of all we report the charge relative to the gun RF
phase measurement (phase scan) that allow us to choose
day by day the optimal phase for the electron extraction and
to collect information about the accelerating gradient and
the quantum efficiency. Moreover this kind of measure-
ment permit us to obtain a rough estimation of the beam
duration. Picture 8 report some phase scans performed in
different photo-injector working points.

Figure 8: Charge vs phase in three different beam configu-
rations

Energy and energy spread

A spectrometer and its transport line (constituted by a
FODO cell) are placed at the end of the diagnostics chain
to measure energy and energy spread. We performed these
measurements in low and high charge configurations as
function of the launching phase as shown in figure 9. The
difference both in maximum energy and energy spread be-
tween the low and high charge case are due to longitudi-
nal space charge effects (including the image charge at the
cathode) and to the wakefield effects in the long bellows.

The presence of the emittance-meter allowed us to per-
form some special energy spread measurements inserting a
slit in the bunch orbit and selecting a beam slice in differ-
ent longitudinal locations. In fact, as shown in picture 10,
we ‘froze’ the beam evolution under the longitudinal space
charge and wakefield effects at different points along the
beamline.

Bunch length

A longitudinal diagnostic, based on Cherenkov radiation
produced by the beam passing through a 5mm thick aero-
gel slab with index of refraction n = 1.017, was installed
with the main purpose of studying the photo-injector re-
sponse to hundreds femtosecond long laser pulses created
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(a) (b)

Figure 9: Energy (a) and energy spread (b) for low and high
bunch charge

Figure 10: ‘Slit’ energy spread

by the Ti:Sa laser system [5]. A field-lens narrow band
filtering optical system delivers the Cherenkov light to the
entrance slit of a 2ps resolution Hamamatsu streak camera
enabling pulse length measurements (see figure 11).

Figure 11: Bunch length measurements with streak camera

Transverse dynamics

Using the emittance-meter we were able to characterize
the emittance as function of the longitudinal coordinate and
to observe clear indications of emittance oscillations driven
by space charge forces in the drift downstream of the RF
gun, in agreement to what expected from our theoretical
model and numerical simulations. Figure 12 reports two
set of measurements compared with numerical simulation.
The algorithm used to calculate the emittance was designed
also to reconstruct the phase space and good results were
achieved (see figure 13).

Figure 12: Emittance measurement with relative simulated
curves

Figure 13: Phase space reconstruction

CONCLUSIONS

The SPARC photo-injector commissioning was started
and a good characterization of the electron beam at the exit
of the gun has been performed with the emittance-meter.
In particular measurements show that the beam brightness
required to drive a SASE-FEL experiment was achieved.
The linac installation phase will begin at the end of this
summer with the commissioning of the accelerating sec-
tions and the second RF power line. Moreover it is planned
to use a SPARC-like system as photo-injector for the future
SPARX X-ray FEL experiment [6].
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FREE ELECTRON LASER TRIGGERED PHOTO-CATHODE 

E. Sabia, A. Dipace, ENEA, C.R. Portici (Napoli), Italy 
G. Dattoli, ENEA, C.R. Frascati (Roma),  Italy.

Abstract 
The possibility of realizing a FEL triggered 

photocathode has been proposed long time ago and the 
advantages have been pointed out. In these devices the 
FEL can be exploited to extract electrons from a 
photocathode to provide a high quality e-beam. The 
device becomes even more appealing if photo-
thermoionic cathodes can be exploited in two different 
phases. In the first the electrons are extracted from the 
cathode working as thermoionic and are used to drive a 
FEL oscillator, the FEL light is then used to flash the 
cathode which operates as a photo thermal assisted  
device. We comment on the possibility of using FEL 
triggered photocathodes to produce high quality e-beams 
for SASE or oscillator FEL devices. The use of the same 
e-beam driving the photocathode and the FEL makes the 
system naturally free of any synchronization problem 
arising when an external laser is used. Examples of 
interplay between the generation of electron and optical 
bursts are also investigated. 

INTRODUCTION 
In  previous investigations it has been shown that FEL 

radiation can be exploited to trigger a photocathode gun  
[1], [2]. In this paper an extension to an “hybrid device” 
has been considered: in such a device, sketched in Fig. 1,2 
a thermoionic gun produces an e-beam driving a FEL 
oscillator, the FEL radiation can be backward sent to 
illuminate the thermoionic cathode in order to exploit a 
different operating regime, i.e., a thermally assisted 
photoemission. Such a feedback mechanism, with a 
proper choice of the parameters, can enhance the e-beam 
brightness despite a modest increase of the transverse 
emittance. 

 
Fig. 1: Block diagram of “hybrid FEL oscillator”. 

 

 
RF gun          LINAC                             UNDULATOR 
 

 
 
 
                                                 

                                                     1M                     2M  

 
Fig.2: Layout of the “hybrid FEL oscillator”. 

 
 
 In this paper we will consider a thermal dispenser 

cathode [3], with good photoelectric quantum efficiency, 
initially operating in the thermoionic mode and heated at 
a sufficient temperature in order to have enough e-beam 
current to allow FEL operation, radiation is then feed 
back to the cathode to switch it on the photo-assisted 
mode. 

THEORETICAL MODEL 

Under a number of assumptions and proper 
approximations that will be explained in the following, a 
semi-analytical model has been developed to take into 
account the interplay among the oscillator intra-cavity 
radiation growth, the temperature rise due the photonic 
incident energy loss in the cathode material and the 
electron current extracted. It has already been shown that 
the round-trip evolution of a FEL oscillator can be written 
as [4]: 

 
 

 
                 (1) 

 
 

where n  is the round trip number, G  the maximum 

small signal gain, clη   the total cavity losses, 0I   the 

initial seed and EI  the intra-cavity equilibrium intensity 

given by 
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with N  being the number of undulator periods, 0g  

the small gain coefficient and eP  the e-beam power. 

In the previous relations (1) and (2), the quantities 

ePGgI ,,, 00   are no longer constant but, due to the 

feed-back mechanism, they are updated at each round 
trip. 

Thermoionic 
emission + 

Photoelectric 
emission 

Undulator 
interaction 

Energy loss in 
cathode 
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The temperature rise due to the photonic incident 
energy loss in the cathode can be evaluated using the 
Anisimov heat equations [5], [6] which relate the electron 
to the lattice temperature. As suggested in  [3], for time 
scale characteristic of laser pulse in the range 1ps-1ns, a 
steady state approximation of the Anisimov equation can 
be considered, which implies that the electron and lattice 
temperature are equal. Moreover, under the assumption of 
a laser pulse with a uniform spatial profile and a constant 
power of duration τ  (microbunch duration) [7], at a 
power level such that neither melting nor vaporization 
occure, and by considering the heat to be generated at the 
surface of the cathode, we get:   

( )
τκρ

τη λ

vc

IR
T

2

1 −−=Δ                                               (3) 

where η   is the photoelectric quantum efficiency, κ , 

ρ , vc  are the thermal conductivity, the density and the 

specific heat of the cathode material respectively, R  the 

cathode reflectance, τ  the laser micro-pulse duration, λI  

the power laser density to the cathode. 
The electron current density extracted from the cathode, 

using the Richardson approximation, can be obtained as a 
sum of 2 contributions: one proportional to the laser 
intensity, the other to the Richardson-Laue-Dushmann 
current density for thermoionic emission [3]: 
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where A  is the Richardson constant, R  the cathode 

reflectance, νh  the incident photon energy, k  the 

Boltzmann constant, T  the electrons temperature, μ  the 

chemical potential, QF4−Φ=φ  the barrier height, Φ  

the cathode work function, QF4  the Schottky barrier 

lowering due to the image charge Q  , F the product of 

the electric field gradient between cathode and anode and 
the electron charge and finally U  is the Fowler-
DuBridge function [8], [9]. 

 
It may be argued that since the cathode is operated as 

thermoionic and photocathode there is a detrimental effect 
due to the increase of beam emittance (both transverse 
and longitudinal). The emittance increase can be 
estimated following the recent analysis by Bazarov and 
Sinclair [10]. In their scaling law the transverse emittance 
is related to the extracted charge and bunch length : 
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mmz
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σ
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where q  is the photoelectric extracted charge and zσ  

is the length of the bunch. 
We can estimate the amount of emittance increase by 

relating it to the illuminating power. An example of the 
relevant behaviour is given in Fig. 3. 

     
Fig.3: Emittance increase vs. round trip number (in red 
the photoelectric contribution, see Eq. 6, in black the total 
emittance) [mm mrad]. 

 
It is evident that with increasing number of reflections 

the emittance grows (we have assumed quadratic 
composition for the different emittance contributions) but 
the increase of current is larger and the net effect is an 
increase of the e-beam brightness. We must however not 
exceed the reflections to avoid effects of power 
overloading which may create a too large emittance 
degradation as shown in Fig. 4. It may also be argued that 
the Bazarov-Sinclair scaling holds for an optimized 
system and therefore the previous estimation may be 
optimistic. 

 

Fig. 4: e-beam brightness [A m 2− rad 2− ] vs. power 

density [W m 2− ] 
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 RESULTS AND DISCUSSION 
 
A preliminary analysis of the device has been 

developed using the parameters listed in Table 1 and 2 
 

Table 1: FEL oscillator 

λ  laser wavelength 500 nm 

uλ  undulator wavelength 2.8 cm 

N  number of undulator periods 100 

γ  e-beam energy 305.8 

εσ  relative energy spread 10
3−

 

r  e-beam radius 8.9 10
3−

m 

0I  Input seed 1  W/cm
2

 

τ  e-beam micropulse duration 3 ps 

Mτ  e-beam macropulse duration 10 sμ  

n  round trip number 153 

δ  distance between RF gun and 

mirror 1M  (see Fig. 2) 

20 m 

cL  resonator cavity length 10 m 

clη  total cavity losses 4% 

1T  mirror 1M  transmissivity 2% 

 

Table 2: Dispenser cathode characteristics 

32OSc  in matrix of W  

wΦ  work function 1.8 eV 

φ  effective barrier height 1.68 eV 

d  inter-electrode distance 1 cm 

κ  thermal conductivity 1.78 W/cm°K 

ρ  density 19.3 g/cm3 

vc  specific heat 0.13 J/g°K 

inT  temperature operation before 
first illumination 

1300 °K 

 
 
The example we have considered is a FEL oscillator in 

which the distance between the cathode and the first 

semitransparent mirror 1M  (see Fig. 2) is 2 times the 

length cL  of the resonator cavity. The system is designed 

in such a way that for the first 3 round trips the intra-
cavity radiation grows according to the Eq. 1 with 

constant parameters ( 0I  , 0g , G , eP ), then Eqs. 1, 2, 3, 4 

and 5 are fully coupled. 
In our example we have considered 153 round trips 

which ensure, as already remarked 
• Increase of the bunch current. 
• Increase of the e-beam brightness despite  a modest 

increase of the transverse emittance (this last point 
deserves however a dedicate analysis including the 
contributions from the longitudinal and transverse 
shapes of the optical bunch). 

In Fig. 5, 6 and 7 the time evolution of cathode 
temperature, e-beam current density and laser intensity 
are shown respectively. 

 

 
Fig. 5:   Relative temperature increase vs. round trip 
number.  

         

       

 

Fig. 6: E-beam current density [A m 2− ] vs. round trip 
number. 
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Fig. 7: Laser intensity [W m 2− ] vs. round trip number. 
 

CONCLUSIONS  
A different possibility has been discussed in a previous 

paper [11] in which a hybrid SASE FEL has been 
considered: the radiation inside the undulator may be 
collected with a mirror (if we consider radiation in the 
visible) and sent back to the cathode. This has not a feed 
back on the radiation and it is just an external passive 
device. We must underline that for this device the 
radiation grows from the noise and the optical spectrum 
may be dominated by spikes and energy fluctuations, thus 
inducing dangerous effects which may strongly affect the 
quality of the e-beam itself. On the contrary, the use of the 
resonator cavity, acting as an active feed back on the 
optical field, may eliminate all the problems due to the 
shot noise, and the length of the optical pulse can also be 
easily controlled as well as other problems due to the 
transverse distribution. 

It is worth noting that the technique we have considered 
can be exploited for higher harmonics of the radiation. It 
is indeed well known that along with the fundamental 
higher order harmonics are generated in the optical cavity. 
The harmonic power is not stored in the cavity but it is 
emitted shot after shot. The harmonic radiation too can be 
exploited to irradiate the cathode. This different operation 
will be more deeply examined in a forthcoming 
investigation.  
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Abstract 
To verify the feasibility of X-FEL using an 8 GeV linac, 

the 250 MeV SCSS prototype accelerator was built at 
SPring-8. A sub-pico-second time jitter was set as a 
development target for the timing system of the prototype 
accelerator, because of its beam pulse width of several 
pico-seconds. This jitter value had a possibility to be 
achieved by the present technology. In accordance with 
the target, we developed a very low-noise reference 
signal source that generates 238 MHz and 5712 MHz RF 
signals for acceleration, a master trigger VME module 
having output pulses synchronized to 238 MHz, and a 
trigger delay VME module synchronized to 5712 MHz. 
The time jitters of the delay module are less than 700 fs, 
and the SSB noise of the 5712 MHz reference signal 
source is less than -120 dBc at 1 kHz offset. These values 
are sufficient for our present requirement. A beam energy 
variation of 0.06% was achieved by the timing system. 
The beam stability based on AM noise theory in the FEL 
linac is discussed based on the above data. 

INTRODUCTION 
The SASE (Self Amplified Spontaneous Emission) X-

FEL project at RIKEN HARIMA Institute is now under 
way.[1] The important component of the project is an 
accelerator, having an energy of 8 GeV, which comprises 
a 500 kV thermonic electron gun, a 238 MHz sub-
harmonic buncher, a 476 MHz  booster, a 2856 MHz 
booster and 2856 MHz accelerating structures, 5712 MHz 
accelerating structures with an accelerator field of 32 
MV/m, and in-vacuum undulators. To evaluate the 
feasibility of X-FEL, a 250 MeV prototype accelerator, 
including the main key elements of the above-mentioned 
linac (not a full number of the elements), at SPring-8 was 
constructed by November, 2005, and is under beam 
testing to generate SASE VUV-FEL. 

To generate a stable VUV laser in the prototype linac, 
an accelerated electron beam with a pulse width of less 
than 1 ps should pass through an orbit within one hundred 
micrometers for the undulator section having a length of 
12 m.[2] The energy stability of the beam is in the order of 
10-4, and the timing jitter of the trigger pulses to 
accelerator instruments is less than 1 ps were required to 
archive the orbit and the stable beam pulse width in a 
bunch compressor, which means the constant peak current 
of the beam to generate stable laser light. Therefore, we 
employed a timing jitter and a drift of less than 1ps, as 
development targets. This is because the beam energy 

variation of 10-4 corresponded to a phase change of about 
1 deg. (about 500 fs) in 5712 MHz RF acceleration at the 
crest point. For the present, in the case of the prototype 
accelerator, these targets are sufficient for generating and 
amplifying 60 nm light with about a 1 ps pulse width. In 
accordance with the targets, we have developed the 
timing system of the prototype accelerator as shown in 
Fig. 1. In this system, the final time jitters and drift of the 
accelerated electron beams, which are directly connected 
to the energy variation, are decided by the 
synchronization accuracy of the trigger delay, and the 
SSB noise of RF instruments, such as a signal source. The 
long-term drift of the timing is reduced by a feedback 
control. Therefore, to decrease the SSB noise and to 
realize a less than 1ps time jitter were set as the main 
purposes of our instrument development to make the 
system. This paper describes how to realize these 
purposes. 

TIMMING CONTROL SYSTEM 
System Configuration 

The configuration of the timing system of the SCSS 
prototype accelerator is shown in Fig. 1. The timing 
system comprises a master trigger VME module 
synchronized to a 238 MHz RF signal and also 
synchronized to a commercial AC of 60 Hz, a very low-
noise signal oscillator to generate 238 and 5712 MHz RF 
signals as a time reference, a 10 W RF amplifier to 
amplify the RF signals for signal transmissions, RF signal 
distributors, a trigger transmission system using 100 Ω 
differential cables with LVDS (Low Voltage Differential 
Signaling), and trigger delay VME modules synchronized 
to both acceleration RF signals of 238 MHz and 5712 
MHz.  

Master Trigger VME Module 
The circuit configuration of the master trigger VME 
module is shown in Fig. 1. The module comprises a 
FPGA including 24-bit counters of eight channels, which 
are driven by a 238 MHz clock signal. The output pulse is 
also resynchronized by a fast flip/flop working by the 238 
MHz clock to reduce the time jitters. The main function 
of the modules is to generate a trigger pulse train from 1 
Hz to 60 Hz for activating the accelerator components, 
such as the klystron modulators. The pulses are also 
synchronized to a commercial AC line, and distributed to 
the components. 

SUB-PICO-SECOND TRIGGER SYSTEM FOR THE 
SCSS PROTOTYPE ACCELERATOR 
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Fig. 1. Trigger system of the SCSS prototype accelerator.  
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 Fig. 2. Circuit diagram of the master oscillator. The 
signal source uses frequency dividing, a very low-noise 
power supply and the PLL connection between the 10 
MHz and 2856 MHz sources to achieve a low noise. 
 

Master Oscillator 
The master oscillator, which generates 238, 476, 2380, 

2856, 5236, and 5712 MHz stable RF signals, is a time 
reference source. The circuit configuration of the 
oscillator is shown in Fig. 2. It comprises a very stable 
reference generator (stability of 10-11) of 10 MHz, which 
has a low-noise characteristic in the frequency region 
below 1 kHz measured from 10 MHz, a 2856 MHz signal 
generator having a low noise characteristic in the 
frequency region over 1 kHz measured from 2856 MHz, a 
frequency doubler instrument to make 5712 MHz from 
2856 MHz, and frequency dividers to generate the above-
mentioned frequency signals. Both low-noise signal 
generators are connected by a PLL (Phase Locked Loop) 
circuit to make the very low SSB (Single Side Band) 
power noise over the whole frequency range, as shown in 
Fig. 3. The noise level is -140 dBc at 1 MHz measured 
from 2856 MHz. The most important feature is that the 

signal source uses the frequency-dividing method, a very 
low-noise power supply (-150 dBV), and the above-
mentioned PLL connection. The other important function 
is to decrease the effect of the environmental temperature 
around the master oscillator. For achieving this function, 
a temperature controller using a heater to eliminate the 
temperature variation within +/- 0.1 oK was employed. 
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Fig. 3. SSB noise power spectrum of the master oscillator.
The decreasing noise level at individual frequencies is
proportional to the dividing ratio. 

Differential trigger pulse transmission system 
 Our trigger system employs a trigger-pulse repeater 

including the function of a differential trigger pulse 
transmission of LVDS to reduce the influence of noise. 
The twisted-pair cable to transmit LVDS has a 
characteristic impedance of 100 Ω to easily adapt to the 
usual 50 Ω circuit without any signal reflection. The 
temperature dependence of its electrical length is about 
100 ppm, which does not exceed quarter wavelengths of 
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238 MHz under the conditions of the usual temperature 
variation for a day and a length of several ten meters used 
in the prototype accelerator. The repeater, as shown in Fig. 
1, can interconnect between the other two repeaters 
separated by more than 10 m. One port of the repeater is 
input from the previous repeater, and the other port is 
output to the following repeater. The repeater also has a 
function to distribute 8 trigger pulses of LVPECL (Low 
Voltage Positive Emitter Couple Logic) from the master 
trigger module to the trigger delay VME modules. 
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Fig. 4. Measurement result of the time jitters of the trigger
delay unit. The jitters (rms) are less than 1ps, which satis-
fies our requirement. The temperature dependence of the
jitter is very low. 

Trigger delay unit 
The trigger delay unit is the main instrument of our 

trigger system, and the VME module, as shown in Fig. 1. 
The circuit of the module comprises a FPGA having 8 
counters with 24 bits driven by the 238 MHz RF signal, 
fast flip/flops, and a temperature controller using a heater 
to stabilize the temperature of the flip/flips circuit within 
+/- 0.1 oK. The output pulses of the FPGA are 
resynchronized by fast flip/flops working by the 5712 
MHz signal to realize sub-picosecond time jitters referred 
to the acceleration RF. The outputs of the delay unit have 
a voltage level of LVPECL to decrease jitters. A jitters 
measurement used to evaluate the module was carried 
out; Fig. 4 shows the result of the measurement to a 5712 
MHz signal dependent on the temperatures. The result 
shows that the jitters are about 700 fs (rms). In addition, a 
delay time change of the unit dependent on the 
temperature was about 400 fs/ oK (rms). 

Level converter 
The accelerator comprises many instruments, 

equipping such various trigger voltage levels as TTL, 
NIM, and 10V, for historical reasons. However, the 
output of the delay unit is LVPECL. Therefore we 
developed an eight-channel level converter to change 
from the output voltage level of the delay unit to the input 
levels of the instruments (Fig. 1). 

RF distribution and 10 W RF amplifier 
To drive the VME modules related to the trigger 

system (Fig. 1), the RF signals generated with the master 
oscillator must be transmitted. This signal transmission 

guarantees synchronization of the whole accelerator 
system to achieve the stable generation of FEL light. 
Phase-stabilized RF cables having an electrical length 
variation of 5 ppm/oK were employed to transmit such 
signals as 5712 MHz for about more than 20 m. By 
considering the RF loss of the cables, RF amplifiers, 
having PLL, ALC and 10 W outputs were used. The 
amplifier was cooled by water to stabilize the temperature 
within +/- 0.5 oK. For distributing many RF signals of 
about 1 mW to drive the trigger instruments, RF 
distributors handling the 238 MHz and 5712 MHz signals 
were developed. The phase variation of the distributor 
dependent on the temperature was decreased by such 
design work as choosing an RF divider with a low 
thermal effect. The thermal phase variation of the 
amplifier and the distributor were 0.8 deg./oK and 0.28 
deg./oK at 5712 MHz without PLL. 

SUMMARY AND DISCUSSION 
In the SCSS prototype accelerator, we finally obtained 

a fruitful result: a beam energy stability of less than 
0.06 % at the exit of the S-band accelerating structure (at 
50 MeV). This accelerated beam almost stably drove a 
SASE of 53 nm in the undulator section. The measured 
time jitter of the accelerated beams to the acceleration RF, 
which was directly connected to the energy variation, was 
less than 340 fs (rms). The measured jitter of the delay 
unit was about 700 fs (rms). These jitter values satisfied 
our requirement. 

These jitters were mainly determined by the rise time 
of a pulse of the synchronization clock for the delay unit 
and the SSB noise of the RF signal. To realize the sub-
pico-second jitters, we employed a clock signal of 5712 
MHz, and very low-noise signal sources of 238 MHz and 
5712 MHz.  

The influence of the SSB noise on the beam energy 
variation and the time jitters of the beams is not very 
clear. Therefore, we want to discuss the verification of 
the SSB noise effect to the beam energy stability in the 
prototype accelerator. The effect, that is the time-domain 
voltage variations, of the SSB noise to an RF pulse in an 
accelerating structure is calculated by integrating the SSB 
noise amplitude for a certain frequency band width.[5] In 
general, a carrier signal including SSB noise is expressed, 
as shown in Fig. 5-A, and as the rotating vector of the 
noise at the top end of the carrier wave vector. The AM 
and FM modulations generated by the SSB noise are an 
equivalent. To calculate the energy variation of the beam 
caused by the amplitude and phase variation on a CW RF 
signal, the integration span on the frequency axis of the 
SSB noise graph is from less than 1 Hz to several more 
figures of the frequency corresponding the filling time of 
an accelerating cavity. If this integration span is applied 
to the calculation in the case of our accelerator with the 
5712 MHz RF pulse of 2 μs (fp = 0.5 MHz) width, the 
time-domain noise level on the pulse increases by more 
about 7 digits compared to the noise level of -140 dB at fp 
in Fig. 3. In this calculation, the voltage variation on the 
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pulse is near 0.1%. This value should be over estimated, 
if the other noises generated by the accelerator 
components are taken into account of. We can not explain 
the present beam energy stability of 0.06%. For these 
reasons, the frequency span of the integration should be 
limited to the case of pulsed RF acceleration. 

In this paper, we do not consider a beam energy 
variation below a reputation frequency of 60 Hz in our 
accelerator, because it can be eliminated by feedback 
control. Here, we consider the SSB noise components 
around fp, which do not change the base level of the RF 
pulse, and only change the amplitude of the pulse. This 
SSB noise effect to the beam energy change is assumed 
as shown in Fig. 5. In the case of the frequency 
components over fp, (Fig. 5-C), the effects of the noise, 
which is expressed as odd functions ( fh2 ---) mixed on the 
RF pulse, are cancelled by integration of the accelerating 
force, when the beam passes through in the accelerating 
structure. However, the even components (fh1,, fh3 --- fhn ), 
like Fig. 5-C, are not cancelled, and have an influence on 
the energy variation, which is inversely proportional to 
the frequency. In the lower frequency components, 
measured from the RF pulse frequency, fp, the effect of 
the noise components to the pulse decreases in proportion 
to the frequency, because of a constant pulse width. The 
slope of the amplitude variation of individual frequency 
components (fl1,, fl3 ---- fln ) of the noise within the pulse 
width decreases in proportion to the frequency, as shown 
in Fig. 5-B.  

The integration of the SSB noise to estimate the effect, 
N(t), to the beam energy variation could have a factor of 
1/2, which corresponds to the influence of the even 
functions, and the weight functions reflecting the above 
mentioned frequency dependence. By an assumption 
based on the above-mentioned discussion, we can 
consider the flowing equations. In the case of a higher 
frequency, f, than fp, the equation is 

pSSB ffdffNfwtN ≥= ∫ )()(
2
1)( .     1) 

At a frequency lower than fp, the equation is 

pSSB ffdffNfwtN <= ∫ )()/1()( .   2) 

The equations are integrating the SSB noise, NSSB(f), 
times the weight functions, w(f or 1/f), having a linear 
peak shape like Fig. 5-D. For describing the above-
mentioned method by another way, we can also consider 
applying the square window function (RF pulse) in a 
time-domain to the SSB noise, to calculate FFT.[6] 

The RF amplitude and phase variations in the 
accelerating structure of the prototype accelerator were 
estimated by integrating the 5712 MHz noise spectrum of 
Fig. 3 with the weigh functions described in Fig. 5-D. 
The result of the integration for a frequency span between 
1 Hz and 1 MHz was that the amplitude variation was 
0.01% and the phase variation was 0.06 deg (about 30 fs). 
These values were ten-times smaller than the values that 
were integrated without the weight functions. From these 
results, we can explain the 0.06% energy variation of the 
prototype accelerator with the noise caused by the other 
components by using the above-mentioned method. The 
30 fs time variation is enough for our requirement. 
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LASER PULSE LENGTH DEPENDENCE OF BEAM EMITTANCE OF 
PHOTOCATHODE RFGUN 
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and K. Yanagida, SPring-8, 1-1-1 Kouto, Sayo-cho, Sayo-gun, Hyogo-ken 679-5198, Japan

Abstract 
  Laser pulse length and laser shape should be optimized 
to minimize the beam emittance of photo-cathode RF-gun. 
A 3-D particle tracking simulation predicted the smallest 
beam emittance could be obtained with the square laser 
pulse length of about 20 ps. To examine the effect of the 
laser pulse length to beam emittance, the square laser 
pulse of 10 and 20 ps was generated with laser pulse 
stacking of 2.5-ps micro pulses and each beam emittance 
was measured at the low beam charge of 0.4 nC/pulse. 
The measured beam emittance was not significantly 
different each other.   
  Then beam emittance was measured at the higher beam 
charge of 1.0 nC/pulse. The minimum beam emittance 
with 20-ps laser pulse was 2.3 mmmrad with 0.8mm x 
1.0 mm elliptical laser profile. Although we also tried to 
measure the beam emittance with 10-ps laser pulse, the 
beam charge of 1.0 nC could not be generated at the same 
laser spot size due to probably space charge limit. The 
measured beam emittance for 20-ps laser pulse was 
smaller than the minimum beam emittance 3.0 mmmrad 
for 10-ps laser pulse measured under different laser 
condition, especially micro pulse of 1.0 ps and laser spot 
diameter of ø 1.0 mm. 
  Although we could not compare the laser pulse 10 ps 
and 20 ps at the equivalent conditions in high charge 
region, these experimental results would indicate at least 
the possibility of using long laser pulse about 20 ps to 
minimize the beam emittance for beam charge around 1.0 
nC. 

INTRODUCTION 
  The electron source for several XFEL projects [1-3] 
requires very low emittance beam as low as 1 mmmrad. 
To minimize the beam emittance of a photocathode RF-
gun, the laser pulse shape should be optimized three-
dimensionally. The transverse shape could be modified 
with a microlens array [4] or a deformable mirror (DM) 
[5]. As well as the transverse shape, the longitudinal 
shape can be also modified with a spatial light modulator 
[5,6] or pulse stacker described in this paper. Beam 
emittance of 1.2 mmmrad for 1 nC/pulse has already 
realized by J. Yang et. al. with square 9-ps laser pulse [6]. 
  So far, we demonstrated transverse shape optimization 
and low emittance beam generation of 1.7 mmmrad at 
the electron charge of 0.1 nC [5]. The beam emittance at 
high charge was, however, much larger, because the laser 
pulse length is too short (5 ps) and the diameter was 1mm 
(top hat) and therefore the charge density was too high. 

In this paper, we tested longer laser pulse of 10-ps and 
20-ps square generated with laser pulse stacker to get low 
emittance in high charge region. Three stages of pulse 
stacking generated 20-ps pulse from eight micro pulses. 
The purpose introducing longer laser pulse is to keep the 
laser beam size small but decrease the charge density. The 
small beam size contributes to decreasing the initial 
emittance, and small charge density to the space charge 
effect. Therefore, long laser pulse is effective especially 
in high charge region. A 3-D particle tracking simulation 
predicted smaller beam emittance could be obtained with 
the laser pulse length of about 20 ps at 1nC/pulse as 
shown in Fig. 1. It also predicted electron bunch length 
can keep around 10 ps with both 10 and 20-ps laser pulse 
length due to bunch length compression in the RF cavity. 

 

 
Figure 1: Beam emittance of the photo cathode RF gun 

for 10 and 20-ps laser square pulse length calculated with 
a 3-D particle tracking simulation. In the calculation, the 
laser spot diameter was 1.6 mm (top hat) and the 
maximum electric field on the cathode was 135 MV/m. 
  

LASER PULSE STACKING 
  Pulse stacker is composed of sets of half-wave plates 
and polarizing beam splitter cubes. The fully s-polarised 
pulse laser is rotated to 45 degrees polarised pulse with a 
half-wave plate. It is divided into an s-polarized pulse and 
p-polarised one with a polarizing beam splitter. The p-
polarized pulse is delayed with an optical delay line and 
then combined with the s-polarized pulse after another 
polarized beam splitter. Finally, as shown in Fig. 2, the 
laser pulse of 2.5 ps was stacked with optical delay at 
each stage to generate longer square pulse. With three 
stages, we can obtain 20-ps square pulse. 
  The polarizing beam splitter cubes used in the first and 
second stage is optical contact type (produced by Showa 
Optronics) considering the high power density of the UV 
laser. The polarizing beam splitter used in the third stage 
is bonded with optical cement, because the power density 
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is lower at the stage. The diagram of the optical system is 
shown in Fig. 3. 
 

 
 
 
 
 
 
 

 
Figure 2: Timing chart of pulse stacking 

 

 
Figure 3: Optical system of laser pulse stacker

 (three stages) 

PULSE LENGTH CONTROL 

Finding the origins of optical delay lines 
  To generate long pulse without any timing gap or 
overlap, origins of the optical delay lines must determined 
with a precision less than 1 ps. The origin is defined here 
as the position of micrometer in the delay line such that 
the s-polarization and p-polarization pulses reach the 
cathode at the same time. The way that determines the 
origin is as follows. The energy of the electron pulse was 
measured for two laser pulses divided by each stage of the 
pulse stacker. The energy of the electron beam is 
measured as beam position on a profile monitor after a 
bending magnet downstream the RF-gun cavity. To 
eliminate the positioning jitter and short time drift, the 
beam positions were measured for 5000 times. The 
micrometer for p-polarized pulse was tuned as these two 
electron beam pulses come to the same position on the 
profile monitor after 3-5 times iterations. The timing 
precision of the origin was about 0.5 ps estimated from 
the position jitter distribution. 

Setting of optical delay lines 
  After setting the origins of three micrometers, the 
position of these micrometers are determined by simple 
calculation. For example, if the pulse length is 20 ps, the 
micrometer positions are set as follows, 

 
Position for 1st stage:  origin - 1.5mm 
Position for 2nd stage:   origin - 0.75mm 
Position for 3rd stage:    origin - 0.375mm. 

 
  The stacked laser pulse was finally checked by the beam 
energy distribution on the profile monitor with 
illuminating all eight micro pulses. The energy 
distribution of the beam is shown in Fig. 4. At an 
optimum phase (85 degree), the beam focuses on the 
profile monitor. When RF phase is 44 degree, the energy 
dispersion was made purposely larger to evaluate stacking 
pulse structure. The uniformity is not ideal but there are 
not any gaps and strong hot spot in the distribution. 
Therefore, the eight micro pulses are thought to be 
stacked properly. The incomplete uniformity mainly 
comes from the insufficient flatness of energy among the 
laser micro pulses.  
 

 
 

Figure 4: The energy distribution on the profile monitor 
for the 20-ps laser square pulse at different RF phase. 
Top: RF phase at 85 degree (3.52 MeV @center), 
Bottom: RF phase at 44 deg (3.29MeV @center)  
   
  The information of the pulse length of the micro pulse 
can be also obtained from this measurement. When the 
micro pulse was around 1.5 - 2.0 ps, five strong spots 
were observed on the profile monitor as shown in Fig. 5. 
These spots come from overlapping on the edges of two 
micro pulses. Not all energy spots are seen on the profile 
monitor, because of small screen. The number of the spot 
was found to be totally seven when the RF phase was 
moved. 
 

 
 
Figure 5: The energy distribution on the profile monitor 

for the 20-ps laser pulse, when the micro pulse is around 
1.5 -2.0 ps.  
 
  Simulation results of the energy distribution for micro 
pulse lengths of 1.5 ps and 2.5 ps are shown in Fig. 6. 
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There are seven spots for the case of 1.5 ps, while there is 
not any strong spot for the case of 2.5 ps. 

 

 
 

Figure 6: Simulated of the energy distribution for micro 
pulse length of 1.5 ps (Top) and 2.5 ps (Bottom).   
 

BEAM EXPERIMENTS 

Laser distribution and electron beam charge 
  The laser pulse energy of eight (20 ps) and four (10 ps) 
micro pulses was tuned by the angle of half-wave plates 
to get the beam charge of 0.4 nC and energy flatness. The 
results are shown in Fig. 7. 

 

 

 
 

Figure 7: The laser pulse energy and electron beam 
charge of micro pulse for 20-ps (Top), and 10-ps pulse 
structure (Bottom). 

 
  The 20-ps pulse was generated with pulse stacker of 
three stages, and 10 ps with first two stages. The energy 
flatness for 20 ps is worse than 10 ps. The polarizing 

beam splitter of the third stage could not divide the two 
pulses ideally because it is bonded with optical cement 
and the energy loss of p-polarization pulse is larger at 
higher intensity.  
  There is a difference in total pulse energy to get the 
same charge of 0.4 nC; 70.4 μJ for 20 ps and 96.6 μJ for 
10 ps. This is due to both of the Schottky effect and space 
charge limit. These effects is not theoretically calculated 
but can be understand from the facts that four micro 
pulses in 10-ps pulse individually generate increasing 
charge of 0.12, 0.16, 0.16, 0.17 nC, but generate only 0.4 
nC with all four pulse at the same time.  

Setup of Beam emittance measurements 
  The electron beam generated from the RF gun was 
accelerated to 26 MeV with a 3m-long accelerating 
structure. The beam emittance was measured with quad 
scan downstream the accelerating structure [7]. 
  When we operate quad scan to measure the beam 
emittance, the beam size must be measured at the 
resolution of the order of 10 μm. To realize the fine 
resolution, we adopted a profile monitor with a thin 
screen and high resolution CCD camera. The screen is an 
alumina fluorescence sheet (Desmarquest AF995) with 
the thickness of 0.05 mm. The CCD camera is 1.3-mega 
pixels camera (SONY XCD-SX910). It has a 1/2-inch 
CCD chip with 1280(H) x 960 (V) pixels, and each pixel 
size is 4.65 x 4.65 μm2. To get a large depth of field, we 
used a telecentric lens of 1/4 magnification. The estimated 
resolution of the image is about 20-30 μm. Only center 
quadrupole magnet of the triplet quadruple magnet was 
used to focus the beam on the screen with quad scan. The 
setup of the quad scan measurement is shown in Fig. 8.  

100

100100
100 200

1290

F D F

screen

CCD camera

unit:mm
 

Figure 8: Setup of quad-scan measurement. 
 
  The emittance measurement was automatically executed 
in about 5 minutes if the measurement points were less 
than 15. The automatic measurement system was 
programmed with Labview 7.1 and Vision developing 
module (National Instruments Co.).  
 

Beam emittance measurements 
  Beam emittance for 10 and 20-ps laser pulse was 
measured in low charge region of 0.4 nC/pulse. The 
current of solenoid coils were optimized to get minimum 
beam emittance. The laser shape was elliptical (0.8 mm 
(H) x 1.0 mm (V)). In this experiment, the optimization of 
DM could not executed because the CCD of laser profiler 
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was damaged. The results of the quad scan are shown in 
Fig. 9. The emittance of both beam were almost same, 3.2 

mmmrad for 20 ps and 3.3 mmmrad for 10 ps. 
 

 
 

 
 

Figure 9: Measured beam emittance for 10-ps and 20-ps 
laser pulse at the beam charge of 0.4 nC/pulse. 

 
Next, the beam emittance was measured in case of high 

current beam. The beam current of 1.0 nC was generated 
for 20-ps pulse but only 0.6 nC beam current could be 
generated for 10-ps pulse at the same laser spot size, 
though the laser power was high enough. It may be due to 
space charge limit. After further optimizing parameters 
such as solenoid current, RF phase and half-wave plates, 
the measured minimum emittance of the beam for 20-ps 
laser pulse was 2.3 mmmrad as shown in Fig.10. 

 

 
 

Figure 10: Measured beam emittance for 20-ps laser pulse 
at the beam charge of 1.0 nC/pulse. 

DISCUSSION 
Long laser pulse of 20 ps generated with a pulse stacker 

was tested, and low emittance beam of 2.3 mmmrad was 
generated successfully without optimization of laser 
transverse profile with DM. No large difference was 
found between 10 ps and 20 ps in the low charge region. 
It is very important that the beam current for 10 ps could 
not reach 0.7 nC if the laser beam size was small even if 
the laser pulse energy was increased high. This effect may 
limit the initial emittance of the beam in high charge 
region. Long laser pulse of 20 ps is thought to have an 
advantage in generating high charge with small initial 
beam size. 

 Of course, the pulse charge of 1nC could be generated 
if the laser spot size was large enough. However, the 
measured beam emittance for 20-ps laser pulse was 
smaller than the minimum beam emittance 3.0 mmmrad 
for 10-ps laser pulse at 1.0 nC/pulse measured under 
different conditions of micro pulse length at 1 ps and laser 
profile modified with DM to a flat circle of ø1.0 mm [8]. 

The possibility of 20-ps laser pulse to get low emittance 
has been confirmed by these results. Next, the splitter 
cube of the third stage in pulse stacker will be exchanged 
to that bonded with optical contact. Then micro laser 
pulses should be tuned to get flat longitudinal distribution 
of electron beam. Further experiments to pursue smaller 
beam emittance will be planed with simultaneous 
transverse and longitudinal laser profile optimization. 
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DESIGN STUDY ON HIGH- TC SUPERCONDUCTING  
MICRO-UNDULATOR 

T. Kii, H. Zen, N. Okawachi, M. Nakano, K. Masuda, H. Ohgaki, K. Yoshikawa, T. Yamazaki.  
Institute of Advanced Energy, Kyoto University, Uji, Japan.

Abstract 
Design study on a new type of high critical temperature 

(TC) superconducting micro-undulator was carried out. In 
this work, we introduce staggered array type micro-
undulator using high TC superconducting material. 
Transverse magnetic field was measured with YBa2Cu3O7 
bulk superconductors at 77 K. The maximum transverse 
magnetic field strength was about 0.5 mT, when 
longitudinal magnetic field of the strength in the range of 
2 mT to 15 mT was applied. 

 

INTRODUCTION 
A micro-undulator or short period undulator will be a 

useful device for a compact FEL device and/or a short 
wavelength FEL.  

When a high energy electron beam moves in the 
periodic magnetic field, resonant wavelength emitted 
from the undulator λR is written by following well-known 
equations.  
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Here, λu is the undulator period and γ is Lorentz factor, 
K is the undulator parameter, e is the charge of the 
electron, B0 is the maximum transverse magnetic field 
strength of the undulator, m0 is the electron mass and c is 
the speed of light. To obtain shorter wavelength radiation, 
undulator period should be short or electron energy 
should be high. Thus, if the λu is limited, high energy 
electron beam is required for short wavelength FEL such 
as X-FEL. In other word, if a short period undulator 
realizes, high energy electron is not required. Moreover 
since the FEL gain increases as the number of period of 
undulator increases, the short period undulator will have 
advantage. 

However, if we need K=1 for short period undulator of 
5 mm, B0 should be almost 2 T. Thus, to realize micro 
undulator or short period undulator, strong transverse 
magnetic field is required. 

 

HIGH TC SUPERCONDUCTING 
UNDULATOR 

Design of high TC superconducting undulator 
To obtain transverse periodic magnetic field in a short 

period, we introduce following micro-undulator as shown 
in Fig. 1. 

 
Fig. 1. Conceptual drawing of the high TC SC undulator. 

High Tc bulk superconducting materials are stacked in 
the solenoid. First, these superconducting pieces are 
cooled down below the critical temperature TC. Then, a 
solenoid field is applied. As a result, density modulation 
of the magnetic field is produced, and thus the periodic 
transverse magnetic field is generated on the electron 
beam axis. To realize shorter period, in vacuum structure 
is planned. If we can control the magnetic field precisely, 
extreme good electron beam confinement can be realized 
[1]. 

If a perfect Meissner state is kept in a high magnetic 
field strength of several T, excellent performance will be 
realized. Unfortunately, Meissner region is typically 
limited below the lower critical field of several hundred 
mT, but superconductivity is left up to the higher critical 
field of 100 T. Thus we tried to measure the transverse 
magnetic field above lower critical field. 

 

Expected performance  
We have estimated performance of the undulator for 

following applications. 
1) Compact IR device 
2) Ultra short wavelength FEL 
3) THz device 
If such short period undulator with high transverse 

magnetic field is applied for 1) compact IR FEL device, 
required electron energy will be less than 15 MeV as 
shown in Fig. 2. Therefore a very compact IR system can 
be designed. 

___________________________________  
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Fig. 2. Expected wavelength for short period undulator 
with several tenth MeV electron beam. 

For application to 2) ultra short wavelength FEL, the 
device is also fascinating as shown in Fig. 3. The FEL 
wavelength of 1 Å will be achieved with 3 GeV electron 
beam. It is expected that the whole system could be 
compact, because the length of the undulator and the 
accelerator will be shortened compared to present 
configurations of such X-FEL systems. 
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Fig.3. Expected wavelength for GeV class electron beam. 

A simple configuration consisted of an electron injector 
and the proposed micro-undulator will provide 3) the THz 
radiation as shown in Fig. 4. This system could generate 
an intense THz radiation with a variety of operation mode, 
in CW, because we can use a CW electron injector.  
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Fig. 4. Expected wavelength for THz device. 

 

EXPERIMENT 
To confirm the proposed micro-undulator, a preliminary 

experiment has been performed. In this work, YBa2Cu3O7 
(YBCO) ceramic was selected as the high TC 
superconducting materials, because it is easy to obtain, 
and Tc is higher than the boiling point of liquid nitrogen. 
Presintered YBCO powder made by Furuuchi Chemical 
Corporation was used for sample fabrication. Test peaces 
were made as following. The powder was pressed into 
disks and sintered in an oxygen-containing atmosphere 
for 12 hours at a temperature of 900° C, and annealed for 
48 hours at a temperature of 500° C. Diameter of the test 
pieces was 27 mm and thickness was 2.5 mm. 
Superconductivity of the test pieces were checked by the 
Meisner effect and pinning effect using small permanent 
magnet on the cooled test material. Schematic drawing of 
the superconducting test piece is shown in Fig. 6. 

27 mm

2.
5 

m
m

 
Fig. 5  Schematic drawing of the YBCO test piece. 

Transverse magnetic field produced by the cooled 
ceramics was measured with a dipole magnet and a 3-
Channel Gaussmeter Model 460, manufactured by Lake 
Shore Cryotronics, inc. Experimental setup is shown in 
Fig. 6.  
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Fig. 6  Experimental setup. 

Test piece was cut into two ‘D shapes’ for the 
transverse magnetic field measurement. The test pieces 
were cooled down to 77 K in a LN2 cryobath. After 
cooled down below the critical temperature, they were 
moved into the gap of the dipole magnet. Longitudinal 
magnetic field of the strength in the range of 2 mT to 15 
mT was applied. The magnetic field strength was 
measured using a Hall probe. The measured strength was 
about 0.5 mT, and did not depend on the amplitude of the 
longitudinal magnetic field. 

DISCUSSION 
Transverse magnetic field was successfully generated 

with YBCO test pieces, but the magnitude was very small. 
Let us discuss on the small transverse magnetic field 
strength. Although the upper critical field strength for the 
YBCO is high, the lower critical field is about 1 mT. Thus, 
the magnetic vortex lines penetrate into the 
superconductors. As a result the enough transverse 
magnetic field was not produced.  

To overcome this problem, strong pinning center 
should be introduced. Then the penetration of the vortex 
lines would be suppressed. Doping of Praseodymd[2] is 
planned to introduce pinning center and increase critical 
current density.  

Although, zero-field cooling is introduced in this work, 
filed cooling is also considerable to produce transverse 
magnetic field. If the each superconducting pieces with 
strong pinning center are cooled in the strong solenoid 
field, each pieces work as strong permanent magnet of 
several T after the solenoid field is turned off. Such strong 
permanent magnet would increase the performance of 
hybrid staggered undulator [3]. Although the peak field 
depends on the trapped magnetic field by the 
superconducting pieces, recently typical trapped field is 
greater than 2T [4], thus the peak field of greater than 1T 
is expected. 
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DESIGN STUDY OF RF TRIODE STRUCTURE  
FOR THE KU-FEL THERMIONIC RF GUN 

K. Masuda#, K. Kusukame, T. Shiiyama, H. Zen, T. Kii, H. Ohgaki, K. Yoshikawa, T. Yamazaki, 
Institute of Advanced Energy, Kyoto Univ., Gokasho, Uji, Kyoto 611-0011, Japan

Abstract 
A coaxial rf cavity with a thermionic cathode on its 

inner rod has been designed to be adopted in a 4.5-cell rf 
gun in order to minimize the inherent back-bombardment 
of electrons onto the cathode. Dependences of the back-
bombardment power and the output beam properties on 
the axial mounting position of the coaxial cavity have 
been studied using a 2-dimensional simulation code. With 
an optimal mounting position and phase of ~90 kW rf 
input fed into the coaxial cavity have shown significant 
reduction of back-bombardment power of over 80 %. It 
has also shown a lower longitudinal emittance and a 
higher peak current of the output beam than the 
conventional rf gun, while the transverse emittance 
degradation is reasonably acceptable. 

INTRODUCTION 
Thermionic rf guns have advantages against 

photocathode ones, such as low cost, high micropulse 
repetition rate (high averaged current), and easy operation, 
which make them well suited for FELs. They however 
suffer from back-bombardment of electrons onto the 
thermionic cathode which eventually leads to an output 
beam energy drop and limits the macropulse duration [1-
3]. The back-bombardment effect is seen significant in the 
4.5-cell rf gun (Fig. 1 and Table 1) for the KU-FEL linac 
because of its original design, i.e. a high coupling 
coefficient, large number of cells, small aperture between 
the cells. Some countermeasures are applied, such as the 
use of transverse magnetic fields [4,5] and the temporal 
control of the rf input for compensating time-varying 
beam-loading [6-8] with limited successes. The 
macropulse duration achieved so far is 4 μsec at most for 
a limited beam output of ~80 mA [8], while a longer 
duration and a higher current would be desired for the 
FEL operation. 

Numerical studies so far have suggested that the rf 
triode structure could potentially reduce the back-
bombardment power drastically (~80 - 99%) [9,10].  

Especially the use of a metal grid for the rf cutoff has 
shown numerically over 99% reductions of the back-
bombardment power without degradation in the output 
beam properties, by simulations on neglect of the beam 
scattering by the grid [10,11]. In this work, we 
investigated an rf triode without a grid for comparison, 
since the use of a grid is practically undesirable unless it 
is necessary in terms of the back-bombardment reduction 
and/or the output beam characteristics.  

Also, though the beam properties at the 1.6-cell [9] and 
the half-cell [10] exits have shown reasonably acceptable 

degradations or rather enhancements, the beam extraction 
phase from the rf triode should be considered in adopting 
it to the 4.5-cell gun, because an off-crest beam injection 
to the successive cells would lead to a degradation in the 
output beam transverse emittance due to an increased rf 
contribution to the emittance growth. In this work, we 
investigated both the input rf phase and axial mounting 
position of the coaxial cavity with respect to the main 
accelerating cells. 

___________________________________________  
#masuda@iae.kyoto-u.ac.jp 

 

 
Figure 1: A simulation snapshot showing electrons’ radial 
positions and energies along the longitudinal position, and 
the on-axis cavity field. The blue dots indicate back-
streaming electrons. A 2mm φ thermionic cathode with a 
30 A/cm2 current density is located at z = 0, and the cavity 
voltage is 10 MV to yield 7.6 MeV output. 

 
Table 1: Beam properties by the simulation on neglect of 
the back-bombardment effect. Only the electrons within 
an output beam energy spread of ΔEk/Ek,max = 3 % are 
taken into account. 

at the gun exit   
charge, ΔQ 29.00  pC 
peak current, Ipeak 10.00  A 
normalized rms emittance, εr,n 1.20  π mm mrad 
longitudinal rms emittance, εz 37.00  psec keV 

at the 1st cell exit  
energy spread, ΔEk1/Ek1,max 6.60  % 
charge, ΔQ1 29.00  pC 
peak current, I1,peak 10.40  A 
normalized rms emittance, εr1,n 0.53  π mm mrad 
longitudinal rms emittance, εz1 1.80  psec keV 
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COAXIAL CAVITY DESIGN 
Figure 2 shows the coaxial cavity geometry to be 

installed in the rf gun instead of the conventional cathode, 
and the fundamental (2856 MHz) eigenmode pattern by a 
2-dimensinal eigenmode solver [12]. The outer radius is 
limited up to ~15 mm due to the cathode mount geometry 
in the rf gun. We set it as the maximum, 15 mm to 
minimize the coupling coefficient, β, between the coaxial 
cavity and the backside coaxial waveguide from which an 
rf power is to be fed. The rf cutoff is ensured by a drift 
tube of 4 mm in diameter and 5 mm in length between the 
coaxial cavity and the successive half cell. 

Figure 3 shows particles’ snapshots by a 2-dimensional 

particle-in-cell simulation code [13] for three different 
coaxial inner rod geometries on which the same 
thermionic cathode (2 mmφ, 30 A/cm2) as is used in the 
conventional diode rf gun shown in Fig. 1. The code can 
reproduce the required rf input, Pin, for a given rf voltage, 
Vo, taking into account the beam-loading effect [3,13].  

In the design (a), the beam tends to hit the drift tube 
due to radial forces by both the rf and the space charge. 
The geometry (b) shows a good beam transport because 
of a reduced radial rf field, while at the same time the 
larger inner rod diameter increases β, leading to a higher 
Pin requirement for a fixed V0. Finally, the design 
refinement in (c) meets both the requirements, showing a 
good beam transport and an acceptably high field with a 
moderate Pin below 100 kW, the maximum available 
power in our experiments scheduled in the near futere. 

BACKBOMBARDMENT AND BEAM 
PROPETIES BY THE TRIODE RF GUN 
In the simulations in the triode rf gun, we varied the 

axial mounting position, z0, of the coaxial cavity with 
respect to the main accelerating cells in the 4.5-cell rf gun 
(see Fig. 4), as well as the rf voltage, V0, and phase, Δφ01, 
in the coaxial cavity. The cavity voltage in the main 
accelerating 4.5 cells is fixed as 10 MV throughout. 

As seen in Fig. 4, the 1st half cell geometry is slightly 
changed as the z0 varies, so that its resonant frequency, 
quality factor and shunt impedance remain unchanged. 

The back-bombardment effect is neglected, i.e. the 
cavity voltages and the cathode current density are kept 
constant until periodically steady-state solutions.  

Back-Bombardment Power and Beam 
Properties at the First Cell Exit 

Figure 5 and 6 show back-bombardment power onto the 
2 mmφ cathode, Pback, bunch charge, ΔQ1, and transverse 
normalized rms emittance εr1,n at the 1st half cell exit. For 
comparisons, they are normalized by those in the 
conventional diode rf gun listed in Table 1. Electrons 

 

 
Figure 2: An eigenmode pattern in a coaxial cavity with a 
thermionic cathode on its inner rod, to replace the cathode 
in the conventional diode rf gun. 
 

(a)  

(b)  

(c)  
Figure 3: Eigenmode patterns and particle snapshots in 
the coaxial cavity, comparing three different geometrical 
designs of the coaxial inner rod. Peak electric field 
strengths on the cathode (E0), and required rf input (Pin) 
are shown for a fixed peak cavity voltage, V0 = 30 kV. 

 

 

 
Figure 4: Eigenmode patterns of the 1st cell for two 
different mounting positions (z0) of the coaxial cavity. In 
the conventional diode rf gun (see Fig. 1 and Table 1) the 
cathode is located at z = 0.  
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within an energy spread of ΔEk1/Ek1,max = 6.6 % are taken 
in account in the ΔQ1 and εr1,n, since they are found 
contribute to an acceptable output beam energy spread of 
ΔEk/Ek,max = 3 % for the case of the conventional diode rf 
gun shown in Fig. 1 and Table 1.  

As seen in Fig. 5, a lower V0 results in a lower ΔQ1 and 
larger εr1,n without significant reduction of Pback. Thus V0 
is fixed as the maximum, 30 kV hereafter. 

In comparison with the use of a metal grid instead for 
the rf cutoff [10], the existence of zero-field region in 
between the cathode and the 1st half cell is found result in 
higher Pback, while the reduction of Pback by the present rf 
triode is still significant. 

In Fig. 6, regardless of the phase control by z0, φ1,head is 
found far ahead of the crest for Δφ01’s where the Pback 
reduction is over 90 % (called operational mode (I) 
hereafter).  

At a lower Δφ01, however, a local minimum of Pback is 
found, which is seen to reach 80 % reduction for z0 = –6, 
–8 and –10, and is also seen to shift in terms of Δφ01 as z0 
decreases. Thus Pback at φ1,head = 1 π rad (crest) decreases 
with decreasing z0 as shown in Fig. 7. This operational 
mode (II) is not seen in the grid-based rf triode [10], 
which corresponds virtually to z0 = ~ –1 mm. 

Note that, in the conventional rf gun, φ1,head is 0.94 π 
rad, slightly ahead of the crest as shown in Fig. 6, because 
the rf voltage and corresponding output energy of 7.6 

MeV is higher than the nominal value of 5 MeV. 
Nevertheless we usually operate the gun at a higher 
energy, since it results in a lower beam emittance.  
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Figure 5: Back-bombardment power (Pback), bunch charge 
and transverse normalized rms emittance at the 1st cell 
exit (ΔQ1 and εr1,n) divided by those in the conventional 
diode rf gun (see Table 1), as functions of Δφ01 and V0 for 
z0 = -4 mm. 
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Figure 6: Pback, ΔQ1 and εr1,n divided by those in the 
conventional diode rf gun, and bunch head phase through 
the 1st cell exit (φ1,head), as functions of Δφ01 and z0 for V0

= 30 kV. 
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Figure 7: Pback, ΔQ1 and εr1,n divided by those in the 
conventional diode rf gun for Δφ01 where φ1,head = 1 π rad, 
as functions of z0 for V0 = 30 kV. 
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Output Beam Properties 
Figure 8 shows output beam properties for Δφ01’s and 

z0’s where the reduction of Pback is found over 80 % in Fig. 
6, in both modes (I) and (II). Figure 9 and Table 2 show 

the output beams at optimal Δφ01’s and z0’s in terms of 
Ipeak/er,n

2 for the modes (I) and (II), together with the 
output by the conventional diode rf gun. 

The off-crest beam injection in the mode (I) is found to 
result in larger emittances than the mode (II) in exchange 
of higher peak currents. It should be noted that the mode 
(I) greatly reduces the rf contribution to the transverse 
emittance growth, i.e. the beam is obviously seen narrow 
in the phase space in Fig. 9(b), because of the optimal 
beam injection phase into the 2nd full cell. In comparison 
with the conventional rf gun, though the rf contribution is 
seen much reduced in the mode (II), transverse emittance 
is rather degraded by the radial rf field nonlinear to the 
radial position, i.e. the phase space distribution is seen 
bent much in Fig. 9(b). In the longitudinal emittance, 
improvements are seen in both modes (I) and (II). 

CONCLUSIONS 
The present rf triode structure has shown significant 

reductions of the back-bombardment power, and reduced 
longitudinal emittances and enhanced peak currents of the 
output beam. The optimal axial position of the coaxial 
cavity with respect to the main cells has shown a greatly 
reduced rf contribution to the transverse emittance growth 
by controlling the beam longitudinally with respect to the 
rf. Transversely, however, the present design yields a 
larger beam radius, eventually leading to a transverse 
emittance growth due to the contribution by the nonlinear 
radial rf fields. Though the transverse emittance 
degradation is reasonably acceptable, the wehnelt 
configuration and/or optimal control of the rf voltages 
should be considered in order to induce radial beam 
focusing to minimize the output transverse emittance. 
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Figure 8: Dependences of the output beam properties on 
Δφ01 and z0.  
 

 
Figure 9: Transverse phase space distributions of the 
output beams by (a) the conventional diode gun, the triode 
gun with (b) z0 = –10 mm, Δφ01 = 100 deg. (mode (II)), 
and (c) z0 = –6 mm, Δφ01 = 120 deg (mode(I)). 
 
Table 2: Comparisons of back-bombardment powers and 
output beams’ properties between the conventional diode 
and the triode rf guns.  

 Pback Ipeak εr,n εz 
 [kW] [A] [π mm mrad] [psec keV] 

conventional 
diode rf gun 

21.0 10.0 1.2 37.0 

z0 = –10 mm, 
Δφ01 = 100 deg. 

04.3 04.9 6.3 04.0 

z0 = 0–6 mm, 
Δφ01 = 120 deg. 

01.6 26.0 9.1 18.0 

 
 

(a) (b) (c) 
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MAGNETIC FIELD MEASUREMENT OF UNDULATOR  
IN KU-FEL 

M. Nakano, N. Okawachi, H. Zen, T. Kii, K. Masuda, H. Ohgaki#, K. Yoshikawa, T. Yamazaki 
Institute of Advanced Energy, Kyoto University, Gokasyo, Uji, 611-011, Japan.

Abstract 
An FEL system (KU-FEL) covering wavelengths from 

4 to 13 μm is under construction at Institute of Advanced 
Energy, Kyoto University. The magnetic field of the 
undulator in KU-FEL has been measured. Measured 
magnetic field showed demagnetization in the 
downstream part of the undulator. By using the measured 
data, we have estimated the optimal parameters of both 
the electron beam and the optical cavity to enhance the 
FEL gains for the first lasing. In this optimized condition, 
though FEL gains decreased by a few % but, FEL powers 
were not much decreased, compared with those for the 
design field. Saturated FEL in 6-12 μm is expected from 
the recent studies in the macropulse width of the electron 
beam from the RF gun. 

INTRODUCTION 
 KU-FEL system for bio/chemical researches in 4-

13μm is under construction [1]. Figure 1 shows a 
schematic view of the system. The system consists of a 
4.5 cell thermionic RF gun, a 3-m accelerator tube, a 
Halbach type undulator and an optical cavity. The RF gun 
and the accelerator tube have been installed and 
accelerated an electron beam up to 40 MeV. The 
undulator and the optical cavity will be installed within 
this year. 

In parallel with the construction, in order to estimate 
the high FEL gains for the first lasing, we have optimized 
parameters of electron beam and optical cavity based on 
original design parameters of our undulator (shown in 
Table 1) [2]. However, demagnetization was anticipated 
since the undulator had been used for lasing experiments 
under the cooperation of FELI and University of Tokyo 
[3]. Then, we measured the magnetic field of the 
undulator. By using the date, we have optimized 
parameters of electron beams and the optical cavity and 
calculated realistic FEL gains and powers. 

 

MEASUREMENT OF MAGNETIC FIELD 

The magnetic field of the undulator was measured in 
vertical and horizontal direction, using a Hall probe 
manufactured by F. W. BELL. The probe was driven by 
moving stage that run on a stepping motor (Fig. 2 ) and 
was moved on the central axis of the undulator by 1 mm 
step. Specification of the measurement device is shown in 
Table 2. Figure 3 shows the measured magnetic field of 
the undulator. The undulator error (shown in Fig. 4) is 

defined by following : Error = 1- Bp,exp/Bp,ideal, where 
Bp,exp is the peak magnetic induction from fitting the 
measured date to sinusoidal function and Bp,ideal is the 
peak value of the design magnetic field. Thus, the error is 
positive when there is demagnetization. The initial and 
end peak of the measured magnetic field of the undulator 

 
 
 
 
 
 
 
 
 
 
Fig. 2: Measurement device for magnetic field. 
 

#ohgaki@iae.kyoto-u.ac.jp 
 

Table 1: Parameters of the original designed 
    undulator of KU-FEL 

Length 1.6 m 

Period 40 mm 

Number of period 40  

Gap 26 - 45 mm 

Maximum magnetic field 0.25 - 0.045 T 

K-value 0.95 - 0.17 

 

Fig.  1 . Schematic view of KU-FEL. 

Table 2:  Specification of measurement device 

Moving stage  

Motor Stepping motor 
Resolution 0.01 mm 

Operation range 2 m 

  
Gauss meter  

Resolution 0.10% 

Stability of temperature 0.040 %/K 

 

THPPH037 Proceedings of FEL 2006, BESSY, Berlin, Germany

660 FEL Technology



 
Fig. 3: Measured magnetic field of the     along the 
central undulator axis.  
 

 
Fig. 4: Undulator error as a function of peak number. 
 

 
 
Fig. 5: (a) and (b) is horizontal trajectories calculated 
from the measurement without and with deflection at 
the entrance of the undulator, respectively. (c) is a 
horizontal trajectory calculated from the design. 
 

is not considered as peak number: the number of  peak 
field is  79. Figure 3 and Fig. 4 clearly show a 
demagnetization in the downstream part, peak number 70-

78 in Fig.4. The gap is narrower (25.5 mm)  than the 
original design, because we have modified the undulator 
in order to make the gap variable. Thus, the maximum 
value of peak magnetic field and K-value are 0.26 T and 
0.99, respectively.  

 

BEAM TRAJECTORY AND 
SPONTANEOUS RADIATION 

Evaluation of beam trajectory and spontaneous 
radiation is an effective method to verify the measurement 
of the magnetic field. At first, We calculated electron 
beam trajectories at 30 MeV with the measured magnetic 
field and the designed field by using SRW [4]. Vertical 
displacement of the electron beam in the undulator shown 
in Fig. 5 (a) is 2 mm so that overlap between electron 
beam and laser is too poor. In order to compensate this, 
we are going to set a steering magnet before the undulator. 
The beam trajectory thus deflected at an angle of 1.4 mrad 
is shown Fig. 5 (b). Figure 5 (c) shows a beam trajectory 
calculated from the designed field. Fig 6 shows calculated 
spectra of spontaneous radiations. The radiation intensity 
calculated from the measured magnetic field is reduced 
by 9 %, and the spectrum is shifted to longer wavelength 
and shows asymmetric distribution, compared with that 
from the design field. 

FEL GAIN CALCULATION 

We previously reported on FEL gains based on 
designed magnetic field of undulator (Table 1) [2]. On the 
other hand, by using the measured magnetic field instead 
of the designed one, FEL gains have been recalculated to 
estimate realistic gains, which will be compared in the 
following. 

The axial symmetric 3D code TDA3D [5] was used to 
calculate FEL gain and saturation. In addition, the 
undulator period was forced to be 39. This is because the 
number of peak magnetic field for TDA3D is defined as 
double of the undulator period while the undulator period 
in KU-FEL is 39.5. 

 At the 180-degree arc between the accelerator tube and 
the undulator shown Fig. 1, we can control the electron 
beam parameters for the optimization. Among the 

Fig. 6: Calculated spectrum of spontaneous radiation.  
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electron beam parameters, a peak current, a transverse 
emittance, and an energy spread, which are evaluated by 
PARMELA [6], are fixed (Table 3) during the calculation. 
The other electron beam parameters, electron beam sizes 
and Twiss parameters, are optimized to obtain the 
maximum FEL gains in three electron beam energies, 25, 
30, 35 MeV. Electron beam sizes are RMS values. Twiss 
parameter αy is set to zero due to the natural focusing of 
the undulator field. Table 4 shows the beam parameters 
optimized to the measured magnetic field of the undulator. 

Optimization of the parameters of the optical cavity is 
also essential to enhance the FEL gains. We also 
optimized the optical parameters, Rayleigh range and 
beam waist position, for three electron beam energies. 
Table 5 shows the optimized optical parameters. The 
optical cavity of the KU-FEL system has been designed 
taking into account the diffraction loss and the out 
coupling. The laser field is assumed to be the Gaussian in 
the calculation optical loss. The out coupling hole is 1 
mmφ located at the upstream mirror.  As the result, the 
curvature of upstream mirror is calculated to be 2.58 m 
and that of downstream mirror is 1.92 m. Table 5 also 
shows the diffraction loss and out coupling of the 
designed optical cavity. From the setup condition of the 
optical cavity, shown in Fig. 7, the beam waist position is 
not at the center of the undulator but is shifted to 
upstream in order to reduce the diffraction loss at 
upstream chamber (30 mmφ). FEL gains with 
optimization of both of electron beam and of optical 
cavity are shown in Table 6. The realistic FEL gains are 
lower by a few % than those based on the design 
magnetic field distribution. 

 By using the above optimized conditions, we have 
estimated the evolution of the FEL power with the 

TDA3D modified to take into account the successive 
development of the laser power after round-trip. The 
optical loss is subtracted from the FEL gain in each pass. 
Figure 8 shows that FEL power from the measured 
magnetic field decreases by about 5 %.Then the numbers 
of round-trips necessary for saturation increase by about 
round-trips to reach gain saturation by 0.2 μm, compared 
with those from the design ones.  

 The injector in KU-FEL is a thermionic RF gun which 
have a disadvantage of back bombardment, so that 
macropulse duration has been restricted to 4 μs. However, 
since we have estimated macropulse duration is up to 8 μs 
[7], FEL saturation in each energy is expected.  

 SUMMARY 
The measurement of the magnetic field of the KU-FEL 

undulator has been carried out. The electron beam 
trajectory in the undulator and the spontaneous radiation 
have been evaluated with measured magnetic field. The 
beam displacement is about 2 mm for 30 MeV electron 
beam. However, it can be reduced to 0.2 mm with a 
steering magnet placed just before the undulator. By using 
the measured magnetic field, the beam parameters and the 

Table 3: Fixed parameters of electron beam 
Peak current 40 A 

Normalized emmitance in x 11 πmm-mrad 
Normalized emmitance in y 10 πmm-mrad 

Energy spread 0.50% 

 
Table 4: The optimized beam parameters 

Beam energy (MeV) 25 30 35 

Beam size in x  (mm) 0.65 0.60 0.55 

Beam size in y (mm) 0.33 0.36 0.36 

Twiss parameter  αx 1.9 2.0 1.9 

Twiss parameter  αy 0 0 0 

 
Table 5: Optimized optical parameters 
Beam energy (MeV) 25 30 35 

Rayleigh range 0.40 m 

Beam waist position 0.60 m 

Wavelength (mm) 12.3 8.6 6.3 

Out coupling (%) 4.0 2.5 0.8 

Diffraction loss (%) 5.6 6.0 7.0 

Total loss (%) 9.6 8.5 7.8 
 

Table 6: Comparison of the optimized FEL gains of 
the measurement with those of the design 

Beam energy (MeV) 25 30 35 

Gain of design undulator (%) 89 65 49 

Gain of real undulator (%) 87 64 49 

 

Fig. 7: Undulator and optical cavity in KU-FEL. L1 is 
1.605 m, L2 is 2.70 m, R1 (the curvature of M1) is 1.92 
m, and R2 is 2.58 m. 

Fig. 8: FEL power as a function of pass number in each 
beam energy. 
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optical parameters were optimized to obtain the maximum 
FEL gain. Calculation of FEL gain and FEL gain 
saturation have been performed. Although FEL gains 
show a few % decrease and thus the times to reach FEL 
saturations with the measured magnetic  field are slightly 
longer than these with the design field, FEL saturation is 
expected in the wavelength region of from 6 to 12 μm. 
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PRODUCTION OF ELECTRON BEAM WITH CONSTANT ENERGY 
BY CONTROLLING INPUT POWER INTO A THERMIONIC RF GUN 

N. Okawachi, M. Nakano, H. Zen, T. Kii#, K. Masuda, H. Ohgaki, K. Yoshikawa, T. Yamazaki,  
Institute of Advanced Energy, Kyoto University, Uji, Japan

Abstract 
A thermionic RF gun is compact and economical, but it 

is difficult to produce electron beam of pulse width longer 
than a few μsec with constant energy owing to inherent 
back-bombardment effect. In this work we tried to keep 
beam energy constant in macro pulse duration by feeding 
modulated RF power. We also tried to perform transient 
analysis with equivalent circuit taking into account the 
back-bombardment effect in macro pulse duration in the 
cases of the W cathode and the LaB6 cathode. We found 
that the degradation of the peak energy could be kept 
below 100 keV in the macro pulse duration of 8.0 μsec 
and 8.2 μsec, respectively. 

INTRODUCTION 
It is necessary for the development of an FEL to 

improve the source of electron beam, and a thermionic RF 
gun is suitable for a compact and economical FEL system. 
However a back-bombardment effect degrades the beam 
energy during the macro pulse. In a previous work, we 
reported the preliminary result of improvement of a 
thermionic RF gun [1]. In this work we tried to reduce 
beam energy degradation due to the back-bombardment 
effect by feeding modulated RF power into a thermionic 
RF gun. In addition, we have performed a self-consistent 
transient analysis which took into account the back-
bombardment effect during macro pulse duration by using 
an equivalent circuit model and a thermal conduction. 

EXPERIMENTAL SETUP 
Fig.1 shows the experimental setup. The cathode is of 

6-mm diameter made of porous tungsten impregnated 
with barium. RF power fed into the RF gun is controlled 
by remotely adjusting the reactors in the pulse forming 
network (PFN) with stepping motors. This experiment 
was performed varying the beam current drawn from the 
RF gun and input RF power in both the cases a flat input 
RF and a modulated RF waveform power. 

The profiles of the electron beam current were 
measured with current transformer (CT) and Faraday cup 
(FC). The energy spectrum of the electron beam was 
analyzed with a bending magnet, beam slit and CT. 

 
 
 
 
 

METHOD OF ANALYSIS 
Back-bombardment effect depends on both the cavity 

voltage in the RF gun and the cathode current density. We 
performed a transient analysis in the RF gun taking into 
account the time evolution of the beam loading depending 
on the cavity voltage and the cathode current density by 
using an equivalent circuit model and a thermal 
conduction model. The beam loading was calculated from 
the cavity voltage and the cathode current density which 
was calculated from the thermal conduction in the 
cathode taking into account the stopping power of the 
back streaming electron in the cathode.  

Analysis of the cathode current density 
The energy distribution of the back-streaming electrons 

was calculated by using the results of the particle 
simulation code PARMELA [2]. From this result the heat 
quantity given to the cathode by the back streaming 
electron with various energy was calculated. In this 
calculation we assumed that the cathode consisted of thin 
2000 disks. 

In order to evaluate the effect of the back streaming 
electrons on the time evolution of the cathode temperature, 
we used following quasi empirical formula of the TIO [3]:  
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Figure 1: Experimental setup. 
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109.0/232.15 Za =                  2
0

/)2c0m( cmE +=γ  

where, R is the stopping range of the electron in m, A is 
the mass number of the absorber material, Z is the atomic 
number of it, E is the kinetic energy of electrons in MeV, 
ρ is the density of the absorber material in kg/m3. 
Equation (1) is applicable to the 0.3 keV – 30 MeV 
electrons. With this equation, stopping power dEb/dz was 
obtained. Here, we used the values of ρ = 19250 kg/m3, A 
= 183.85, Z = 74 assuming that the cathode material was 
made of W alone.. 

The time evolution of the temperature was calculated in 
each disks of the cathode, and the time evolution of the 
cathode temperature was calculated by using the equation 
below, 

),(2

2
λVcρ tzQ

z

T

t

T
b+

∂

∂
=

∂

∂
                                      (2) 

where, c is the specific heat, ρ is the density, V is the 
volume, T is the temperature, λ is the thermal 
conductivity of the cathode, z is the distance from the 
cathode surface, Qb(z, t) is the heat quantity from the back 
streaming electrons. Here, we used the values of c = 130 
J/kg/K, λ = 174 W/m/K. 

 
 
 

The cathode current density was obtained from the time 
evolution of the cathode temperature calculated above. 
The relationship between the cathode temperature and the 
cathode current density used in this analysis was obtained 
by the results of the cathode performance test of Heat 
Wave Labs, Inc. 

Analysis of the cavity voltage in the RF gun 
The cavity voltage in the RF gun and the reflecting RF 

power were calculated with the equivalent circuit model 
shown in Fig. 3. In this circuit, the RF power source was 
expressed by a source ig, the RF gun was expressed by 
LCG resonant circuit, and the beam loading was 
expressed by an admittance Yb. The conductance and the 
susceptance of the electron beam were calculated from 
the cavity voltage and the cathode current density by 
using the particle simulation code KUBLAI [4]. Thus the 
beam loading was calculated. 
 
 

 

 

RESULT 

Experimental result 
We have succeeded to keep the peak energy of the 

electron beam constant in 4 μsec by feeding a modulated 
RF power into a RF gun. Fig. 4 shows the flat RF power 
waveform and the modulated RF power waveform fed 
into a RF gun. Fig. 5 shows the beam current waveform 
whose peak energy is 8.6 MeV at CT2. Fig. 6 shows the 
time evolution of the peak energy in macro pulse duration. 

As shown in Fig. 5 feeding modulated RF power into a 
RF gun was an effective way to extend the macro pulse 
duration and to increase the beam current. As shown in 
Fig. 6 the beam energy which had been degraded in the 
latter part of the macro pulse duration was kept constant 
by feeding modulated RF power.  
 

 

 

 
 

Figure 2: Thermal conduction model. 
Figure 4: Input RF power waveform. 

Figure 5: Beam current waveform. 

Figure 6: Peak energy @ CT2. 

Figure 3: Equivalent circuit model. 
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Result of calculation 
In order to confirm the validity of calculation model, 

experimental and calculated reflecting RF power 
waveforms were compared. Fig. 7 shows the measured and 
reproduced reflecting RF power waveform when a flat RF 
power was fed. Fig. 8 shows them when a modulated RF 
power was fed. Experimental and calculation results agree 
very well. 
 

 
As shown in Fig. 9, there was a relationship between 

the cavity voltage (Vc) and the peak energy of the electron 
beam (E), and the peak energy could be kept constant by 
keeping the cavity voltage constant.  
 

 
 
 

We estimated how long time the peak energy of the 
electron beam could be kept constant by using our KU-
FEL 4.5 cell RF gun. The calculation was performed in 
both cases of W cathode and LaB6 cathode. We used the 
value of ρ = 4700 kg/m3, A = 94.75, Z = 40, c = 122 
J/kg/K, λ = 147 W/m/K and the relationship between the 
cathode temperature and the cathode current density was 
obtained by the results of the cathode performance test of 
KIMBALL PHYSICS INC, in the case of LaB6 cathode.  

Fig. 10 shows the time evolution of the cavity voltage 
of W and LaB6 when a flat RF power was fed, 
respectively. The degradation of the cavity voltage of 
LaB6 was a little smaller than that of W. 
 

 
 

Fig. 11 and Fig. 12 show the time evolutions of the 
cavity voltage when an optimized modulated RF power 
was fed. The input RF power was 8 MW at the beginning 
of the macro pulse and the controlled range was 1.6 MW 
and the initial current density was 2.28 A/cm2 in each 
calculations. We found that the degradation of the peak 
energy could be kept below 100 keV in the macro pulse 
duration of 8.0 μsec when the cathode was W, 8.2 μsec 
when the cathode was LaB6. 
 

 
 
 
 
 
 
 
 

Figure 7: Reflecting RF power waveform. 

Figure 8: Reflecting RF power waveform. 

Figure 11: Expected time evolution of the 
cavity voltage (W). 

Figure 10: Comparison of W with LaB6. 

Figure 9: Time evolution of the cavity voltage 
and the peak energy. 
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SUMMARY 
It was confirmed in experiment that feeding modulated 

RF power into a RF gun was effective on the reduction of 
the degradation of the beam energy.  

By the calculation in this work, the experimental results 
were reproduced well. Moreover, the degradation of the 
peak energy of the electron beam could be kept below 
100 keV in the macro pulse duration of 8.0 μsec when the 
cathode was W, 8.2 μsec when the cathode was LaB6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

REFERENCES 
[1] T. Kii, et al, Proceedings of the 27th International 

Free Electron Laser conference, (2005) pp584-587. 
[2] L. M. Young, James H. Billen : LA-UR-96-1835 

(2002). 
[3] M. J. Berger and S. M. Seltzer, STOPPING POWER 

AND RANGES OF ELECTRONS AND 
POSITRONS (2nd Ed.),NBSIR (1982). 

[4] K. Masuda, Development of numerical simulation 
code and application to Klystron efficiency 
enhancement, Ph. D Thesis, Kyoto University, (1998). 

 

Figure 12: Expected time evolution of the 
cavity voltage (LaB6). 
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EXPERIMENTAL STUDY ON EFFECT OF ENERGY DISTRIBUTION 
 ON TRANSVERSE PHASE SPACE TOMOGRAPHY 

H. Zen#, H. Ohgaki, K. Masuda, T. Kii, T. Shiiyama, S. Sasaki, N. Okawachi, M. Nakano,               
K. Yoshikawa, T. Yamazaki                                                                         

Institute of Advanced Energy, Kyoto University, Gokasho, Uji, Kyoto, 611-0011, Japan.

Abstract 
Effect of energy distribution of electron beam on 

transverse phase space distroiion obtained by the use of 
tomographic method is described. Experimental phase 
space distribution of electron beam with low energy-tail 
has weak and scattered halo, which does not appear in the 
case of the beam without the tail. The result is consistent 
with the result of previous simulations. An iterative 
elliptical analysis is proposed to extract the beam 
parameters of main component from distorted phase space 
image. It was shown in simulation that the method could 
extract the beam parameters of main component from 
distorted image. And then, the method was applied to 
experimental results. As the results, the vertical and 
horizontal emittances at the upstream and downstream of 
energy filter are agreed well. 

INTRODUCTION 
It is indispensable to measure not only emittances but 

also phase space distributions of electron beams to 
evaluate and optimize the performance of electron guns. 
Transverse phase space tomography [1] is powerful 
method especially for non-Gaussian beam, because the 
method directly reconstructs the phase space distribution 
of electron beams. However, the assumption of mono-
energy is essential for the method. Thermionic rf guns 
inherently produce electron beams which have large 
energy spread (about 10 to 15 percent) and low energy tail, 
and the energy distribution distorts measured phase space 
distribution obtained by tomographic method. 

We have evaluated the effect of energy distribution on 
the tomographic method by numerical simulations [2]. It 
was found that the signals of low energetic electrons are 
reconstructed as weak and scattered signals on wide 
region of reconstructed phase spaces, and those signals 
lead to large errors in beam parameters. On the other hand, 
it was also found that the energy spread of main 
component have no large effect on the method even if the 
energy spread is 15 percent. 

The effect was evaluated by comparison of the 
reconstructed image from the upstream and that from the 
downstream of an energy filtering section. Furthermore 
for the beam just after the gun, we introduced an elliptical 
analysis to remove the effect of low energy tail in order to 
obtain correct beam parameters at the gun exit by the 
tomographic method. 

EXPERIMENTAL SETUP 

 
Figure 1: Experimental arrangement. 

 
Figure 1 shows the experimental setup. A dispenser 

cathode of disk shape with 6 mm diameter is mounted in 
the first half cell of our 4.5 cell RF gun. To reduce back-
streaming electrons [3], transverse magnetic field was 
applied with a dipole magnet located just before the rf 
gun [4]. The beam profile monitor (BPM) consist of a 
fluorescence screen (Cr doped Al2O3) and a CCD camera, 
and its spatial resolution is 0.05 mm. 

Dog-leg section in Fig. 1, which consisted of two 
dipole magnets, a slit, and a quadrupole triplet, worked as 
an energy filter and its energy resolution is about 5 
percent. 

The quadrupole magnet 1 (Q1) and the BPM1 are used 
to measure the phase space distributions at the upstream 
of the energy filter, and the Q6 and BPM3 are used to 
measure them at the downstream. 

Beam parameters in the experiments are shown in Table 
1, and the energy distribution obtained with bending 
magnet 1 (B1) and Faraday cup 2 (FC2) is shown in Fig. 
2. Unfortunately signals of FC2 of low energy tail (less 
than 7 MeV) were too weak to be separated from the 
electric noise. However, the existence of low energy tail 
has been predicted in the previous simulation for our rf 
gun [2]. 

For tomographic reconstruction, we used ordered-
subset expectation maximization algorithm [5] whose 
advantage is that there is no artefact on reconstructed 
images. 

 
  
 
 ___________________________________________  
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 Table 1: Beam parameters in experiments 
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Figure 2: Measured energy spectrum of the electron beam 
at the exit of gun (dashed lines indicate the energy 
acceptance of dog-leg section). 

RESULTS OF EXPERIMENT 
The results of experiments are shown in Fig. 3 and 4. 

Before reconstruct the Q1 result, background signals were 
subtracted. At the Q1 entrance horizontal and vertical 
normalized emittances are evaluated as 82 and 44 π mm 
mrad, respectively, while those are 12 and 6.9 π mm mrad 
at the Q6 entrance. 

There are weak and scattered signals in Fig. 3 where 
the electron beam had a low energy tail, while such 
signals are not seen in Fig. 4. It is consistent with 
previous numerical studies that the phase space 
distributions for the beam with low energy tail are 
severely distorted.  

In Fig. 3, the region between dashed lines indicates 
where electrons can exist and the region is calculated 
from aperture of the gun exit (4 mm in diameter) and the 
distance between the gun exit and Q1 (27.5 cm). The 
signals in outside of the region are miss-reconstructed 
signals due to difference from assumed energy at least.  

Therefore, it was shown in experiment that the signals 
from low energy tail are reconstructed as weak and 
scattered signals. We can not obtain correct phase space 
distributions by using tomographic method if low energy 
tail is contained in an electron beam. 

REMOVAL OF LOW ENERGY SIGNALS 
Amount of low energy electrons produced by a 

thermionic rf gun is much fewer than amount of electrons 
included in main component, and low energy electrons 
are reconstructed wider and weaker than true distribution. 
So intensity of low energy electrons on reconstructed 
phase space is much weaker than intensity of electrons 
included in main component. However, the emittance 
calculation is strongly affected by the tail. Therefore, we 
need to remove the weak signals which are originated 
from low energy electrons to obtain correct beam 
parameters by the tomographic method. 

 

Procedure of Iterative Elliptical Analysis 
To remove the weak signals produced by low energy 

electrons automatically, we introduced an iterative 
elliptical analysis (IEA) [6]. The procedure is: 

I  : Calculate <x2>, <x’2> and <xx’> from reconstructed 
phase space distribution. 

II : Draw ellipse defined by Eq. 1 on reconstructed 
phase space. 

 22222 9'''2' εxxxxxxxx =++  (1) 

  Eq. (1) represents the 99 percent ellipse of Gaussian 
distributions. 

III: Calculate <x2>, <x’2> and <xx’> from reconstructed 
phase space distribution only in the ellipse. 

IV : In the same way with step II and III, draw ellipse 
using newly calculated <x2>, <x’2> and <xx’> in step 

V  : Repeat step III and IV until <x2>, <x’2> and <xx’> 
sufficiently converge. 

Simulation of Iterative Elliptical Analysis 
Reliability of IEA was examined by using numerical 

simulation. We gave the Gaussian-shaped phase space 
distribution with the energy distribution shown in Fig. 5 
as original distribution and simulated the experiment of 
tomographic method. In this simulation, space charge 
effect was neglected, since it was not significant for our 
thermionic rf gun. As the result of the simulation, a 
distorted phase space distribution was reconstructed (Fig. 
6). Although weak and scattered signals exist in the figure, 

 @ BPM1 @ BPM3 
Macro pulse duration 1.6 μ sec 1 μ sec 
Total charge 300 nC 100 nC 
Charge per bunch 66 pC 35 pC 
Peak Energy 9.2 MeV 

 
(a) (b) 
Figure 3: Phase space distributions at the entrance of Q1 
(dashed lines indicate the regions where electrons can 
exist and are calculated from experimental geometry). (a) 
Horizontal and, (b) vertical. 
 

 
(a) (b)  
Figure 4: Phase space distributions at the entrance of Q6 
measured by tomographic method, (a) Horizontal and (b) 
vertical. 
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strong signals in the center are looked similar to the 
original phase space distribution (Fig.5). 
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Figure 5: Original distribution of numerical simulation, 
(a) phase space distribution (normalized emittance = 3.3 π 
mm mrad, α = 2.9 and β = 3.1 m), (b) energy spectrum. 
 

 
Figure 6: A result of numerical simulation (normalized 
emittance = 10 π mm mrad, α = 1.5 and β = 1.4 m). 
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(b)  

Figure 7: Result of IEA applied to simulation result, (a) 
 

phase space distribution (normalized emittance = 3.9 π 
mm mrad, α = 3.0 and β = 2.8 m), (b) convergence of 
emittance and Twiss parameters. 
 
  
 
 

The result of IEA applied to the Fig.6 is shown in Fig. 7. 
The normalized emittance and Twiss parameters gradually 
converged to 3.9 π mm mrad, α = 3.0 and β = 2.8 m, 
respectively as iteration number increased. The beam 
parameters of original distribution were normalized 
emittance = 3.3π mm mrad, α = 2.9 and β = 2.8 m. Since 
each error in beam parameters is less than 20 percent, this 
method is reliable. 

Application of  IEA to Experimental Result 
IEA was applied to experimental results at the entrance 

of Q1 and the results are shown in Fig. 8. A center core of 
reconstructed phase space distribution was successfully 
obtained and beam parameters sufficiently converged. As 
results of application of IEA, measured horizontal and 
vertical emittances were 5.4 and 4.7 π mm mrad, 
respectively. 
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Figure 8: Results of IEA applied to experimental results. 
(a) Horizontal phase space distribution of horizontal 
direction. (b) Vertical phase space distribution. (c) and (d) 
convergence of horizontal and vertical beam parameters, 
respectively. 
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The IEA was also applied to experimental results at the 
Q6 entrance and measured emittances of horizontal and 
vertical directions at the Q6 entrance were 7.4 and 4.3 π 
mm mrad, respectively. Measured emittances of vertical 
direction at the Q1 and Q6 entrance agreed well. However, 
emittances of horizontal direction did not agree well. The 
reason of this disagreement was the non-zero horizontal 
dispersion in the Dog-leg section.  

Reliability and an ability of IEA were confirmed both 
in simulation and experiment. We are now planning to do 
more experiments under various conditions of the gun in 
order to evaluate the accuracy of IEA quantitatively. 
Comparison of transverse phase space distribution with 
the slit methods will be useful, since the methods are not 
suffered from energy distribution. 

SUMMARY 
To study the effect of energy distribution to transverse 

phase space tomography, experimental results at the 
upstream and downstream of the energy filter were 
compared. As the result, the low energy electrons are 
reconstructed as weak and scattered signals, which are 
predicted by previous numerical investigation. 
To remove the signals from low energy electrons, IEA 
was introduced and examined. By a numerical simulation, 

the validity of the analysis was shown. IEA was applied 
to experimental results at the upstream of energy filter 
and compared with the experimental results at the 
downstream of the filter. The emittances of vertical 
direction at the upstream and downstream of energy filter 
agreed well, although horizontal ones were not due to non 
zero horizontal dispersion in the Dog-leg section. 
Consequently, reliability and an ability of IEA were 
shown both in simulation and in experiment.  

REFERENCES 
[1] C.B.McKee, et al., NIM A358, 1995, p.264. 
[2] H.Zen, et al., Proc. of FEL2005, 2006, p.592. 
[3] T.Kii, et al., Proc. of FEL2005, 2006, p.584. 
[4] T.Kii, et al., NIM A507, 2003, p.340. 
[5] H.M. Hudson, et al., IEEE. Trans. Med. Imaging, 13, 

1994, p.601. 
[6] H.Zen, et al, “Transverse phase space measurement 

using tomographic method”, conference proceedings 
of SRI2006, in press. 

 

 

Proceedings of FEL 2006, BESSY, Berlin, Germany THPPH039

FEL Technology 671



STUDY ON FOCUSING PROPERTY OF NEW TYPE WIGGLER  
AND SASE-FEL EXPERIMENT AT THE ISIR, OSAKA UNIVERSITY 

S. Kashiwagi#, R. Kato, Y. Kon, T. Igo, G. Isoyama,  
Institute of Scientific and Industrial Research, Osaka University, Ibaraki, Osaka 567-0047, Japan 

S. Yamamoto*, K. Tsuchiya and H. Sasaki  
Institute of Materials Structure Science, KEK, Tsukuba, Ibaraki 305-0801, Japan 
*School of Advanced Sciences, The Graduate University for Advanced Studies,  

Tsukuba, Ibaraki 305-0801, Japan. 

Abstract 
 We have developed a new type of wiggler based on the 

edge-focusing wiggler for free electron laser (FEL) and 
self-amplified spontaneous emission (SASE) in the 
infrared region at the Institute of Scientific and Industrial 
Research (ISIR), Osaka University. The strong focusing 
(SF) scheme is adopted for the new wiggler in order to 
keep the beam size small along whole the wiggler. The 
wiggler consists of four FODO cells for double focusing. 
A gain length and SASE output power for the strong 
focusing wiggler were numerically estimated using the 
1D FEL model and Genesis code. Measuring the electron 
beam size in the wiggler at different wiggler gaps 
performed the experimental study on focusing property of 
the new type wiggler. We are conducting experiments to 
generate SASE in the infrared region and to measure its 
characteristics, using the strong focusing wiggler and a 
high intensity single bunch electron beam. We have 
measured the wavelength spectrum of SASE in the 
wavelength region between 220 and 50 µm using a 
grating monochromator and a Ge:Ga detector. The second 
harmonic and the third harmonic peaks of SASE were 
also observed in the spectrum measurement. 

INTRODUCTION 
We are conducting experiments of FEL and SASE with 

a high intensity electron beam in the infrared region at 
ISIR L-band linear accelerator, Osaka University. While 
the beam experiment are performing, we have developed 
a new type wiggler, named the edge-focusing (EF) 
wiggler, which produces the strong transverse focusing 
field incorporated with the normal wiggler field [1]. To 
demonstrate its principle and evaluate the performance, 
the first model wiggler has been fabricated. It is 
experimentally confirmed that a field gradient of 1.0 T/m 
is realized along the beam axis in the EF wiggler. The 
details of the model wiggler were reported in previous 
conference [2-3]. The EF scheme has been applied to the 
wiggler being used for FEL and SASE in the far-infrared 
region at the ISIR L-band linear accelerator, to make the 
gain length of SASE shorter by keeping the beam size 
small along whole the wiggler. Before replacing of the 
wiggler, the wiggler was a conventional Halbach-type 

wiggler and we changed its magnet parts with new ones. 
We, therefore, hold the wiggler parameters same as 
before. In order to meet a wide range of the electron beam 
energy and the wiggler gap, we adopt the strong focusing 
scheme using the EF wiggler. Focusing and defocusing 
elements are composed of permanent magnet blocks with 
the edge angle and they are alternately inserted in magnet 
arrays of the wiggler. The strong focusing wiggler has 
been fabricated and the magnetic field has been measured 
at KEK. In June 2005, the strong focusing wiggler 
installed to the FEL system at ISIR L-band linear 
accelerator [4]. 

After the installation of the strong focusing wiggler, we 
resumed to conduct the experiment to generate SASE in 
the far-infrared region. In the beam experiments, a 
focusing property of the strong focusing wiggler is also 
studied by measuring the beam sizes using screen 
monitors in the wiggler at different gaps.  

STRONG FOCUSING WIGGLER 
In this section, the developed strong focusing wiggler is 

described shortly. The edge-focusing wiggler is basically 
a Halbach type wiggler made only of permanent magnet 
blocks, but their shapes are not rectangular 
parallelepipeds. The field gradient on the permanent 
magnet with edge is approximately proportional to the 
edge angle φ and hence the focusing force can be easily 
adjusted with the edge angle. A polarity of the field 
gradient can be decided by choosing positive or negative 
angle of edge against to beam trajectory. In the strong 
focusing scheme, the electron beam is focused 
alternatively in the vertical and the horizontal directions 
to obtain focusing in the both directions using a sequence 
of focusing and defocusing elements separated by drift 
spaces, which is called the FODO lattice. Parameters of 
the FODO lattice were optimized to meet the 
requirements of our experiment and the parameters of the 
strong focusing wiggler are listed in Table 1. The 
permanent magnet used is NdFeB (NEOMAX-38VH, 
NEOMAX Co.) with Br = 1.22 T and the peak magnetic 
field of the EF wiggler is 0.39 T at the minimum gap of 
30 mm. The number of FODO cells in the wiggler is four 
and the cell length is 0.48 m. The number of cells is a 
factor of the number of wiggler periods, 32. Focusing 
elements are single wiggler periods with the edge angle of 
+5° and defocusing ones are those with –5°, and they are #shigeruk@sanken.osaka-u.ac.jp 
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Figure 1: The envelopes of beam size in horizontal
(upper) and vertical (down) directions for the strong
focusing wiggler and a planar wiggler. 

Table 1: Main parameters of the SF wiggler 
Block sizes 90x20x15 mm3 
Magnet materials (Coating) Nd-Fe-B  (TiN) 
Period length 60 mm 
Number of periods 32 periods 
Total length 1.938 m 
Peak magnetic field  0.39 T  (gap 30mm)
Number of FODO cells 4 cells 
Length of FODO cell 0.48 m 
Edge angle ±5 ° 
Field gradient ±3.2 T/m 

separated by 3 normal wiggler periods. Longitudinally 
magnetized blocks are added at both ends of the strong 
focusing wiggler in order to compensate for the horizontal 
shift of the oscillatory beam orbit due to the fringing 
magnetic field at the ends. Thus the total length of the SF 
wiggler is 1.938 m. 

In the field measurement, the peak magnetic field was 
0.392 T and peak magnitude of field gradient at focusing 
and defocusing elements was about 3.2 T/m at the wiggler 
gap of 30 mm. The results of measurements were good 
agreement with the numerical calculations.  

NUMERICAL ESTIMATION 

Beam focusing of the strong focusing wiggler 
The envelope of beam sizes in horizontal and vertical 

direction for the strong focusing wiggler and a planar 
wiggler were calculated with an electron beam of 10 MeV, 
a normalized emittance of 150π mm mrad in transverse 
directions and a peak wiggler field of 0.392 T. Figure 1 
shows the calculated beam envelopes and the solid line 
and dashed line show the strong focusing wiggler and the 
planer wiggler, respectively. In the horizontal direction, 
the beam envelope of the strong focusing wiggler 
alternatively changes along the wiggler and the average 
beam size (σ) in the wiggler much smaller than that of the 
planar wiggler. On the other hand, the vertical beam sizes 
for the both type of wigglers are almost same. The FODO 
lattice of the strong focusing wiggler slightly distorted 
due to the natural focusing of the wiggler. The average 
beam size for the strong focusing wiggler (σSF) and the 
planar wiggler (σPL) are 1.41 mm and 1.69 mm 
respectively, when the average beam size in the wiggler 
assumed to be 

verticalhorizontal σσ ⋅ . Transverse charge 
density of the beam, which is a square of the average 
beam size, in that of the strong focusing is about 30% 
higher than that of the planar wiggler. The gain length 
(Lg) for each wiggler is estimated from the above average 
beam sizes by 1D FEL model using Eq. 1. 

ρπ
λ

⋅
=

34
u

gL              (1) 

where λu and ρ are period length of the wiggler and FEL 
parameter. Here, the bunch charge and the length of the 
electron beam are assumed to 30 nC and 30 ps (FWHM), 

corresponds to the peak current of 1.0 kA. The derived 
the gain length of the strong focusing wiggler and the 
planar wiggler are 0.152 m and 0.163 m respectively, 
therefore the gain length of the strong focusing wiggler is 
about 7% shorter than that of the planar wiggler. From the 
difference of the gain length, it can expect 2 times large 
gain of FEL can be obtained by using the strong focusing 
wiggler.  

SASE output power  
SASE output power of the strong focusing wiggler and 

the planar wiggler are estimated using Genesis code [5]. 
The beam parameters of electron beam are same in above 
calculations. Figure 2 shows SASE radiation power along 
the wigglers. In this figure, the red and the blue lines are 
SASE radiation power of the strong focusing wiggler and 
the planar wiggler, respectively. At 10MeV, the beam size 
is kept small in the strong-focus wiggler and the SASE 
power of strong focusing wiggler is 5~6 times higher than 
that of planar wiggler.  

BEAM EXPERIMENT 
The beam experiment was conducting using the L-band 

linear accelerator at ISIR, Osaka University. ISIR L-band 
linac consists of an electron gun, three-stage sub-
harmonic buncher (SHB) system, pre-buncher, buncher, 
3m-long accelerating structure and the experimental beam 
lines.   The electron beam with peak current of 17 A and a 
pulse duration of 5 ns was produced with a thermionic 
gun. The electron beam was injected into the SHB system 
composed of two 1/12 and one 1/6 SHB cavities for the 
accelerating frequency of 1.3 GHz to generate a high 
intensity single bunch beam, and then it was accelerated 
to 10.3 MeV in the linac. The electron beam was 
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transported to the strong focusing wiggler via the 
achromatic beam transport line as shown in Fig. 3. The 
peak magnetic field and K-value of the strong focusing 
wiggler were 0.353 T and 1.4 at the wiggler gap of 32 
mm. Twiss parameter and the emittance were measured 
using a quadrupole scan technique with a 100 µm 
thickness phosphor screen monitor at the exit of the 
accelerating structure. The normalized transverse beam 
emittance was ~170π mm mrad with a bunch charge of 30 
nC and an energy spread of 3.0 % (FWHM). The beam 
injection condition and an orbit of electron beam were 
tuned using quadrupole magnets and steering coils at the 
beam transport line for FEL experiment. The unnecessary 
energy part of the electron beam was collimated by an 
energy-slit located at the dispersion section of the 
transport line and the energy width of the slit was about 
2 %.  Therefore, the net charge per bunch passing through 
the wiggler was about 20 nC. The experimental 

arrangement is shown schematically in Fig. 3. SASE 
radiation by the single bunch beam passing through the 
wiggler was reflected with a mirror (MP1) at downstream, 
and led to a far-infrared monochromator in the 
measurement room via an optical transport line. The 
optical transport line and the monochromator were 
evacuated together with a rotary vacuum pump. The low 
vacuum in the optical transport line and the high vacuum 
in the beam transport line were separated by a 0.2 mm 
thick, 20 mm in diameter synthetic diamond window, 
denoted by W1 in Fig. 3. The monochromator is a cross 
Czerny-Tuner type with a plane reflective grating, whose 
braze wavelength is 112.5 µm. The monochromator can 
be used in the wavelength region from 50 to over 240 µm. 
The wevelength resolution of the monochromator is 
almost constant over the range and approximately 1.5 µm 
for a slit width of 6 mm. The monochromatized light was 
detected with a Ge:Ga photo-conductive detector cooled 
with liquid-helium.  
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Figure 2: SASE radiation power along the wiggler.
(Red line: Strong focusing wiggler, Blue line: Planar
wiggler).  

EXPERIMENTAL RESULT  

Beam size measurement in the wiggler 
We measured the transverse beam size in the wiggler 

using three screen monitors, denoted by F3, F4 and F5 in 
Fig. 3, at different wiggler gap with 10.3 MeV electron 
beam. In Fig. 4, the solid circles with the solid lines show 
horizontal beam size and the open circles with the dashed 
lines show vertical beam on each screen monitors at 
different wiggler gap from 30 to 50 mm. The horizontal 
beam sizes on the all screens slightly change; but they 
were almost constant at different wiggler gap. The 
vertical beam size on the F4 and F5 periodically change at 
different wiggler gap. It seems that the variation of the 
vertical beam sizes come from the changing of the natural 
focusing, which is strongly depend on the magnetic field 
strength of the wiggler. The strength of natural focusing is 
proportional to the square of the peak magnetic field and 

 
 

Figure 3: Schematic layout of the ISIR L-band linac and the FEL system. SASE radiation is deriver to the grating
monochromator and Ge:Ga detector using optical mirrors. 

THPPH040 Proceedings of FEL 2006, BESSY, Berlin, Germany

674 FEL Technology



the strength of the edge focusing is only proportional to 
the peak magnetic field in the simple model of the 
wiggler composed of alternating bending magnets with 
the edge angle. Furthermore, as reported previous FEL 
conference [4], we have observed the peak field decreases 
to one-third with wiggler gap from 30 to 50 mm, whereas 
the field gradient decreases only by 56 % in the magnetic 
field measurement. The field gradient of the edge- 
focusing wiggler is kept at different wiggler gap.  At this 
condition of electron beam, the natural focusing is strong 
and the edge focusing effect cannot be observed clearly. 
The measurement results were compared with the 
calculated beam size in the wiggler. In vertical direction, 
the periodically variation of beam sizes are large different, 
since the electron beam was injected into wiggler with not 
matching conditions. We will continue the study on the 
focusing property of the strong focusing wiggler at 
different condition of electron beam energy using the 
beam profile monitors.  

Result of SASE spectrum measurement 
Figure 5 shows a wavelength spectrum of SASE in the 

wavelength range from 50 to 240 µm with 1µm step. The 
closed dots and the error bar show the average values of 
intensities and a standard deviation, respectively, of five 

highest intensities in thirty successive optical pulses for 
each wavelength. As reported in Ref. [6], the total 
sensitivity of the measurement system, including the 
sensitivity of the detector, the efficiency of the 
monochromator, the transmission efficiency of the optical 
transport line, was calibrated over the wavelength range 
from 50 to 200 µm using a blackbody radiator. We have 
not measured the sensitivity of the measurement system 
above 200 µm. In Fig.5, the plotted intensities are, 
therefore, signal intensities from the detector and the 
intensities at different wavelengths are not calibrated. 
Although the second and the third harmonic peaks are 
comparable in signal intensity to the fundamental one due 
to the higher sensitivity of the measurement system 
around 100 µm wavelength, the fundamental peak is 
actually strongest. The intensity ratios of the second and 
the third harmonic peak to the fundamental one are 
roughly estimated from the extrapolation from the 
previous calibration data to be 1/35 and 1/10, respectively.  
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Figure 4: Measured horizontal (X) and vertical (Y)
beam size using three screen monitors, denoted by
F3, F4 and F5 in Fig. 3. 

The measured spectral width of the fundamental peak 
was about 1.75 %, which is slightly smaller than those 
predicted value (1.9 %) by the 1D FEL model (Eq. 2).  

WN
dw

⋅
=

32
9

π
ρ      (2) 

We can expect that the FEL parameter (ρ) in the actual 
experiment is smaller than the predicted one due to that 
the Twiss parameter of the electron beam are different 
with matching condition at the entrance of the wiggler 
and the beam size is larger than optimum one. We will 
conduct to study on SASE about the spectral width and 
the angular distribution of the higher-harmonics and the 
statistically fluctuation of SASE output power.  
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Figure 1: Angular distribution of the transition radiation. 

LONGITUDINAL PHASE-SPACE MEASUREMENTS                                  
OF A HIGH-BRIGHTNESS SINGLE-BUNCH BEAM 

R. Kato#, S. Kashiwagi, T. Igo, Y. Kon, G. Isoyama 
ISIR, Osaka University, Ibaraki, Osaka 567-0047, Japan

Abstract 
A measurement system of the longitudinal phase-space 

distribution of electrons using the combination of an 
optical transition radiation profile monitor and a streak 
camera are currently under development at ISIR, Osaka 
University. The energy spectrum is measured using 
transition radiation in a preliminary experiment. It is 
found that the OTR monitor has a higher momentum 
resolution than the momentum analyzer system usually 
used. 

INTRODUCTION 
We are conducting experimental studies on Self-

Amplified Spontaneous Emission (SASE) in the infrared 
region using the L-band linac at the Institute of Scientific 
and Industrial Research (ISIR), Osaka University [1-3]. 
The performance of SASE-FEL strongly depends on 
beam parameters, such as a longitudinal beam profile, 
bunch charge, the transverse emittance and an energy 
profile. A correlation between longitudinal positions of 
electrons in a bunch and their energies has a crucial effect 
on the temporal evolution of the optical pulse of SASE. 
Several types of methods are extensively under study to 
evaluate the longitudinal phase-space profile of the 
electron beam [4-7]. Among them, a combination of 
Cherenkov radiation and a streak camera was used in Ref. 
5 and a combination of synchrotron radiation and a streak 
camera in Ref. 7. 

In order to measure the electron distribution in the 
longitudinal phase-space, we use a combination of an 
optical transition radiation (OTR) monitor and a streak 
camera together with a bending magnet. Since the 
bending magnet produces momentum dispersion in the 
electron beam, electrons diverge in the horizontal 
direction. The OTR radiator is placed in the lower course 
of the beam line from the bending magnet and it works as 
a converter from electrons to photons. The horizontal 
intensity distribution of photons is proportional to the 
momentum distribution of electrons, provided that the 
beam size of the electron beam due to the transverse 
emittance is negligibly small compared with the 
momentum distribution. By means of an appropriate 
optical system, the intensity distribution of photons on the 
OTR radiator can be focused on the horizontal slit of the 
streak camera. When the temporal sweep of the camera is 
turned on, a streak image reproduces the electron 
distribution on the longitudinal phase-space. 

Advantages of using OTR are as follows: (1) the 
radiator is a simple metallic plate or foil, which produce 
no vacuum degradation by irradiation, (2) since the 

emission process is a very rapid phenomenon at a flat 
surface, the temporal resolution is expected to be high, (3) 
the number of photons is proportional to the incident 
electron number without intensity saturation. Furthermore, 
if a very thin organic film vapour-deposited with metal is 
used as an OTR radiator, a quasi-non-destructive monitor 
will be realized [8]. 

Compared with Cherenkov radiation or synchrotron 
radiation, on the other hand, the intensity of transition 
radiation is lower and the photon yield in the visible 
region is of the order of 10-2 photons per incident electron 
[9]. The L-band linac, however, can produce a high-
intensity single-bunch beam typically with charge of 30 
nC, so that a detectable number of photons is expected.  

We recently began the feasibility study of the 
longitudinal phase-space monitor with OTR. In this 
contribution, we will present preliminary experimental 
results of the energy spectrum measurements with OTR. 

PROPERTIES OF TRANSITION 
RADIATION 

Transition radiation is produced by relativistic charged 
particles when they traverse the boundary surface of two 
media with different dielectric constants. When a charged 
particle of the velocity βc, energy γ and charge e passes 
across a metallic surface in a vacuum, the radiation 
energy per unit solid angle dΩ and unit frequency dω is 
given by [10]: 

 

( )2

2

2

22

cos1

sin

4 θβ
θ

πω −
=

Ω c

e
R

dd

Wd ,                (1) 

 
where R is the reflection coefficient of the metal and θ the 
angle of emitted photons with respect to the electron 
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Figure 2: Schematic layout of the ISIR L-band Linac and FEL beam line. GUN: Electron gun, SHBs: Sub-harmonic 
Bunchers, BM: Bending magnet, QM: Q-magnet, AM: Analyser magnet, WS: Wire Scanner Monitor. 

 
 

Figure 3: Configuration of the OTR radiator. 

 
 
Figure 4: The OTR image of the beam profile 
measured using a CCD camera. The horizontal 
direction is the bending orbital plane of the electron 
beam. Left side of the image is lower momentum one. 

beam axis for the forward radiation and the direction of 
specular reflection for the backward. The angular 
distributions of the emitted radiation for electron energies 
obtained with our linac are shown in Figure 1. The 
emission angle of the maximum intensity is expressed by  

 

γ
θ 1≅ .                                   (2) 

 
The peak intensity of transition radiation for 10 MeV 

energy is one-tenth of that for 30 MeV, and the emission 
angle for 10 MeV increases three times wider than that for 
30 MeV. We, therefore, have to broaden the acceptance 
angle of the photon detection system in order to make use 
of the transition radiation as a longitudinal phase space 

monitor for lower energy electrons. 

EXPERIMENTAL SETUP 
Figure 2 shows a schematic layout of the L-band linac. 

The linac is equipped with a three-stage sub-harmonic 
buncher (SHB) system composed of two 1/12 and one 1/6 
SHBs in order to produce an intense single-bunch beam 
with charge up to 91 nC/bunch. For single-bunch 
operation, the electron beam with a peak current up to 28 
A (typically 18 A in our experiments) and a duration of 5 
ns is injected from a thermionic gun (EIMAC, YU-156) 
into the SHB system. After being compressed to a single-
bunch, the electron beam is accelerated to 10 – 30 MeV in 
the 1.3 GHz accelerating tube. The electron beam is 
transported via an achromatic beam transport line to the 
wiggler for the FEL system.  

The OTR radiator, which converts electrons to photons, 
is placed at a position 320 mm downstream from the first 
bending magnet as shown in Figure 3. The screen is an 
aluminium plate having sizes of 55 × 40 × 1.6 mm3, and it 
is tilted vertically by an angle of 45° with respect to the 
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Figure 6: Momentum profiles of the electron bunch. 
The solid line is the momentum profile measured with 
an analyzer magnet and a faraday-cup current monitor. 
The dashed line is the profile obtained by moving 
average of the OTR profile within a ± 0.5 % width. 
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Figure 5: Momentum profile of the electron bunch 
obtained by integrating the OTR image in a vertical. 

bending orbital plane, so that backward transition 
radiation is emitted in the vertical plane. The first mirror 
of the optical transport system is a concave mirror and it 
is placed the focal length away from center of the radiator, 
so that OTR image on the radiator, which diverges in the 
horizontal direction, is mostly included in the depth of 
field of the first mirror. 

At first we have used a CCD camera, instead of the 
streak camera, for directly observing the OTR image. The 
camera (TAKEX, FC300M) is a progressive shutter 
camera and works with 659(H) × 494(V) pixels in 1/3 
inch. A macro lens (Canon, J6X11) with a lens aperture of 
40 mm was used for focusing. The camera was placed at a 
distance of 210 mm from the OTR radiator. In this 
configuration, an acceptance angle is approximately ± 0.1 
radians, which is sufficient to capture the radiation 
emitted by the 20 – 30 MeV electrons. 

EXPERIMENTAL RESULTS 
An experiment is conducted with a single-bunch 

electron beam of 26.6 MeV energy. The normalized 
emittances are 165 π mm mrad in the horizontal direction 
and 160 π mm mrad in the vertical direction. A measured 
OTR image is shown in Figure 4. The horizontal and the 
vertical scales are 0.085 mm/pixel. Figure 5 shows the 
momentum profile of the electron bunch obtained by 
integrating the image in a vertical. Since dispersion 
function η is 0.4 m at the position of the OTR radiator, 
momentum resolution of the measurement system is 
estimated to be 0.02 %/pixel. Using the resolution, the 
momentum spread of the OTR profile was evaluated to be 
0.4 % (full-width half-maximum). Figure 6 shows a 
momentum profile measured with a momentum analyzer 
magnet and a faraday-cup current monitor. The spectrum 
width of the profile is 1.6 %. The dashed line in Figure 6 
shows the profile obtained by moving average of the OTR 
profile within a ± 0.5 % width. Since the both profiles 
have a similar width, the resolution of the analyzer 

magnet slit is estimated approximately to be 1 %. It turns 
out that the OTR monitor has a higher momentum 
resolution than the momentum analyzer system usually 
used. 

SUMMARY 
In order to measure the longitudinal phase-space profile 

of the electron beam, we are developing the measurement 
system consisted of an OTR radiator, a bending magnet 
and a streak camera. As a preliminary experiment, the 
momentum spectrum is obtained from the OTR profile, 
and the momentum resolution of the new system is 
evaluated. We are now preparing for the longitudinal 
phase-space measurement experiments. 
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A COMPACT LOW EMITTANCE DC GUN EMPLOYING SINGLE 
CRYSTAL CATHODE OF LaB6*

K. Kasamsook#, K. Nanbu, M. Kawai ,K. Akiyama, F. Hinode, T. Muto , T. Tanaka, M. Yasuda,        
H. Hama 

Laboratory of Nuclear Science, Tohoku University,                                                          
1-2-1 Mikamine, Taihaku-ku, Sendai 982-0826, Japan

Abstract
Development of an electron gun capable of producing 

low emittance is in the interests of further applications of 
high brightness electron beam such as Smith-Purcell FEL 
[1] for example. A prominent point of this DC gun is that 
operation high voltage is very low (50 kV). Since a higher 
beam current of the macropulse is required in general, a 
cathode should have higher current density, while the 
smaller size of the cathode is preferred for lower 
emittance. Consequently we have chosen single crystal 
LaB6 as the cathode, which can provide higher current 
with good homogeneity emission. Some numerical 
calculations have also been performed. There are some 
good agreement in calculated results between them. 
Numerical calculations show a normalized rms emittance 
is expected to be less than 5  mm mrad. A state-of-the-
art electron source will possibly open new scientific 
opportunities in the many fields. 

INTRODUCTION
 Nowadays, the demand for high-brightness electron 

gun has increased dramatically to achieve many 
applications in the field of electron beam technolygy. The 
low emittance DC electron gun at LNS is one of the 
candidates. This DC electron gun has no grid which 
would degrade beam emittance. The cathode is made of 
materials with the low work function, and heated to 1700 
- 1900 K for producing electrons. We have employed the 
cathode voltage of -50 kV with respect to grounded anode 
and variable pulse duration from 1 to 5 sec. This low 
voltage choice can make the entire system to compact. 
The schematic diagram of DC gun power supply is shown 
in Fig.1. In spite of such low voltage, the emittance can 
be reduced to very small because of a very short distance 
between the cathode and the anode. In order to produce 
low emittance beam, the cathode size should be small, so 
that the higher current density is required. Such high 
current density can be realized by some cathode materials 
such as single crystal LaB6 [2] or CeB6 [3].The design 
parameters and the drawing of the low emittance DC 
electron gun are shown in Table 1 and Fig.2, respectively.  

Figure 1: The schematic diagram of  DC gun power 
supply.  

Table 1: Design parameters of electron gun.  

Beam energy 50 keV (Max.) 

Peak current >300 mA 

Pulse width (FWHM) 1-5 sec

Repetition rate 300 pps (Max.) 

Normalized emittance <10  mm mrad. 

Normalized thermal 
emittance 

0.25  mm mrad* 
*theoretical

Cathode diameter 1.75 mm. 

Figure 2: The low emittance DC electron gun. 

Cathode

___________________________________________  
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THE LOW EMITTANCE DC GUN 
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The normalized rms thermal emittance of electrons 
emitted from a hot cathode is followed by equation (1): 

                                   (1) 
,

where rC is the cathode radius, kB is Boltzman's constant, 
m0 is electron rest mass and T is the cathode absolute 
temperature. From the above relation, in order to obtain 
the small emittance less than 1  mm mrad required for an 
example, the X-ray FEL application, the diameter of the 
cathode must be in the range of a few mm. On the other 
hand, high emission density (~12 A/cm2) is required to 
produce a several hundred miliampere peak current from 
the small surface. The LaB6 or CeB6 can emit such an 
intense current over long lifetimes. A single crystal is 
preferable for obtaining low emittance because of its 
extremely flat surface with low porosity after surface 
material evaporation. The emission density is more 
uniform because the crystal orientation is the same over 
the whole surface. In recent years, single crystal LaB6
cathodes are widely used for scanning electron 
microscope (SEM) and superior stability has been 
demonstrated. So, we decided to use a single-crystal LaB6
cathode with a flat crystal surface shown in Fig.3. The 
diameter of our LaB6 cathode is 1.75 mm. The 300 mA 
peak current will be produced when the cathode is heated 
to ~1900 K at vacuum level of 10-8 torr or better. The 
theoretical thermal normalized emittance is 0.25  mm 
mrad.  

Figure 3: The assembly of single-crystal LaB6 cathode.

High-voltage power supply   
A high voltage DC thermionic gun uses a heated 

cathode to produce electrons, which are then initially 
accelerated with a DC pulse voltage. A low energy 
electron gun high-voltage power supply was developed 
for 0~-50 kV with 300 mA a peak current, a pulse width 
of 1-5 sec, and pulse droop 0.1%, respectively. The 
wehnelt voltage can be adjusted from 0~-1 kV. In 
addition, a floating bias voltage can be applied between 

the cathode and the wehnelt to optimize the electric field 
for achieving the lowest emittance. In the case of the 
heater power supply, we use 1 Vdc and 12 A maximum 
current to feed the LaB6 cathode.

 The high-voltage power supply was tested by loading 
at an electron gun system to generate an electron 
beam.The beam current was measured by the Faraday 
plate. The cathode was heated up to ~1800 K and the 
current, 200 mA, was measured in the test chamber by 
applying 10 W of heater power. So, one of reasons to 
achieve peak current, 300 mA, is that we have to increase 
the absolute temperature of the cathode. Up to now, the 
cathode has been operated for 1000 hours without failure. 
Fig. 4 shows the measurement waveform of the 
accelerating voltage and beam current. 

Figure 4: The measurement waveform of the accelerating 
voltage and beam current. 

NUMERICAL CALCULATION RESULTS 
We performed a computer simulation using 2 

dimensional simulation code [KUAD2 v2.21] developed 
by Kyoto University [4,5] for 50 keV, 300 mA beam 
current and 15 mm cathode-anode distance in simple 
model. As shown in Fig.5, the beam trajectories diverge 
too much including the emittance growth due to space 
charge, which would result in a rapid increase in beam 
spot size. Nevertheless, the normalized emittance from 
the anode exit still has a small value (4  mm mrad) at the 
longitudinal position far from the anode. Fig.6 shows the 
macro-particle distribution and the phase space 
distribution at the position 200 mm from the cathode. In 
addition, the simulation result shows electric field near 
the cathode surface is very sensitive to the emittance 
growth, which means the mechanical positioning of the 
cathode is very important. So we need special bias 
voltage between cathode and wehnelt to manipulate the 
electric field around cathode surface. On the other hand, 
we developed the 3 dimensional self-developed code 3-D 
FDTD [6] and compared with 2 dimensional simulation 
code. The trend of position dependence of the emittance 
is good agreement between them, and both of them still 
result in the small value of normalized emittance. The 
result of electron beam extraction and normalized 
emittance is shown in Fig.7, and the macro-particle 
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distribution and phase space distribution at the end point 
are shown in Fig.8.   

Figure 5: An electron beam extraction and normalized 
emittance of 300 mA in a DC gun according to a 
simulation with KUAD2. 

Figure 6: The macro-particle distribution and phase space 
distribution at the position 200 mm from cathode 
according to a simulation with KUAD2. 

Figure 7: An electron beam extraction and normalized 
emittance of 300 mA in a DC gun according to a 
simulation with 3D FDTD.

Figure 8: The macro-particle distribution and phase space 
distribution at the end point according to a simulation 
with 3D FDTD. 

In another result of the 3D FDTD simulation, we 
applied bias voltage between wehnelt and cathode to 
manipulate the electric field around the cathode surface as 
shown in Fig.9. At the low bias voltage, a little focussing 
action, therefore, the emittance is gradually grow and 
become smoothly when the bias voltage was increased 
from 200 V to 400 V. The minimum point of emittance 
was shifted backward to cathode side by increasing of 
special bias voltage. At the high bias voltage, the negative 
field from wehnelt predominates and deflects the electron 
beam away from anode, so the 600 V case shows the over 
correction of emittance. This result shows that we can 
manipulate the equipotential line near the cathode surface 
by adjusting the special bias voltage to optimize the 
extracted beam emittance.     

Figure 9: The bias voltage dependence of normalized 
emittance. 
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SUMMARY 
Presently the DC gun has been examined on a test 

stand, and characteristics of the extracted beam from the 
gun are measured. Some numerical calculations have also 
been performed using 2 dimensional code  and 3 
dimensional self-developped code. There are some good 
agreement in calculated results between them. Moreover, 
both of them show the small value of normalized 
emittance. So that, the beam transportation after the gun 
should be carefully designed to keep such small emittance 
and utilize the beam. We can also apply special bias 
voltage to manipulate the electric field near the cathode 
surface.
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STABLE RF PHASE INSENSITIVE TO THE MODULATOR VOLTAGE 
FLUCTUATION OF THE C-BAND MAIN LINAC FOR SCSS XFEL 

Jong-Seok Oh1, 2, #, Takahiro Inagaki1, Katsutoshi Shirasawa1, Toru Hara1, Tsumoru Shintake1 
1RIKEN Harima Institute, 2PAL/POSTECH.

Abstract 
The SCSS (SPring-8 Compact SASE Source) XFEL [1] 

requires extremely stable RF system in both amplitude 
and phase. The pulse-to-pulse fluctuation of RF output is 
mainly caused by modulation of the klystron beam-
voltage pulse, which is directly governed by the charging 
stability of a klystron modulator. During R&D study on 
beam stability, we found a special operation point, where 
the beam energy gain is insensitive to the modulator 
voltage fluctuation. This phase can cancel out the both 
fluctuations and provide constant accelerating field. The 
stable phase depends on the klystron parameters such as 
the length of drift tube, operating voltage, efficiency. It is 
about +9° in case of the C-band main linac for SCSS 
XFEL. The bunch length after bunch compressor is so 
short that additional longitudinal energy spread due to the 
RF curvature is about 5% of the one caused by the 
longitudinal wake field. The particle energy is high 
enough so that longitudinal defocusing is negligible. The 
reduction of beam energy due to off-crest acceleration is 
less than 2%. This paper shows the analytical relation of 
the stable phase. ELEGANT [2] simulation shows no 
appreciable degradation of the slice parameters. 

INTRODUCTION 
The stability of the beam acceleration is determined by 

the fluctuation of both RF power and phase that are 
mainly caused by the modulation of a klystron voltage 
pulse, which is directly governed by the PFN (pulse 
forming network) charging stability of a modulator. 
Therefore, it is useful to define the sensitivities of the RF 
parameters such as klystron voltage, RF phase and RF 
power by its relative stabilities to the one of a charging 
voltage. This paper analyzes the sensitivities of RF 
parameters and beam energy, and shows a special 
operation point, where the beam energy gain is insensitive 
to the modulator voltage fluctuation. 

In general, off-crest acceleration makes the beam 
energy more fluctuate. However, at certain phase, it is 
possible for this fluctuation to be same as the one due to 
power fluctuation with opposite polarity in the falling 
slope with respect to beam. This phase is preferable to get 
the stable beam energy even under the voltage fluctuation 
of the klystron. This paper shows the analytical relation of 
the stable phase and experimental verification.  

The longitudinal profile of a bunch has to be managed 
to fit the SASE requirements. Energy spread, slice 
emittance and peak current are analytically evaluated and 
compared with numerical results obtained by ELEGANT 
simulation. 

RF SENSITIVITY 
The klystron voltage is directly determined by the PFN 

charging voltage in a modulator. The sensitivity of a 
klystron voltage defined by 

 
(1) 

 
is obtained by using the Ohm’s law 
 

,                                                  (2) 
 
and the klystron beam current  
 

                                                                (3) 
 

where Vo is a PFN charging voltage, VK is a klystron 
voltage, ZPFN is PFN impedance, k is a klystron perveance, 
Zk is klystron impedance. At the nominal klystron voltage 
where the impedance is matched, the typical sensitivity of 
a klystron voltage becomes 0.8. 

The RF phase φRF from a klystron [3] 
 

(4) 
 
is delayed from a driving input RF phase φo by the transit 
time ttransit of a drift length LKLY between the input cavity 
and the output cavity of the klystron with an electron 
velocity v where λRF is a wavelength in a free-space, c is 
the speed of light in vacuum. Therefore, the RF phase 
fluctuation of a klystron is  

 
                          (5) 

 
where γ is the Lorentz factor of the electron. And the 
sensitivity of the RF phase is 

 
.  (6) 

 
The typical sensitivity of the RF phase at 350 kV is 1.26 
for a C-band klystron.  

The RF power PRF of a klystron is given by 
                  

                (7) 
 

where η is the RF conversion efficiency of a klystron. 
Therefore, the RF power fluctuation of a klystron is 
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Figure 1 shows the calculated relative variation of RF 
power, efficiency and perveance due to the klystron 
voltage fluctuation of the C-band klystron (Toshiba 
E3746A). The perveance dependency is relatively so 
small that it is neglected in the sensitivity of the RF power 

 
(9) 

 
where sη is the sensitivity of efficiency given by 

 
.                                          (10) 

 
The efficiency variation of a klystron at low voltage has 

large effect on the sensitivity of RF power. The typical 
sensitivity of the RF power at 350 kV is 2.4 for the C-
band klystron.    
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Figure 1: Relative variation of RF power (Prf), efficiency 
(η), and perveance (k) of a C-band klystron. 

ENERGY SENSITIVITY 
The energy gain of an accelerating unit is  

 
.                                                   (11) 

 
Thus, its relative fluctuation by a klystron is   

 
.            (12) 

 
Using Egs. (6) and (9), the sensitivity of energy gain is 

 
. (13) 

 
Figure 2 shows the relative energy gain of C-band units 

as a function of operating RF phase with charging voltage 
variations at the klystron voltage of 350 kV. On a certain 
RF phase of the falling slope with respect to beam, which 
is marked by the circle in the figure, the amplitude is 
somewhat constant because the both fluctuations are 
cancelled out, which provides constant accelerating field. 
The energy gain is insensitive to the modulator voltage 
fluctuation around the stable phase satisfying following 
condition 

 
.                          (14) 
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Figure 2: Relative energy gain vs. RF phase with charging 
voltage variations at the klystron voltage of 350 with a C-
band klystron. The stable phase is +7.2° at 350 kV level. 
 

Figure 3 shows the sensitivity of energy gain for the 
crest phase and the off-crest phase. The typical sensitivity 
of the energy gain at 350 kV is 1.2 for a C-band unit. The 
energy gain is insensitive over wide range of klystron 
voltage at the off-crest phase of +9°. A little large angle 
than +7.2° provides better sensitivity for wide operating 
range below 350 kV. The loss of energy gain by the off-
crest acceleration is 1.2%. 
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Figure 3: Relative variations of energy gain due to the 
fluctuation of the PFN charging voltage for crest phase 
and off-crest phase of +9°. 
 

Including the effect of relative phase jitter σφ between 
injected beams and C-band RF at an arbitrary phase, the 
sensitivity of energy gain becomes 

 
                

 
.                       (15)                  

 

EXPERIMENTS 
The SCSS prototype accelerator has a C-band main 

linac after an S-band unit of an injector [4]. The main 
linac has two RF sources and increases the beam energy 
from 50 MeV to 250 MeV. The beam energy fluctuation is 
measured for different RF phases by the screen monitor 
located at the middle of a chicane having a dispersion of 
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150 mm. Figure 4 shows the measured beam energy 
fluctuation of the C-band main linac. The beam energy 
stability at crest for two C-band units is 0.34% (6σ); the 
stability of energy gain per unit is 0.59% (6σ). The energy 
fluctuation is sensitive to the operating phase and also is 
asymmetric with respect to the crest phase. The energy 
fluctuation at the off-crest phase of +10° is reduced to 
50% level of the one at crest acceleration. 

 
Figure 4: Beam energy fluctuation vs. RF phase of C-
band main linac of SCSS prototype accelerator (0.01 
mm/pixel). 
 

Figure 5 shows the stability trend of energy gain per C-
band unit normalized by the one at crest phase:   

 
 
 
 
 

.            (16) 
 

Each curve has different relative phase jitter normalized 
by the energy stability at crest, (σφ/(2π))/(dE/E)crest. For 
example, with 0.2% energy stability at crest, 50% 
normalized phase jitter corresponds to 0.1% relative 
phase jitter that is equivalent to 0.36°. Measured data (C-
band 060614) in Figure 5 agree to the case of 50% 
normalized relative phase jitter. It means that the phase 
jitter is about 1.1° that corresponds to the timing jitter of 
0.52-ps at C-band frequency. 

At the off-crest phase satisfying Eq. (14), the energy 
stability becomes    
 

.                             (17) 
 

Then, it becomes ~ σφ/(2π) at 350 kV. Therefore, the total 
energy stability is directly determined by the phase jitter. 

Measured data (C-band 060614) indicate that the 
minimum fluctuation of the beam energy is located at 
about +8° from the crest as expected. The fluctuation at 
this phase is limited by the phase jitter. The different set 
of measured data (C-band 060711) shows that the 
normalized relative phase jitter is increased to 100%, 
which is identified later to be caused by the instability of 
a maser RF oscillator. 
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Figure 5: Stability of energy gain per C-band unit 
normalized by the one at crest phase for relative phase 
jitter of 0%, 50%, and 100%. 

BEAM QUALITIES 
The geometry of a C-band accelerating structure with 

iris radius a, cavity radius b, gap length g, and cavity 
period Lcell is shown in Figure 6. The short-range 
wakefield of the structure is evaluated by the K. Bane’s 
formula [5] 
 

                                      (18) 
 
where   
 

,                                     (19) 
 

and 
,                              (20)  

 
and Zo = 120π [Ω].  
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Figure 6: The geometry of a C-band accelerating 
structure: a = 7.6 mm, b = 21.2 mm, g = 15.2 mm, and 
Lcell = 19.682 mm. 
 

With structure parameters of a C-band unit, soo = 982 
μm, and W(0) = 0.623 kV/pC/m. This paper uses the 
beam parameters given in the “Optimization of 
Parameters” of the 6-GeV SCSS CDR [1] where the 
accelerating gradient is 34.0 MV/m after the second 
bunch compressor BC2. The compressed bunch length s 
after BC2 is 24 μm. It is so short that the wakefield over 
the bunch is close to W(0), then the longitudinal energy 
spread of a bunch due to the short-range wakefield with a 
bunch charge Q over a total accelerator length L is 
approximately 
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.                                                  (21) 
 
There are 25 accelerator modules in the C-band main 
linac of the SCSS 6-GeV machine. Each module has 4 
units of 1.8-m long structures. Therefore, total 
accelerating length is 180 and the longitudinal energy 
spread becomes -44.6 MeV. Considering the effect of 
finite bunch length, it is -40.1 MeV. The net change of 
head-tail energy spread through the C-band linac obtained 
by ELEGANT code is – 41.3 MeV as shown in Figure 7. 
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Figure 7: Structural wake effect on the longitudinal 
energy profile of a bunch (left: 800-MeV beam at the inlet 
of C-band main linac, right: 6-GeV beam after C-band 
main linac, bunch head at left side). 
 

There is energy gain difference ΔWRF between the head 
electron and the tail electron of a bunch, which is caused 
by the phase difference of RF fields along the bunch.  

 
                      (22) 

 
where e is electronic charge, E is peak accelerating field. 
In case of 6-GeV SCSS design, eEL = 5200 MeV, and Δφ 
= 0.164° for s = 24 μm. Therefore, the energy spread due 
to the RF fields becomes -2.33 MeV for the off-crest 
phase of φο = +9°. This energy spread is 5.81% of the one 
caused by wakefield. The ELEGANT simulation shows 
the difference of -1.53 MeV as shown in Figure 8.      
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Figure 8: Comparison of longitudinal energy profile of a 
bunch for the on-crest acceleration (left) and +9° off-crest 
acceleration (right). 
 
The slice parameters such as slice emittance and peak 
current are dominant governing parameters of SASE 
process. We have to keep the slice parameters as good as 
possible. It is confirmed that there is no appreciable 
degradation of slice parameters for off-crest acceleration 
as shown in Figure 9. 
 

 
Figure 9: Horizontal slice emittance (top), vertical slice 
emittance (middle), and peak current (bottom) profile of a 
bunch (left: on-crest acceleration, right: +9° off-crest 
acceleration). 

SUMMARY AND DISCUSSION 
The SCSS XFEL is a challenging machine that requires 

extremely stable RF system. Therefore, it is critical issue 
to realize stable RF system for both phase and amplitude 
to provide stable XFEL. The phase-dependent stability 
characteristics are in detail analyzed and examined. It is 
confirmed that the off-crest phase of around +9° provides 
better stability in case of the C-band main linac for SCSS 
XFEL if phase jitter is small. The low-level RF control 
has to provide better stability than the one of a klystron 
modulator for this scheme to be effective. The reduction 
of beam energy due to off-crest acceleration is about 1%. 

The additional longitudinal energy spread due to the RF 
curvature is about 5% of the one caused by the 
longitudinal wake field and there is no appreciable 
degradation of the slice parameters.  

The RF unit for a velocity buncher or a bunch 
compressor is more sensitive to the RF fluctuation 
because of the off-crest operation to provide a necessary 
energy chirp. For example, the energy fluctuation is more 
than 4 times higher than the crest one at the typical off 
crest phase of -40° for SCSS accelerating units between 
BC1 and BC2. 

REFERENCES 
[1] http://www-xfel.spring8.or.jp 
[2] M. Borland, “ELEGANT” LS-287, ANL, Argonne, 

IL 60439, USA. 
 [3] Linear Accelerators, P. M. Lapostolle and A. L. 

Septier, editors, North Holland Publishing Company, 
p322 (1970). 

[4] T. Hara, “Electron Beam Simulations on the SCSS 
Accelerator,” the 26th International Free Electron 
Laser Conference, Italy, 2004. 

[5]  K. L. F. Bane, “Short-Range Dipole Wakefields in 
Accelerating Structures for the NLC,” SLAC-PUB-
9663, LCC-0116, 2003. 

 
 

LeQWW )0(−≈Δ

φφφ Δ−≅Δ=Δ oRF eELeELW sin]cos[

Proceedings of FEL 2006, BESSY, Berlin, Germany THPPH043

FEL Technology 687



ANALYSIS OF INVERTER CHARGING WAVEFORM FOR ULTRA 
STABLE SCSS MODULATOR 

Jong-Seok Oh1, 2, #, Takahiro Inagaki1, Katsutoshi Shirasawa1, Tsumoru Shintake1 
1RIKEN Harima Institute, 2PAL/POSTECH.

Abstract 
The SCSS (SPring-8 Compact SASE Source) XFEL [1] 

requires ultra stable RF sources. The SCSS smart 
modulator driving a klystron RF source uses an inverter 
charging system. Therefore, the stability of RF sources is 
directly determined by the one of inverter power supplies. 
The regulation and the stability of an inverter depend on 
not only the structure of inverter topology but also the 
fidelity of a signal monitoring. For better stability, we 
need stable and adequate monitoring of a charging voltage. 
The charging waveform is composed of a net PFN (pulse 
forming network) voltage and ripple components that is 
related to the system-dependent circuit parameters. This 
ripple is proportional to the ratio of the PFN capacitance 
to the stray capacitance of a pulse transformer and a 
klystron load. We can manipulate the feedback signal with 
suitable filtering but it is shown that the charging stability 
depends on the way of signal conditioning also. The long-
term drift has to be minimized by the temperature 
stabilization of the probe and feedback circuits. 

INTRODUCTION 
The SCSS XFEL uses normal conducting technology 

for beam acceleration, in which pulse-to-pulse power 
fluctuation in RF-system dominates beam stability. The 
RF output is mainly fluctuating due to the pulse-to-pulse 
variation of a klystron voltage that is determined by the 
PFN charging voltage of a modulator. The inverter is 
responsible to the RF stability because it charges the PFN 
capacitor. In order to stabilize the charging level, we need 
a clean and stable signal for the PFN voltage. There are 
not only pulse forming network capacitors but also 
protective series resistors and distributed reactive 
components of a pulse transformer and a klystron load in 
the charging path. Therefore, the charging waveform 
becomes somewhat complicated. The understanding of 
the charging waveform and the proper conditioning of 
feedback signal is necessary to realize an ultra stable 
charging performance. This paper shows the detail 
analysis of the charging waveform of SCSS modulators 
and the stability dependency on the signal conditioning. 

SCSS MODULATOR 
Figure 1 shows the circuit topology and its charging 

waveform for inverter charging scheme using a constant 
current source. This scheme is compared with the ones of 
the traditional resonant charging scheme using a constant 
voltage source. The inverter topology provides high 
reliability: a thyratron switch is safely turned off because 

next charging schedule is digitally controllable, it is 
inherently fail-safe system under short-circuit condition 
due to the current limit feature of a constant current 
power supply. In addition, it is naturally compact by using 
a high frequency inverter. Also it has other attractive 
features: expandability, easy maintenance, and flexible 
control interface [2]. These features are well matched to 
the next generation modulator for SCSS XFEL facility. 
 

 
Figure 1: Basic circuits and charging waveforms of a 
voltage source and a current source power supply. 
 

Figure 2 shows the simplified circuit diagram of SCSS 
modulator that consists of a PFN, a thyratron switch, a 
pulse transformer, and an inverter power supply as a PFN 
charging unit. The inverse voltage is limited by a tail 
circuit absorbing the magnetic energy stored in the pulse 
transformer. The main specifications are as follows; 114-
MW peak power, 30-kW average power, 60-pulse per 
second, 3.8-μs pulse width, 1:16 step-up ratio, 350-kV 
peak voltage (secondary side) [3].  
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Figure 2: Simplified circuit diagram of SCSS modulator. 

 
Figure 3 shows detailed charging waveforms of a C-

band modulator (CPFN = 0.4 μF) around the charging level 
of 38 kV. The average increment of  charging step ΔVPFN 
is about 100 V with a switching frequency f of 34.6 kHz; 
therefore, the average charging current Idc is 1.38 A at this 
charging level according to the following equation.  

 
(1) 

 
fVCI PFNPFNdc Δ=___________________________________________  
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The charging voltage is not rising smoothly and 
monotonically but includes high-frequency spikes. The 
magnitude of spikes is larger than the increment of 
charging level for each switching cycle. The voltage 
waveform at the pulse transformer secondary shown in 
the figure has similar oscillating pattern. Therefore, it is 
expected that the spike is made by the circuit components 
connected in parallel to the pulse transformer. The noisy 
spikes seem to be harmful for the feedback circuit to 
correctly compare the charging level with a reference 
level.  

 

 
Figure 3: Waveforms of charging buckets (Upper box: 
charging voltage waveform, Lower box: expanded view 
of square box marked on the upper box for pulse 
transformer secondary voltage (upper curve, 1.18 kV/div) 
and PFN charging voltage (lower curve, 100 V/div), 
Horizontal: 100 μs/div) 

ANALYSIS OF CHARGING WAVEFORM 
In order to analyze the circuit response of charging 

current, it is useful to know the Fourier components of 
charging current. The inverter output is a full-wave 
rectified current as shown in Figure 4.  
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Figure 4: Full-wave rectified current (thick blue line) and 
Fourier series. 

 
It has an average value of Idc and higher frequency 

components Iac. The average current is 2/π of a peak value 
Ipeak. The second harmonic current is dominant and it is 
4/(3π) of the peak value according to Eq. (2). Therefore, 
the magnitude of second harmonic current is 66.7% of the 
average charging current; Iac = (2/3) Idc. 

  
 

(2) 
 

 
The output current from an inverter power supply, I, 

has to flow through the series impedances of R1, R2, ZPFN, 
and ZL in the equivalent charging circuit shown in Figure 
5. The charging current flows through the complicated 
load impedance network ZL. The spike voltage is 
generated by oscillation caused by the total stray 
capacitance and the magnetizing inductance of a pulse 
transformer.  
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Figure 5: Equivalent charging circuit. 

 
To improve the present stability of SCSS modulators, it 

is planed to use an ultra stable inverter power supply that 
is operating in parallel with a main inverter. The concept 
and design example is described in Ref. [4]. This inverter 
has small charge per switching with higher switching 
frequency. The frequency response of the charging 
network of a SCSS modulator measured because of the 
possibility of a resonance, which distorts the charging 
waveform. Figure 6 shows the measured data and the 
calculated frequency response by the circuit model. The 
phase transition occurs at 40 kHz that is caused by the 
parallel resonance driven by the magnetizing inductance 
Lmag of a pulse transformer and total stray capacitance 
Cstray of a pulse transformer and a klystron load. Series 
resonance at higher frequency of Figure 6-(b) is driven by 
Cstay and a series inductance in the charging path. 
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 The second harmonic current of a SCSS modulator is 

capacitive-coupled because its frequency is higher that 40 
kHz. There is no resonance till 250 kHz and the gain is 
monotonically decreasing. Therefore, higher frequency is 
able to be applied without serious waveform distortion for 
a high precision inverter up to 100 kHz.  

The ripple voltage, Vac introduced by the second 
harmonic current through a stray capacitive impedance Xc 
(=2πfCstray) is given by 
 

.                                       (3) 
 

The ripple factor defined by 2Vac / ΔVPFN is the relative 
magnitude of the ripple voltage to the increment of a 
charging voltage per one cycle of an inverter switching. 
By using Eq. (1) and (3), the ripple factor is  
 

)6/( straydccacac fCIXIV π==
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Figure 6: Frequency response of a charging network of a 
SCSS modulator: (a) measured data, (b) circuit simulation. 

Table 1 shows the summary of ripple voltage 
parameters for the SCSS modulator. In order to verify this 
evaluation, equivalent circuit analysis is performed.  

 
Table 1: Ripple voltage parameters of charging waveform 

PFN capacitance, CPFN 0.4 μF 
Average charging current, Idc 1.58 A 
Switching frequency, f 34.6 kHz 

Increment of charging, ΔVPFN 114.2 V 
Stray capacitance, Cstray 25.9 nF 
Ripple current, Iac 1.05 A 

Charging impedance, Xc 88.8 Ω 
Ripple voltage, Vac 93.2 V 
Ripple factor, 2Vac /ΔVPFN 1.63 

 
Figure 7 shows the simulated charging waveform with 

the conditions given in the Table 1. Figure 7(a) is the 
initial charging waveform. The net PFN voltage (VPFN-
V_primary) is monotonically increasing but the PFN 

voltage (VPFN) has 100-V ripple with second harmonic 
frequency. It shows that the DC component Idc is flowing 
through the magnetizing inductance of a pulse 
transformer (I_Lmag) and AC ripple current is mainly 
flowing through the stray capacitance (I_Cstray). Figure 
7(b) is the charging waveform at the 38 kV level. The 
former half of the full-wave rectified current is gradually 
increasing to two-time large value than the initial one, and 
the latter half is gradually decreasing to zero. Accordingly, 
the diode in the tail circuit is turned on as the positive 
primary peak is increasing. At last, it becomes half-wave 
rectified waveform having a two times large peak current 
but the net average charging current is still same.  

 
(a) 

 
(b) 

Figure 7: Simulated charging waveforms: “V_PFN” = 
PFN voltage from ground potential, “V_PFN - 
V_primary” = net PFN voltage: (a) initial charging 
waveform, (b) charging waveform around 36 kV.  
 

The Fourier series of the higher harmonic for the half-
wave rectified waveform depicted in Figure 8, is 
described by 
 

 
 
 

.                   (5) 
 
The dominant term now has same frequency as the 

switching one and its magnitude is 50% of the average 
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charging current that is similar to the one of dominant 
term for the full-wave rectified waveform. Therefore, its 
ripple has same magnitude as the one of full-wave mode.  
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Figure 8: Half-wave rectified current (thick blue line) and 
Fourier series. 

EFFECT OF SIGNAL FILTERING 
The charging voltage is determined by the command 

reference. The reference level is compared with a 
feedback signal coming from a high voltage probe. 
Therefore, not only the reference level but also the 
feedback signal has to have high fidelity and stability. 
Figure 9 shows how improper conditioning of monitoring 
signal affect the charging stability under the reference 
level of 30 kV. The high frequency ripple on the rising 
slop of a feedback signal is well filtered out in the case 
(a); 1-kHz low pass filter. The charging voltage is 
regulated at the level higher than the reference one. 
Therefore, it is not able to correct the time dependent 
variation of the droop of top level. If the circuit has low 
frequency cut below 0.5 Hz, then, the actual PFN voltage 
is gradually rising even the comparator circuit is feeling 
the same level of feedback signal as shown in the case (b). 

SUMMARY AND DISCUSSION 
The SCSS modulator has many features fitting to the 

XFEL application, which are provided by adopting the 
inverter power supply that is one of governing factors for 
the stability of electron beams of SCSS linac. The ripple 
voltage superimposed on the PFN charging waveform is 
analyzed as a function of circuit parameters. It is found 
that the ripple factor is proportional to the ratio of the 
PFN capacitance to the stray capacitance. The 
conditioning of the feedback signal has large effect on the 
regulation of PFN voltage. The understanding of the 
charging waveform and the proper conditioning of 
feedback signal is essential to realize an ultra stable 
charging performance. 

It is possible to measure the net differential voltage by 
using an additional probe that has equally calibrated and 
balanced for high frequency response.  

The high voltage components of a probing system such 
as resistors and capacitors are temperature sensitive 
elements. The devices on the low level feedback circuits 
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Figure 9: Regulation characteristic for different filtering 
of a feedback signal with high voltage probe attenuation 
of 1/10,000: (a) 1 kHz low pass filter, (b) 0.5 Hz high pass 
filter. 
 

 
(a) 

also have thermal drift. Therefore, it is essential to 
stabilize the temperature of the probe and feedback 
circuits to remove the long-term slow drift of beam 
energy. 
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Abstract 

A RF photo-cathode (RF PC) gun with 1.6 cell cavity is 
installed at GTS(Gun Test Stand) being built at the 
Pohang Accelerator Laboratory (PAL). The short, intense, 
and low emittance electron beams are produced by the RF 
PC gun. For the successful construction of PAL-XFEL, 
the timing jitter and bunch length of the beam at the exit 
of the gun should be measured accurately. EOS (Electro-
Optic Sampling) is a very promising method to measure 
the jitter without any interference with the electron beam. 
The spatially resolved method will be used in this 
experiment, which is a single shot measurement using 
cooled CCD carmera due to very low energy. Before the 
measurement with the beam at the exit of the gun, the 
calibration experiment is done with DC high voltage 
applying setup with 1mm thick ZnTe crystal. The 
broadening of our laser pulse by the ZnTe crystal will be 
measured with auto-correlation method to know the 
resolution limit in this experiment and to do data analysis 
properly. In this presentation, the result of calibration 
experiment will be presented with a description of the 
experiment in detail and simulation result for low energy 
beam.  

INTRODUCTION 
EOS (Electro Optic Sampling) method to measure short, 

intense electron beam which is essential to construct 
XFEL light source is developed greatly in last few year 
[1,2,3,4]. For the successful construction of XFEL light 
source, the monitoring of timing jitter of electron beam is 
crucial in online condition. The method can be used for 
monitoring the timing jitter of all section of the light 
source for example injector, bunch compressor, undulator 
sections. We are now trying to measure the electron beam 
at the injector part of XFEL to be constructed in PAL. A 2 
MeV electron beam with a tunable bunch length  and 
0.2nC bunch charge has recently been realized at 
PAL[5,6]. 
 

 

THEORY 
The theory for the signal detection scheme of EOS is 

well described in ref[7], so we give only a short summary 
of it here.  

Balanced detection scheme 
The vertical and horizontal polarized part intensities of 

the incident laser to the ZnTe crystal is changed due to the 
birefringence of the crystal induced from the electron 
electric field. The analytic expression is in Eq.(1),(2) 

 

(1) 

 

(2) 

where the      is the relative phase shift between the two 
polarized parts of the laser field, and d is the crystal 
thickness.  

Layout 
In order to understand the theory for the signal 

detection scheme of EOS, the layout is described in detail 
in Fig. 1. The linearly polarzed laser experiences the 
birefringence in EO crystal due to electric field from the 
electron beam. The difference of the vertical and 
horizontal part of the laser field can be measured with 
quarter wave plate and Wollaston prism with sine function 
proportionality as mention in above section.  

 

 

Figure 1: Layout of Electro-opti
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DC SETUP EXPERIMENT 
 
To test the EO crystal response to the electric field 

strength, we made a high DC voltage applying setup. The 
result is shown in Fig. 2.  

 
Figure 2: The response of the ZnTe crystal in DC electric 
field. The circle(red line) is theory, the triangle(green line) 
is balanced detected result and the square(black line) is 
measured result from the vertical part of the laser using 
single photodiode  

The result showed that the crystal which thickness is 
3.2 mm used in this experiment followed the theory well.  

SIMULATION  
 

Simulation method for Thz propagation  

The ZnTe crystal showed frequency dependent 
refractive index which is propotional to the electric field 
called Pockel effect. The electric field profile due to the 
electron longitudinal profile is Fourier transformed to 

know the response of the electric field inside the crystal. 
We know the speed of each Fourier component in the 
crystal, which make us possible to reconstruct the field 
profile passing through the crystal. The field profile is 
shown in Fig. 3 with time domain representation.  

 

 

Figure 3: Electric field propagation in the crystal. The 
blue line showed the electric field strength, the red line 
showed the laser pulse. The r is the distance between the 
laser and electron beam and d is the thickness of the 
crystal.  

 

Ring approximation of electron beam 
The exact field profile of the electron beam is 

complicated to expressed in an analytic form. Instead of 
the exact field profile, we can use the ring approximation 
which has an exact solution which allowed the relativistic 
expression. The result showed that we can make almost 
exact field profile with only two terms, one is monopole 
term and the other is quadrupole term. The quadrupole 
term amplitude is very small compared to the monopole 
term. The Equation(3) showed the relativitic expression of  
the ring approximation.    

 

 

(3) 

 
 
In the above equation, q is the charge of the electron 
beam and v is the velocity of the beam and r is the 
distance between the laser passing point and the electron 
beam. In Fig. 4, the green line shows the field profile in 
the free space and the blue line sowes it in the crystal 
which is smaller than free space case because of the 
reflection in the surface of the crystal due to the boundary 
condition of electro-magnetic theory.  
 
 

 
Figure 4: Electric field strength in free space (green) and 
in the crystal (blue).  

Balanced signal 
The laser pulse speed and the Thz radiation speed in the 

crystal is not same which makes the slippage between two 
pulse. In our simulation, we calculate the relative phase 
shift from the integral with 50 sections of the crystal.  

 

( )

( )
( )

( )

3/ 22 2 2 2

2 2 2 22
0

5/ 2 7 / 22 2 2 2 2 2 2 2

4 5 22
4

r

r

v t r
qE

r v t ra r

v t r v t r

γ
γ

πε γ

γ γ

⎡ ⎤
⎢ ⎥+⎢ ⎥
⎢ ⎥= ⎛ ⎞−⎢ ⎥⎜ ⎟− +⎢ ⎥⎜ ⎟+ +⎢ ⎥⎝ ⎠⎣ ⎦

Proceedings of FEL 2006, BESSY, Berlin, Germany THPPH045

FEL Technology 693



 
Figure 5: The simulated balanced signal of low energy 
beam which energy is 5MeV, beam charge is 0.2nC and 
the pulse length is 10ps uniform beam. R  the distance 
between the laser and electron beam is 5mm.     is the 
arrival time of the laser at the crystal compared to the 
electron beam.  

The result showed that the low energy beam of the 
injector of XFEL can also be measured with EOS very 
successfully. The signal level is almost 1/10 of initial laser 
intensity incident in the crystal which is very easily 
detected using phtodiode or balanced detector.  

LOW ENERGY BEAM DIAGNOSITICS 
At present, we completely installed the EOS 

experiment setup in the GTS(Gun Test Stand) in PAL. 
The coarse timing of the arrival time  of electron beam 

and laser beam at the crystal is solved with measurement 
of all path of the UV and IR laser and the distance 
between the gun cathode and electro optic crystal 
chamber. Belanced detector signal is observed easily in 
the oscillocope which is not saturated. We moved two 
mirrors in the path of 800nm laser beam to make time 
delay between electron beam and laser beam to find exact 
synchronization to see the change of the signal. The 
precision timing will be done very accurately with 
balanced detector. Sampling method is not appropiate to 
measure the bunchlength due to the electron arrival time 
jitter. Instead of the sampling method, the spatial method 
which is using the CCD carmera to take a picture of the 
laser gives a way to measure the bunch length and timing 
jitter simultaneously.  
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Abstract 
A high-brightness electron beam is emitted from a RF 
photocatoode gun with 1.6 cell cavity from October 2005 
at the Pohang Accereator Laboratory (PAL). The project 
of 4th Generation Light Source (4GLS) with the 
Spontaneous Amplification Sponteneous Emission Free-
electron Laser (SASE FEL) in the PAL is called Pohang 
Accereator Laboratory X-ray Free-electron Laser (PAL-
XFEL). In order to success of the PAL-XFEL project, it is 
necessary to research the high-brightness electron beam at 
the injector. A emittance meter (E-Meter) is installed for 
the high-brightness research in GTS (Gun Test Stand). 
The measurement of transverse emittance and beam size 
profile along the longitudinal direction was done by the 
E-Meter. Precise measurement of the emittance profile 
will be provided with a powerful tool for the 
commissioning of the 4GLS injectors based on the 
emittance compensation principle. We are going to 
achieve this with the use of slit-based E-Meter that can be 
moved along the longitudinal direction. In this article, we 
present a preliminary measurement of the emittance 
evolution with the E-Meter for the commissioning of the 
photocathode RF gun. 

INTRODUCTION 
The Pohang Accelerator Laboratory X-ray Free 

Electron Laser (PAL X-FEL) is proposed with self 
amplifiered spontanous emision (SASE) lasging sheme 
that will use the final 3.7 GeV for the drive beam energy 
[1-2]. The performance of the PAL X-FEL in the 3.0 
Angstrom regime is predicted on the capacity of 1 nC, 
100 A beam at the end of the  photoinjetor with transverse 
normalized rms emittance of 1.2 π mm mrad. For the low 
emittance beam, emittance compensation scheme is 
essential for the design and commitioning of the 
photoinjector.  
In this paper, we review and report the emittance 
evolution in the beam drift region with emittance meter 
(E-Meter). This paper is composed of previous work on 
the subject of the emittance evolution measurements 
systems and the preliminary measuring of the beam 
emittance evolution of the photocathode rf gun. We then 
describe preliminary experimental result at the PAL 
where the slit based emittance measurement technique is 
used to measure the emittance evolution of the PC RF gun. 

The results of the experiment, which show that a 
possibility of the emittance evolution measurement found 
with the E-Meter, are compared with simulation.  

EMITTANCE COMPENSATION 
The emitance compensation is a technique used to 

reduce the normailzed rms emittance of the beam at the 
photoinjector. The emittance compensation typically 
involves two complementary stages: the rotation of phase 
space for each slice of the beam in the solenoid and the 
realignment of the slices and fast acceleration in the 
booster. Essentially, the principle of the emittance 
compensation by solenoid is the balance between the 
repulsive forces due to space-charge and external 
focusing forces. After the beam goes through the solenoid 
magnet region, the beam is blowed up by space-charge 
force if there is no booster linac [3-4]. Thus a booster is 
needed to fast accelrate the beam to a relatively high 
energy region at which the phase space is frozen and the 
beam is emittance dominated. To shift the second 
emittance minimum to the enterance of the booster where 
the beam is emittance dominated, Serafini and Ferrario 
suggested a matching condition [3-4] for properly 
matching the space-charge dominated beam from the gun 
to the booster,  
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where σ  is the rms transverse spot size, PI is peak 

current of the beam, AI  = 17 kA is the Alfven current. 

The booster matching point will be investigated by our 
experiments for optimizing the emittance compensation 
process i.e., by the emittance characterizations for various 
longitudinal position which will be performed with the 
Emittance-Meter using a slit based emittance measument 
technique. We use the rms emitance and the normalized 
rms emitance, defined by [5]  
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where β  and 21/ 1γ β= −  are the relativistic factors, 

the bracket denotes an average over the beam distribution 
at each location, the primes refer to axial derivatives, and 
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2 '2,x x  are the second monents of the beam 

distribution.  
A BNL GUN-IV type rf photo-cathode gun for far 

infra-red radiation (FIR) project is installed in the PAL. A 
resonant frequency of the gun cavity is 2856.0 MHz with 
3.4 MHz mode separation. The photoelectron beam is 
emitted from the PC RF gun at the PAL since October 
2005. The beam parameters are achieved 2.5 MeV beam 
energy with 2.5 % relative energy spread and 400 pC 
beam cahrge at the 30º laser injection phase. The 
emittance, the beam size, and the beam energy are 
simulated by the PARMELA code for the PAL XFEL 
injector with fullfilled emittance matching condition and 
the emittance compensation as shown in Fig. 1. 

 

Figure 1. The beam size (solid line), the normalized rms 
emittance (dot line), and the beam energy (dash line) are 
simulated by PARMELA code for PAL-XFEL injector 
with fulfilled emittance matching condition. 

EXPERIMENTAL SETUP 
 Our electron beam parameters are shown in Table1. 

The beam parameters depend on the laser parameters and 
rf power and phase.  

Photocathode RF Gun and Basic Instruments  
Figure. 2 shows the experimental setup with a 1.6 Cell 

photocathode S-band (2856 MHz) rf gun with 8 pancake-
like solenoids. The PC rf gun was developed and 
constructed by collaboration of the BNL, KAIST, and 
PAL. The laser driven copper cathode rf gun consisted of 
1.6 cell cavity with a half cell and a full cell. The half cell 
of the 1.6-cell rf gun is symmetrized by two laser ports 
which are rotated 45° from the waveguide, tuner, and 
pumping port in the full cell. The laser incident port, there 
is an angle of 67.5° between the laser propagation 
direction and the cathode normal vector, allows for ultra-
violet (UV) laser to flash the cathode surface and to 
minimize the transmission loss. The gun is operated in pi-
mode at S-band with multi-pole suppression achieved 
through cavity symmetrization. The coupling between the 
waveguide and the full cell is accomplished via the 
coupling slot on the full cell cavity. An electric coupling 

located between the half cell and full cell is utilized to 
couple rf power from the full cell to half cell. A home 
made klystron was proceeded to yield 80 MW at an rf 
pulse length of 1 μs of 2856 MHz. The klystron can be 
operated with maximum 60 Hz repetition rate at a 10MW 
rf power. The field gradient in the cavity was built by the 
rf power with 2856 MHz of 2 μs pulse width. The 
temperature of the cavity can be maintained by the 
precision cooling system for tuning the rf resonant 
condition. In order to reduce the space-charge induced 
emittance growth should be quickly accelerated in the gun. 
After the gun, a solenoid for the transverse emittance 
compensation is directly mounted with four ceramic key 
to prevent heat transmission. A steering magnet with 
maximum magnetic field of 80 Gauss is installed a space 
between inside the solenoid bore and outside the vacuum 
pipe. Immediately following the solenoid is an integrated 
current transformer (ICT) to measure the beam charge 
without beam dump.  

After the ICT there was a screen to downstream for 
measurement and monitoring of the beam profile. The 
screen, which is about 15 μm layer of YAG:Ce doped on 
aluminium substrate of 100 μm thickness, is mounted on 
an aluminium holder at the 45° with respect to the beam 
axis. The position of the screen is 0.56 m from the 
cathode. A charged coupled device (CCD) camera to 
acquire of the electron beam image is synchronized to the 
electron beam for a shot-to-shot measurement. The 
spectrometer with a 60° sector dipole magnet for electron 
beam energy and the energy spread is located downstream 
of the screen.  

Laser Systems 
The laser system consists of an active mode-locked 

Ti:Sapphire oscillator, a regenerative amplifier, a second 
harmonic generator (SHG), a third harmonic generator 
(THG), and a  custom designed UV stretcher system. The 
laser system for the rf PC gun is installed in a clean room 
which temperature stability is dynamically controlled 
within 0.5 °C for stable operation. The oscillator is 
operated at a frequency of 79.33 MHz by using a 
frequency divider (/36) with the master oscillator of 2856 
MHz for the lock-to-clock between the master and laser 
oscillator. The oscillator output is phase-locked with a 
reference 79.33 MHz divided rf frequency by 
dynamically adjusting the cavity length of the oscillator 
with piezo mirror by lock-to-clock module. The timing 
jitter is measured to within an rms value of 130 fs using a 
phase detection method. The measured energy stability of 
the oscillator output using by infra-red (IR) power meter 
is 1 % peak to peak. From the oscillator, 105 fs width 
with a full width at half maximum (FWHM) value, 800 
nm wavelength pulse is generated with 79.33 MHz 
repetition rate. These laser pulses come into the 
regenerative amplifier to amplify the pulse energy up to 
about 2.5 mJ with 1 kHz repetition rate. After the 
regenerative amplifier, the amplified laser pulse comes 
into the THG with a pair of frequency conversion non-
linear crystals to obtain 266 nm UV light with maximum 
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laser energy of 250 μJ. The UV laser pulse still has an 
ultra short pulse width. An UV pulse stretcher with a pair 
of prisms is installed in order to stretch the pulse width of 
the UV laser to 10 ps FWHM. In addition, the UV pulse 
stretcher has a capability to change the pulse duration of 
the UV laser from 1 ps (FWHM) to 10 ps (FWHM). A 
cross correlator with a BBO crystal is installed in order to 

measure the pulse width at the UV region using cross 
correlation method. 

Emittance Meter 
We have designed the Emittance-Meter which has the 

movable slits chamber and screen chamber along the 
beam axis with bellows independently, which will be used 
to demonstrate the emittance evolution predicted by 
theory and simulation [3-4]. The transverse emittance 
evolution after solenoid magnet to compensate of the 
beam emittance along the beam axis can be measured by 
this Emittance-Meter. Designed Emittance-Meter was 
shown in Fig. 2, the left side part was the PC RF gun, and 
the right side part was the Emittance-Meter. The 
Emittance-Meter consisted of three long bellows, the slit 
plate chamber with the YAG screen to make beamlet and 
to measure the main beam size, at the downstream of the 
slit chamber YAG screen chamber to measure of the 
beamlet size. The long bellows is used for the transverse 
emittance measurement from 0.9 m to 2.1 m position 
measured from the cathode. The length of the bellows can 
be changed from 0.54 m to 1.54 m without vacuum 
breaking. The distance from pin-hole chamber to screen 
chamber can be moved along to the beam divergence. If 
the beam has a big divergence, the distance should be 

short and the other case it should be large to make an 
optimized image size at the screen. In the last part, we put 
another bellows to make the vacuum force balance in the 
front part bellows. We will check the position of the slit 
plate chamber and the screen chamber with CCD cameras 
and a long scale attached on the shelf. The slits are 
fabricated by high power Laser micro-drilling with 30 

mμ , 40 mμ , and 50 mμ  silt widths in tungsten plate 
with 0.5 mm thickness. The plates in the Emittance-Meter 
are designed to be changeable at the specific experimental 
position with stepping motor. We can compare the 
emittance value to each slit width along to a space-charge 
dominance factor [6]. The sizes of the slit are determined 
by considering the signal to noise ratio (SNR) and the 
acceptance angle when the beam goes through the plate 
[7]. Also, very small size hole should be aligned on the 
beam axis for beam measurement, because if the hole is 
not aligned, the beam is dumped on the tungsten plate. 
We designed to realize an alignment technique with 
goniometric motion, rotary motion, and linear motion 
with high accuracy stepping motor. The single slit 
scanning method will be used in usually with x and y 
directional linear motion which method is needed 
precision moving control, however the analysis of the 
data files is easy [8].  

. 

THE PRELIMINARY MEASUREMENT OF 
TRANSVERSE EMITTANCE EVOLUTION  

The transverse emittance evolution was measured by a 
pair of a singe slit with 30, 40, and 50 μm slit width and 

Figure 2: Schematic diagram of experimental setup of the gun test stand (GTS) for photo-injector deve- 
lopments of the PAL-XFEL.  
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an YAG screen downstream of the slit. The beamlet.is 
created by the slit plate, which is made by 0.5 mm 
tungsten plate. The beamlet distribution is then imaged on 
the screen downstream of the slit plate at a distance of 71 
cm from the slit. The width of the beamlet has a 
connection with a measure of the width of the transverse 
momentum distribution at the slit. The beamlet yield the 
correlated beam divergence and the rms transverse 
divergence, 

/ ,cx x w L′ =< − >   

( )
2

2

2 ,c

x
x

L
σ ′ ′= −  

where L  is the distance between the slit and the YAG 
screen, x  is the measured beamlet size on the screen, and 
w  is the slit width. Here the average is performed over 
the distribution in the measured beamlet. The beamlet size 

is measured about 10 times larger than the slit width to 
reduce the space-charge effect in the emittance 
measurement In generally, quad technique for beam 
emittance measurement was reported over-estimated due 
to the purely space-charge dominated region [refer insert]. 
The position of the slit from the cathode can be changed 
with stepping motor without vacuum break which of the 
least position of the slit is 1.4 m from the cathode. The 
distance between the slit and the YAG screen can be 
changed for optimizing of the beamlet measuring on the 
YAG screen. 

The distance is 0.71 m between the slit chamber with 
the screen and the screen chamber for measuring of a 
beamlet size. The main beam size on the #2 screen at the 
slit chamber and beamlet size on the #3 screen at the 
screen chamber are measured by the synchronized CCD 
camera. From measured the beam size and the beamlet 
size the beam gradient is calculated which for the beam 
emitance calculation. The evolution of the beam emitance 
and beam size is shown in Fig.3.This experiment is 

performed with the condition of 2.0 MeV beam energy 
and 350 pC beam charge with 30º laser injection phase. 

SUMMARY 
The experimental measurement by the E-Meter is to 

measure the emittance evolution in the drift region for 
many experimental conditions to find optimized operating 
condition for our injector. We measure the first 
measurement of the emittance evolution at the drift region 
of the photo-injector. For better results of the emittance 
evolution, we need to improve data analysis methodology, 
and to automate data acquisition processes. For advanced 
experiments, we need to improve high energy (more than  
5 MeV at the gun) beam experiment or normal laser 
incidence. 
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Figure 3: Preliminary measurement of the emittance 
evolution (solid circle) and the beam evolution (empty 
circle).  
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BEAT-WAVE LASER-DRIVEN PHOTOINJECTOR FOR SUPERRADIANCE 
FREE-ELECTRON LASER  

Yen-Chieh Huang, Han-Lung Chang, and An-Chung Chiang, National Tsinghua University, Taiwan. 

 
Abstract 

A periodically bunched electron beam is useful for 
generating electron superradiance. This paper studies the 
generation and acceleration of density-modulated electron 
beams from a photocathode electron gun driven by a laser 
beat wave. Computer simulation shows feasibility of 
accelerating and preserving the density-modulated 
electron beam in an accelerator.  

INTRODUCTION 
Radiation from relativistic electrons is important for 

generating THz and x-ray wavelengths at which solid-
state laser sources are not readily available. The spectral 
brightness of electron radiation is strongly influenced by 
the electron bunch length relative to the radiation 
wavelength. When the electron bunch length is 
significantly shorter than the radiation wavelength, the 
radiation fields from all electrons are coherent and can be 
summed to a large value.  

In a conventional free-electron laser (FEL) the optical 
feedbacks from resonator mirrors can help the electron 
bunching process during laser buildup. At short 
wavelengths a single-pass, mirrorless FEL generating 
self-amplified spontaneous emission (SASE) is the 
preferred mode of operation due to the scarce of mirror 
materials at deep UV and x-ray wavelengths. However, it 
usually takes a long undulator for a high-quality electron 
beam to form micro-bunches and reach the onset of the 
SASE mode. It is therefore desirable to invent an 
accelerator that generates a periodically bunched electron 
beam with an arbitrarily tunable bunch length and bunch 
frequency. Perviously Neumann et al. [1]  used a comb 
filter to induce a few temporal ripples to the driver laser 
of a photocathode gun and observed coherently enhanced 
radiation at THz. In the paper, a laser beat wave with a 
tunable beat frequency is employed to induce a density-
modulated photocurrent from the photocathode cathode of 
an electron gun. We study in this paper the acceleration of 
the density-modulated electron beam and the 
implementation of such a beat-wave laser system.  

SUPERRADIANCE 
Superradiance from relativistic electrons has been 

studied theoretically and experimentally in numerous 
papers. To facilitate subsequent discussions, we briefly 
review a few key concepts of superradiance based on 
Gover’s work [2].  

    Regardless of the nature of the radiation device or 
scheme, let (dW/dω)1 denote the spectral energy emitted 
from a single electron, where W is the radiation energy, ω 
is the angular frequency of the radiation, and subscript 1 

denotes “a single electron”. When a long stream of N 
electrons traverses a radiation device, the electrons radiate 
with all possible phases between 0 and 2π and the 
radiation has a spectral energy expressed by  

 
   ( ) ( )1ωω ddWNddW inc =  ,               (1) 

 
Eq. (1) is linearly proportional to the total number of 

electrons participating in the radiation process, because 
not all the radiation fields from the electrons are added up 
constructively. However, if Nb electrons are distributed in 
an infinitesimal time period, all the radiation fields from 
the electrons are in phase and summed up constructively, 
resulting in a total spectral energy equal to  ( )1

2 ωddWN b . 

This radiation process is dubbed as superradiant emission 
or superradiance. To account for a finite electron bunch 
length τb the total energy spectral density from an electron 
bunch is expressed by  

 
 ( ) ( ) )(2

1
2 ωωω bbSR MddWNddW = ,          (2) 

 
where Mb(ω) is the Fourier transform of the electron 
pulse-shape function with a unitary peak amplitude. 
Usually )(2 ωbM  has a characteristic width ~1/τb in the 

frequency domain. If there are Npb electron “micro-
bunches” repeating at a rate ωpb/2π  and there are Nb 
electrons in each micro-bunch, the total spectral energy 
from such an electron beam becomes 

 
( ) ( ) )()( 22

1
22

, ωωωω pbbpbbpbSR MMddWNNddW = ,     (3) 

 
where  
 

 
)/(sin

)/(sin
)(

22

2
2

pbpb

pbpb
pb N

N
M

ωπω
ωπω

ω =                (4) 

 
is the coherent sum of the radiation fields from all the 
micro-bunches and has a unitary amplitude at the 
resonance frequencies   (m = 1, 2, 3…). At ω = ωpb, the 
spectral energy, Eq. (3), is enhanced by a factor equal to 
the number of electrons compared with that from an 
unbunched beam. Superradiance power has a quadratic 
dependence on a beam current, as can be seen from Eq. 
(2, 3); whereas the incoherent radiation power from a 
long-bunch beam is linearly proportional to a beam 
current, according to Eq. (1).  

In Eq. (1), the spectral linewidth of the radiation from a 
long electron bunch is determined by the radiation 
bandwidth of a radiation device or a radiation scheme. 
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The superradiance linewidth from a short electron bunch, 
according to Eq. (2), is further modulated by )(2 ωbM . For 

a short electron bunch, )(2 ωbM  is usually a broadband 

curve. The coherent sum Eq. (4), however, has narrow 
spectral peaks at the frequencies ω = mωpb. Each resonant 
peak has a linewidth of ωpb/Npb. The superradiance 
linewidth from periodically bunched electrons can be 
greatly reduced for a large Npb. 

GENERATION OF LASER BEAT-WAVE 
BUNCHED BEAM 

We illustrate in Fig. 1 the schematic of the proposed 
beat-wave bunched beam technique for producing and 
accelerating periodically bunched electrons with a 
variable bunch frequency. The idea is to use a laser beat 
wave to induce periodically density-modulated

 

photoemission from the photocathode of an electron gun. 
The density-modulated photocurrent is then accelerated to 
some energy for generating superradiance in a 
downstream radiation device. The beat-wave laser system 
consists of wavelength-tunable lasers for generating laser 
beat waves with a variable beat frequency. If the desired 
electron bunch frequency is higher than the beat 
frequency available from a laser beat wave, one could in 
principle first generate an energy-chirped, density-
modulated beam and compress it in a magnetic 
compressor to obtain a beam with a higher bunch 
frequency.  

 
Figure 1: A laser beat wave excites a density-modulated 
photocurrent from a photocathode, which is subsequently 
accelerated to some energy for generating superradiance 
in a radiation device. An alpha magnetic could compress 
a density-modulated, energy-chirped beam to obtain a 
beam with a higher bunch frequency. 
 

A laser beat wave can be generated from a 
superposition of two laser fields with a constant 
frequency offset. Assume that a beat-wave field is 
generated from the sum of two equal-amplitude laser 
fields with a frequency offset Δω. The instantaneous 
intensity of the beat wave is given by  

)
2

(cos])
2

[(cos4 22
0 ttIIins

ωωω Δ⋅Δ+= ,            (5) 

 
where t is the time variable, I0 is the average intensity of 
each laser component, and ω+Δω/2  is the central 
frequency of the laser beat wave. A laser beat wave can 
also be generated from a superposition of several laser 
fields with a constant frequency shift Δω. For example, 
the coherent sum of the Nl equal-amplitude laser fields 
gives a time-averaged intensity 
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2
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2
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ω
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Δ

=  .                (6) 

 
Eq. (6) shows laser beat pulses repeating at a frequency 
Δω with a pulse width equal to 

lN/)/2( ωπ Δ . The beat 

pulses given in Eq. (6) are very useful for providing high-
contrast density modulation to the photocurrent from a 
photocathode. By adjusting the number of interfering 
waves Nl one can adjust the beat-pulse width to optimize 
the modulation depth of the photocurrent emitted from a 
photocathode. In fact the locked-locked laser pulse 
commonly used for exciting a photocathode gun is a 
consequence of beating many longitudinal modes in a 
laser cavity with a beat frequency of ~100 MHz. To 
obtain a narrow beat pulse repeating at THz, one could, 
for example, use an intense laser to pump a Raman 
material with a THz Stokes shift and generate multiple 
Stokes waves beating at the Stoke shift. Of course, the 
shortest electron bunch that can be generated from 
photoemission depends on the temporal response of a 
specific cathode material. In view of the mechanism of a 
photoemission process, it is also preferred that all the 
beat-wave photons have photon energy higher than the 
work function of a cathode material.     

ACCELERATION OF PERIODICALLY 
BUNCHED ELECTRONS 

A major concern for the proposed bunching technology 
is whether particle acceleration following the density-
modulated photoemission would smear out the periodic 
electron micro-bunches. In the following we conduct a 
feasibility study for accelerating ps and fs micro-bunches 
by using a space-charge tracking code ASTRA [3].  

We first simulated the particle acceleration for the 1-1/2 
cell SSRL electron gun [4] with twenty-five Gaussian 
electron bunches with 1-fs rms bunch length periodically 
emitted over 250-fs duration from the photocathode. The 
emitted charges have a uniform radial distribution on a 3-
mm diameter cathode. Each micro-electron bunch 
contains 1 pC in a 10-fs time period.  The total 25 pC 
charge was evenly divided into 12500 negatively charged 
macro-particles. The average current over the whole 250 
fs duration is 100 A. With a peak acceleration field of 125 
MV/m in the 2nd gun cell and an acceleration phase of 
211.6°, Fig. 2 shows periodic density modulation of a 4-
MeV beam with a characteristic period of 6 μm along the 

Radiation 
device 

accelerator 

alpha magnet 

Photocathode gun 

Laser 
beat wave 
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axial distance (ze) at the gun exit. The output pulse 
duration is stretched to 500 fs and thus the average beam 
current is reduced to 50 A. Since the 250-fs emission time 
only occupies a very small RF acceleration phase, we 
confirm in the ASTRA simulation that the space charge 
field is responsible for the pulse-length increase.  
Although the shortest possible electron bunch is limited 
by a cathode material, the above computer stimulation is 
just an illustration of preserving periodic fs electron 
bunches during particle acceleration. Whether generation 
of  fs electron bunches from a certain cathode mateiral is 
practical or not, it is another subject of study in the future.  

 

 
Figure 2: Histogram of the 4-MeV charges versus z at the 
exit of the SSRL gun with an input beam of twenty-five 
Gaussian bunches periodically emitted over 250 fs. The 
output beam distribution shows a good contrast in the 
density modulation. 
 
    A Smith-Purcell emitter driven by a keV, mA electron 
gun usually generates negligible radiation at THz. This 
proposed technique could be very useful for producing 
coherent radiation at THz frequencies from a miniature 
Smith-Purcell free-electron laser. Previously Ref. [5] 
reported Smith-Purcell superradiance, which was 
interpreted by Ref. [6] as coherent radiation from surface-
mode induced electron bunching at the sub-harmonic of 
the Smith-Purcell radiation frequency. Up to date, no 
independent experiment can verify the superradiance 
claimed by Ref. [5]. A convenient approach is to produce 
electron bunches repeating at the radiation frequency 
directly from an electron source and generate wavelength 
tunable superradiance from a Smith-Purcell radiator. In 
our simulation, we emitted 50 Gaussian electron bunches 
each having a 0.2-ps rms bunch length from the 
photocathode of a 42 keV DC accelerator over a 50-ps 
time period. Each electron bunch contains 1 fC charge or 
6.25×103 electrons, resulting 1 mA average current over 
the 50 ps macropulse. The electrons have a uniform radial 
distribution on the cathode with an rms radius of 0.3 mm. 
The electron gun has a length of 4.5 cm with 1-Tesla axial 
magnetic field  for beam confinement. Figures 3(a) and (b) 
are the )()( 22 ωω pbb MM  for the emitted electrons and the 

42-keV output electrons, respectively. The accelerated 
electrons are slightly re-distributed due to the space 
charge force. Nonetheless the enhancement in the spectral 
power due to the periodic bunching is apparent at the 

harmonics of the bunching frequencies. For example, with 
6.25×103 electrons/bunch and 1000 bunches over a 1 ns 
time, the spectral energy is coherently enhanced by 
almost 7 orders of magnitude at 1 THz.  

 
Figure 3: The [Mb(ω)Mpb(ω)]2  of 50 electron bunches 
repeating at 1 THz (a) before and (b) after acceleration in 
a 40 keV DC electron gun. Spectral enhancement at the 
harmonics of 1 THz frequency is apparent.  

FREQUENCY-TUNABLE BEAT-WAVE 
LASER SYSTEM 

Although the laser beat wave can simply be obtained by 
overlapping two chirped pulses from the laser driver of a 
photocathode gun, the intensity contrast in the beat wave 
and the tunability in the beat frequency are not ideal [7]. 
We describe below one example of engineering a beat-
wave UV laser system capable of generating mJ-level, 10-
ps laser pulses near 260 nm with a tunable beat frequency 
range over 200 THz. Figure 4 shows the block diagram of 
the proposed beat-wave laser system, which consists of 
three major stages with a beat-wave seed source, a first-
stage broadband pulsed amplifier and a second harmonic 
generator, and finally a frequency-tripled Ti:sapphire laser 
amplifier. The two seed lasers in the first stage are often 
used in optical communications. The Ti:sapphire laser 
amplifier and harmonic generators are commonly seen for 
driving a Cu photocathode gun. Specifically, one can 
starts with the beating of kHz-linewidth distributed-
feedback (DFB) and frequency-tunable external-cavity 
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diode lasers (ECDL) near the optical-communication 
wavelength 1.5 μm. An Erbium-doped fiber amplifier 
(EDFA) following the DFB diode laser and ECDL boosts 
the beat-note power to ~100 mW. The CW beat signal can 
be further amplified in a pulsed optical parametric 
amplifier (OPA) pumped by, say, a diode-pumped mode-
locked Nd:YVO4 laser to generate ~10-ps beat-wave 
pulses with nJ pulse energy. After frequency doubling the 
beat-wave pulses in a second harmonic generator (SHG), 
the wavelengths of the beat wave will fall into the 
bandwidth of a Ti:sapphire amplifier. Therefore, the rest 
of the laser system can be a replication of the UV laser 
amplifier for driving a Cu photocathode gun. The 
proposed beat-wave laser system spares a mode-locked 
Ti:sapphire laser oscillator from a typical photocathode-
gun laser driver. Instead, a user-friendly, directly diode-
pumped mode-locked Nd:YVO4 is proposed for pumping 
the OPA to generate beat-wave pulses near the optical-
communication wavelengths. 

To produce the proposed Smith-Purcell superradiance, 
the mode-locked Nd laser can be replaced by an economic 
Q-switched Nd laser, and harmonic generators can 
directly follow the OPA to generate long-pulse UV laser.  

  

 
Figure 4: One example of a beat-wave laser system 
modified from a typical UV laser system for a Cu-
photocathode gun.  
 

The beat frequency of the laser system can be 
arbitrarily tuned by adjusting the wavelength of the ECDL 
or by plugging in assorted narrow-line telecommunication 
diode lasers with a wavelength range between 1.3 and 1.6 
μm. Taking into account the successive harmonic 
generations leading to the 260 nm photons, one would 
expect a beat-frequency tuning range well over 240 THz.  

SUMMARY 
We have described a novel scheme for generating 

tunable periodic electron bunches for superradiance FEL. 
Specifically a laser beat wave is used to introduce density 
modulation to the photocurrent of a photocathode electron 
gun. The periodic electron bunches are subsequently 
accelerated to high energy in a particle accelerator. 

Computer simulations using the space-charge tracking 
code, ASTRA, showed feasibility of accelerating and 
preserving the density-modulated electron beam at both 
nonrelativistic and relativistic energies.  

We have also described the implementation of a beat-
wave laser system with a beat-frequency tuning range 
over 200 THz. The laser system adopts the state-of-the-art 
and yet economic photonics products often used in the 
optical-communication and laser industries. Real-time 
tuning on the beat frequency provides unprecedented 
flexibility to match the frequency of down-stream 
radiation devices.  

The shortest electron-bunch length from the proposed 
beat-wave bunching technique could be limited by the 
beat-wave frequency or the response time of a cathode 
material. We proposed chirped-pulse compression in an 
alpha magnet to increase the bunch frequency. Knowing 
the potential problem of microbunching instability in the 
compression, we have planned a feasibility study in the 
near future.  

The author is in debt to Michael Borland and Klaus 
Floettmann for advices on computer simulations. This 
work is supported by National Science Council under 
Contract 95-2112-M-007-027-MY2 and NTHU Frontier 
Research Initiatives under Project Code 95N2509E1.  

REFERENCES 
[1] J.G. Neumann, P.G. O’shea, D. Demske, W.S. 

Graves, B. Sheehy, H. Loos, and G.L. Carr, “Electron 
beam modulation by using a laser-driven photo-
cathode” Nucl. Inst. Meth. Phys. Res. A 507, 498 
(2003). 

[2] A. Gover, “Superradiance and stimulated-superradi-
ant emission in prebunched electron-beam radiators. 
I. Formulation”, Phys. Rev. ST AB, 8, 030701 
(2005). 

[3] K. Floettmann, ASTRA User Manual, 
http://www.desy.de/mpyflo/Astra_dokumentation. 

[4] Y.C. Huang, H.C. Wang, R.H. Pantell, J. Feinstein, 
J.F. Schmerge, and J. Lewellen, “Electron Beam 
Characterization for a Far Infrared Free-electron 
Laser,” IEEE J. Quantum Electronics, 31, 1637-41 
(1995). 

[5]  J. Urata, M. Goldstein, M.F. Kimmitt, A. Naumov, C. 
Platt, and J.E. Walsh, “Superradiant Smith-Purcell 
Emission”, Phy. Rev. 80, 516 (1998). 

[6]  H.L. Andrews, C.H. Boulware, C.A. Brau, J.D. 
Jarvis, “Gain and coherent radiation from a Smith-
Purcell free-electron laser,” Proceedings FEL04, 
Trieste, Italy, p. 278 (http://www.JACoW.org).    

[7]  A.S. Weling, B.B. Hu, N.M. Froberg, D.H. Auston, 
“Generation of tunable narrow-band THz radiation 
from large aperture photoconducting antennas,” 
Appl. Phys. Lett. 64, 137 (1994). 

THPPH050 Proceedings of FEL 2006, BESSY, Berlin, Germany

702 FEL Technology



3-D LASER PULSE SHAPING FOR PHOTOINJECTOR DRIVE LASERS* 

Yuelin Li#, ANL, Argonne, IL 60439, U.S.A. 
Xiangyun Chang, BNL, Upton, NY 11973, U.S.A. 

Abstract 
 In this paper we present a three-dimensional (3-D) 

laser pulse shaping scheme that can be applied for 
generating ellipsoidal electron bunches from a 
photoinjector. The 3-D shaping is realized through laser 
phase tailoring in combination with chromatic aberration 
in a focusing optics. Performance of an electron beam 
generated from such shaped laser pulses is compared with 
that of a uniforma ellipsoidal, a uniform cylindrical, and a 
Gaussian electron beam.  PARMELA simulation shows 
the advantage of this shaped beam in both transverse and 
longitudinal performances. 

INTRODUCTION 
The emittance of an electron beam is governed by the 

emittance at its birth and the growth during its 
propagation. If the beam is only subjected to linear force, 
the latter can be fully recovered with proper beam 
compensation. It is well known that an ellipsoidal beam 
with uniform charge distribution has a linear space-charge 
force [1-3] and hence the most expected distribution for 
modern high-brightness beams. Recently, several 
researchers looked at practical ways of generating such 
ellipsoidal beams, including self-evolving [4], cold 
electron harvesting [5], and laser pulse manipulations 
including spectral masking, pulse stacking, and dynamic 
spatial filtering [6]. In-depth analysis shows that in 
practical situations, the ellipsoidal beams do generate 
beam with lower emittance than Gaussian and cylindrical 
beams [1, 6-8]. Applications for such high-brightness 
beams include next-generation light sources such as the 
Linac Coherent Light Source (LCLS), high-energy 
colliders such as the International Linear Collider, as well 
as energy-recovery linacs (ERLs).  

LASER PULSE SHAPING 
To generate an ellipsoidal beam directly from the 

photocathode, the laser pulse has to be shaped in 3-D. It is 
well known that the longitudinal laser pulse shape can be 
manipulated by controlling the phase space using 
techniques such as DAZZLER [9] or SLIM [10]. One 
essence of this phase modulation is to control the phase 
and amplitude at certain frequencies at the same time. In 
the meantime, we notice that the instant frequency of a 
laser pulse is related to the phase by ω(t) = dφ(t)/dt. This 
gives a way of actively controlling the focal size of the 
laser as a function of time using the chromatic aberration 
of a common lens, of which the focal length can be 

expressed as [11]  
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where R1 and R2 are the radius of curvature of the first 
and second surface of the lens, respectively, and n is the 
frequency-dependent refractive index. Clearly, the time-
dependent frequency can then be mapped onto a time-
dependent focal length. For an observer at the focal plane 
at a nominal frequency ω0, this is equivalent to a time-
dependent defocusing of the beam of 
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where we assume the frequency range is small and β = 
dn/dω is constant. For a Gaussian beam this translates into 
a time-dependence of the beam size at the nominal focal 
plane, 
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Here, w0 = Νλ0/π is the beam waist at the nominal 
wavelength λ0, and N is the numerical aperture. For δf >> 
w0, we have asymptotically, 
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To generate an ellipsoidal outline, the transverse beam 
size should be of the form:  

2/12

1)(
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟
⎠

⎞
⎜
⎝

⎛−=
T

t
Wtw .    (4) 

Here, W is the maximum transverse beam size at t = 0 and 
2T is the laser pulse duration.  

From Eqs. (3-4), we have   
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where Δω = (n0-1)NW/βf0 is the bandwidth of the pulse; 
hence the phase of the pulse is 
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To make the pulse intensity constant over time, i.e., 
|A(t)|2/w(t)2 = constant, the amplitude of the pulse is thus 
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With a transverse top-hat spatial profile, the field E(t) = 
A(t)exp[iφ(t)] represents a 3-D ellipsoidal pulse at the 
nominal focal plane at λ0. The time domain representation 
of the pulse and its spectrum are shown in Fig. 1.    

______________________________________________  

* Work supported by U.S. Department of Energy, Office of Science, 
Office of Basic Energy Sciences under Contract No. W-31-109-ENG-38.  
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Note that the above model used Gaussian beam 
geometrical optics, and the effects of group velocity delay 
(GVDE) and group velocity dispersion (GVDI) due to the 
varying thickness across the aperture of the lens are not 
included [11]. It does not take into account the wave 
property of the light. To evaluate the effects of GVDE and 
GVDI, we use the method elaborated by Kempe et al. [12] 
to calculate the temporal-spatial distribution of the pulse 
near the focus of a lens. The calculation assumes a 
collimated beam with top-hat intensity distribution for the 
input and was performed in the frequency domain. The 
final result was Fourier transformed into the time domain 
to give the laser intensity distribution at the focal plane as 
a function of time. Figure 2 shows one example of such a 
shaped pulse generate by sending a pulse in Fig. 1 though 
a zone plate (a zone plate has similar chromatic aberration 
as a lens).  

Clearly, this shaped pulse differs from an ideal 
ellipsoid. It has substantial substructures. The deviation 
from an ideal ellipsoidal is not unexpected due to the 
group delay across the plate, which is the source for the 
distortion at the beginning and the end of the pulse. This 
has been studied theoretically and experimentally by a 
few authors and is an important effect in focusing short-
duration, short-wavelength laser light [12].  

The substructure is due to the fringes typical of the 
Fourier transform of a square waveform. As is shown 
below, those substructures seem to have minimum impact 
on the performance of the beam.  

BEAM SIMULATION 
To evaluate the performance of this shaped laser beam, 

preliminary simulations using PARMELA were 
performed and compared with other beam shapes for the 
following setting.  

The simulation followed a setup for the design of the 
electron cooling ring injector for Relativistic Heavy Ion 
Collider [13]. The gun is a 1.5-cell rf gun at 703.75 MHz 
with maximum field on axis of 29.5 MV/m and maximum 
field on surface at 49.3 MV/m. The rf initial phase is set 
at 40 degrees. Beam distortion due to image charge is 
considered. The gun is followed with a drift space before 
entering a linac.   

A series of simulations were performed using 
PARMELA. The simulations compared the performance 
of the 3-D laser pulse against three standard cases (see 
Table 1): c) a perfect ellipsoidal beam, d) a cylindrical 
beam, and e) a transversely uniform but longitudinally 
Gaussian beam. For the shaped beam, two cases were 
tested: a) without considering the substructures and b) 
with. The simulations use the parameters listed in Table 1. 
Both the longitudinal and the transverse emittances are 
compared at the exit of the gun. In total, 46,600 particles 
are used in each simulation, representing 0.15 nC of 
charge. The low charge is used due to the relatively low rf 
field in this setup.  

The emittances as a function of the propagation 
distance are shown in Fig. 3. In general, the performances 
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Figure 1: Laser pulse calculated using Eqs. (6) and 
(7). The intensity and phase in the time domain (top) 
and its spectrum (bottom). 
 

 
Figure 2: An ellipsoidal laser pulse. The isosurface plots show the structure at different laser intensities of 0.05, 0.1, 
0.15, and 0.2. The pulse is generated using a zone plate with 20-mm  diameter  and 150-mm focal length at 249 nm. 
The pulse parameter is shown in Table 1, case b.  
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Figure 3: Transverse (a) and longitudinal (b) emittances as a function of propagation distance. The labels correspond 
to those in Table 1. Clearly, the shaped pulse has a better performance in comparison with those of the cylindrical 
and Gaussian form, even with the presence of the substructures shown in Fig. 2.  The gun exit is located at 48 cm, 
followed a drift space.  

of the shaped-pulse cases closely trail the performances of 
the ideal ellipsoidal beam in both longitudinal and 
transverse emittances. More remarkably, the substructure, 
as shown in Fig. 2, has almost no impact on the 
performance of the beam in this setup. It will be 
interesting to perform simulations with bending magnets, 
such as a chicane structure to evaluate the influence of 
coherence transition radiation, which is detrimental to 
cylindrical and Gaussian beams but has minimum impact 
on an ideal ellipsoidal beam. One simulation indicates that 
after accelerated to high beam energy, the ellipsoidal 
beam shape will be destroyed but the low emittance of the 
beam is preserved [8], making it favorable for application 
in free-electron lasers such as LCLS and ERLs. 

SUMMARY 
We described a scheme for generating an ellipsoidal 

laser pulse and performed preliminary simulations 
comparing the electron beam generated from this laser 
beam with an ideal ellipsoidal beam, a cylindrical beam, 
and a Gaussian beam. It is shown that although the beam 
generated still defers from an ideal ellipsoidal beam, it has 
clearly better performance than a cylindrical beam and a 
Gaussian beam in providing smaller transverse and 
longitudinal emittance.  Further beam simulations are 

needed to investigate the coherent synchrotron radiation  
effect for setup relevant to LCLS and future ERLs. 

REFERENCES 
[1] F. Sacherer, IEEE Trans. Nucl. Sci. NS-18, 1105 

(1971).  
[2] I.M. Kapchinskij, V.V. Vladimirskij, Conference on 

High Energy Accelerators and Instrumentation, 
CERN, Geneva, 274 (1959). 

[3] P.M. Lapostolle, IEEE Trans. Nucl. Sci. NS-18, 
1101 (1971). 

[4] O.J. Luiten, S.B. van der Geer, M.J. de Loos, F.B. 
Kiewiet, and M.J. van der Wiel, Phys. Rev. Lett 93, 
094802 (2004). 

[5] B.J. Claessens, S.B. van der Geer, G.Taban, E.J.D. 
Vredenbregt, and O.J. Luiten, Phys. Rev. Lett 95, 
164801 (2005). 

[6] C. Limborg-Deprey and P. Bolton, Nucl. Instrum. 
Methods A557, 106 (2006).  

[7] J.B. Rosenzweig et al., Nucl. Instrum. Methods 
A557, 87 (2006). 

[8] S.B. van der Geer, M.J. de Loos, T. van 
Oudheusden, W.P.E.M. op’t Root, M.J. van der 
Wiel, and O.J. Luiten, Phys Rev. ST-AB 9, 044203 
(2006). 

[9] P. Tournois, Opt. Commun. 140, 245 (1997).   
[10] A.M. Weiner, D.E. Leaird, J.S. Patel, and J.R. 

Wullert, Opt. Lett. 15, 326 (1990). 
[11] M. Born and E. Wolf, Principles of Optics, 

University Press, Cambridge, UK, 2003.  
[12] M. Kempe, U. Stamm, B. Wilhelmi, and W. 

Rudolph, J. Opt. Soc. Am. B9, 1158 (1992).  
[13] I. Ben-Zvi et al., Nucl. Instrum. Methods A557, 28 

(2006).  

Table 1. Initial Beam Conditions 
 Length (ps) Radius (mm) 
a.Shaped, no 
substructure 

17  1.28  

b.Shaped, 
substructure 

17  1.28 

c. Ideal ellipsoid 18  1.28  
d. Ideal cylinder 18  1.13 
e. Ideal Gaussian σ = 3.82, 

truncated at 9 
1.13 
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Abstract

The Linac Coherent Light Source (LCLS) will 
be the world's first x-ray free-electron laser (FEL) when it 
becomes operational in 2009. The LCLS is currently in 
the construction phase. The beam position monitor (BPM) 
system planned for the LCLS undulator will incorporate a 
high-resolution X-band cavity BPM system described in 
this paper. The BPM system will provide high-resolution 
measurements of the electron beam trajectory on a pulse-
to-pulse basis and over many shots.  The X-band cavity 
BPM size, simple fabrication, and high resolution make it 
an ideal choice for LCLS beam position detection. We 
will discuss the system specifications, design, and 
prototype test results.  

INTRODUCTION
The LCLS FEL will produce x-ray radiation over the 

1.5-to 15-Angstrom wavelength range. To produce x-rays 
in this regime, the electron and photon beams within the 
131-m-long undulator must be collinear to less than 10% 
of the transverse beam size ( 37 m rms) over a 
minimum distance that is comparable to the FEL 
amplitude gain length ( 10 m) in order to achieve 
saturation [1,2]. To establish and maintain the electron 
beam trajectory, a high-resolution and stable BPM system 
has been designed. The requirements for the system are 
delineated in Table 1. The beam-position resolution and 
stability over 1-h and 24-h periods were the major design 
challenges for the BPM system.  Other design 
considerations were physical size, centering accuracy, 
radiation hardness, and reproducibility. 

The LCLS undulator hall will house 33 undulators. 
The BPMs will be located in the drift space between each 
undulator and at the upstream end of the first undulator 
for a total of 34 BPMs. There are also two BPMs placed 
in the Linac to Undulator (LTU) transport line. The BPM 
system must provide stable and repeatable beam position 
data for both planes on a pulse-to-pulse basis for up to a 
120-Hz repetition rate.  The BPMs are critical for beam-
based alignment and operations. 

*Work supported by U.S. Department of Energy, Office 
of Basic Energy Sciences, under Contract No. W-31-109-
ENG-38.

Table 1.  General system specifications. 

BPM SYSTEM OVERVEIW 
The system proposed for the LCLS undulator 

features a high-resolution X-band cavity BPMs. Each 
BPM detector has a reference cavity and position cavity 
as shown in Fig. 1. The major sub-systems include the 
cavity BPM, receiver, and data acquisition components. 
The cavity BPM and downconverter will reside in the 
tunnel and the analog-to-digital converter (ADC) will be 
located in surface buildings.  

Figure 1:  System block diagram. 

Parameter Specification Conditions
Resolution < 1 m rms 0.2– 1.0 nC 

Offset Stability < +/- 1 m rms 1 hour 

Offset Stability < +/- 3 m rms 24 hours 

Dynamic Range, 
Position

 +/- 1mm  10mm diameter 
chamber 

Dynamic Range, 
Intensity 0.2-1 nC 

PC Gun
(single bunch) 

Gain Error < +/- 10 % +/- 1mm range 
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X-BAND CAVITY DESIGN 
The simplicity of fabrication and assembly of the 

X-band cavity BPM due to its cylindrical geometry make 
it our first choice for the LCLS undulator. The cavity 
BPM offers the advantage of being a small, compact 
detector that inherently reads zero when the beam is 
centered. Cavity BPMs show extremely good resolution 
and stability. The two-cavity BPM design shown in Fig. 2 
illustrates the cross section of the detector. The beam 
passes through the monopole reference cavity, shown on 
the left, which excites the TM010 monopole mode signal at 
11.384 GHz, proportional to the beam intensity or charge. 
The second cavity, 37 mm downstream through the 10 
mm diameter beam pipe, is the TM110 dipole cavity shown 
at the far right. The output of the dipole cavity produces a 
signal that is dependent on the relative beam displacement 

fixrr shown in equation 1 [3]. Where QRs  is the 
normalized shunt impedance of the TM110 mode, Z is the 
output line impedance, Qext is the external quality factor 
and q is the charge. The voltage is linearly dependent on 
the offset and can be scaled. 

q
r
r

QQ
ZV

fixfixext
out

s0 R
2

.   (1) 

Figure 2:  X-Band Cavity BPM Cross-Section. 

The X-band cavity BPM inherently has the 
capability of resolving the beam position in the tens of 
nanometers, far exceeding the 1-micron resolution 
requirement indicated in Table 1. Equation 2 estimates the 
BPM thermal noise voltage output. Given the Bolzmann 
constant k, operating temperature T in Kelvin, impedance 
Z is 50 Ohms, the signal bandwidth B is about 2 MHz, 
and considering a system noise figure of 3 dB the 
minimum resolution would typically be less than 10 nm.  

The single-shot resolution will be limited by other 
processing and data acquisition electronic noise.  

BZTkVn   (2) 

Horizontal and vertical position signals are 
generated from the two polarizations of the TM110 dipole 
mode. The polarized fields are coupled to four iris slots 
equally spaced around the cavity. The magnetic field of 
the dipole couples to the TM110 mode of the rectangular 
waveguide shown in Fig. 2. The distinctive modal 
patterns of the TM010 monopole and TM110 dipole modes 
make it possible to couple only to the dipole mode and 
reject the monopole mode. This selective coupling 
technique, pioneered by SLAC, has been incorporated in 
this design [4]. The iris couplers are precisely electrical 
discharge machined (EDM) into the solid copper block to 
ensured repeatable and accurate coupling. EDM provides 
the exceptional accuracy and repeatability that is critical 
for this device. This technique also ensures that the 
waveguide braze has little or no affect on the cavity 
performance from the migration of braze material. The 
two cavities are designed to operate at the same frequency 
and a small amount of tuning is provided for adjustment 
after brazing.  

The outputs of the cavity are fed into 76-mm-long 
linear E-plane tapered waveguide transitions, which 
transform the cavity outputs (3 mm by 19.05 mm) to 
standard WR-75 waveguide (9.53 mm by 19.05 mm). The 
vacuum window shown in Fig. 3 is brazed into the WR75 
waveguide flanges with a gold germanium filler alloy. 
The rf windows are made from glass fused onto a kovar 
base. The kovar is plated with nickel and then copper to 
facilitate brazing.  The overall electrical performance of 
the transitions and windows together have a -20-db return 
loss with less than 0.2-dB insertion loss over a 200-MHz 
bandwidth centered at 11.384 GHz.  

Figure 3:  X-Band Cavity RF Window. 
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The BPM is a brazed assembly made up of the 
body, waveguide transitions, cavity end caps, rf windows, 
and end EVAC-type vacuum flanges. The 11.738-mm-
radius monopole and 14.937-mm-radius dipole cavities 
are machined within a +0.000/-0.015-mm tolerance, with 
a surface finish of 0.1 m (4 in Ra) or better into a single 
piece of oxygen-free electronic copper.  The machining 
tolerance deviation of +0.000/-0.015 mm will equate to a 
frequency increase of  7.5 MHz, which is within the 
system tuning capability. The final assembly is brazed in 
a vacuum furnace back-filled with dry hydrogen.  

To facilitate installation alignment, the outer 
surface of the BPM body shown in Fig. 2 is machined to 
be concentric to the cavity to within 0.025 mm. This 
surface will be used as the fiducilization reference to align 
the BPM during installation. 

There are two waveguide outputs for each plane on 
the dipole cavity. The output flanges are connected 
directly to the flexible WR75 waveguide shown in Fig. 4 
to mechanically decouple any shock or vibration from the 
rest of the components. The waveguide provides an ideal 
transmission line for the X-band signals exhibiting very 
low loss and excellent radiation hardness. The original 
design concept incorporated optional magic tee power 
combiners at each pair of outputs on the dipole cavity. 
This effectively reduces the common mode noise 
generated by unwanted modes by about 20 db. It is 
expected that full compliance to the specification can be 
accomplished without the use of the combiner. This 
would facilitate the potential for using the unused or 
terminated ports for future diagnostics.  

Each of the three inputs to the receiver is band 
limited by bandpass filters. The filters provide a 20-MHz 
bandwidth (-3 dB) centered at 11.384 GHz. The filters 
also provide a broadband -10 dB return loss match to the 
cavities. Out-of-band filtering of -60 db reduces unwanted 
modes from saturating the receiver input.  

Figure 4:  X-band cavity testing. 

RECEIVER DESIGN 
The receiver topology used is a single-stage three-

channel heterodyne receiver shown in Fig. 1. The cavity 
BPM X-band signals are downconvertered to a 25- to 50- 
MHz intermediate frequency (IF) in the accelerator 
tunnel. The signals are first amplified in a low noise 
amplification (LNA) stage, then translated to a lower IF 
by mixing with a local oscillator (LO). The LO is a phase-
locked dielectric resonate oscillator (PDRO) featuring low 
phase noise. One option is to lock the LO to the SLAC 
119-MHz timing reference. This has the advantage of 
synchronizing the data with the beam. The other option 
would have the LO operate in a free-run mode. A single 
LO will drive all three channels and will be housed in the 
receiver chassis. The LNA is protected against high-
power surges by a limiter that is rated at 50 W peak. After 
the X-band signals are down-converted, they are filtered 
and then amplified. The signals are then cabled out of the 
tunnel. The expected output of the receiver will be a bi-
polar +/- 1-volt full-scale exponentially decaying sine 
wave between 175-260 ns (Q=2000-3000) in duration. 

The receiver will be housed in an aluminum 3 in. 
high × 12 in. wide × 12 in. deep shielded enclosure. The 
unit will not dissipate more that 20 W and can be heat 
sunk. Special consideration is given to electro magnetic 
interference (EMI) susceptibility and emissions by using 
DC blocks on the inputs, EMI gaskets, feed through pins, 
and proper grounding. The receiver will be mounted in 
the tunnel below the undulator girder.  

The data acquisition utilizes a commercially 
available ADC digitizer board. The ADC front end should 
have a minimum of 14-bit resolution and a sampling rate 
of 119 MSPS. The ADC clock will be synchronized to the 
frequency of the 119-MHz timing system of the SLAC 
linac. This will be considered the minimum requirement 
for the ADC and it is hoped that the performance 
requirement can be exceeded when the system is required.   

The original plan for acquiring data for the 
prototype was to simply capture the exponentially
decaying waveform and digitally peak detect the reference 
and position signals. The position and reference cavity IF 
signal data would then be fit to an exponential curve, with 
the position data being normalized to the reference.  

Another processing algorithm being investigated is 
to digitally down-convert the IF signals. The raw digital 
waveform is multiplied point-by-point by a complex LO 

tje where  is the IF frequency. A digital low-pass 
filter removes the 2  component leaving a complex 
baseband signal. A quasi-Gaussian, symmetric, finite 
impulse response (FIR) digital filter is chosen to remove 
the 2  product as well as out-of-band noise. The 
complex amplitude of the position signal is normalized by 
the reference cavity to remove bunch charge dependence 
(amplitude) and beam arrival time dependence (phase). 
Normalized phase and amplitude are converted to position 
via scaling and rotation by calibration data.   
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PROTOTYE RESULTS 
    Two X-band cavity BPMs have been prototyped and 
cold tested using a test fixture that precisely moves an 

4 E probe driven by an Hp 8510 network analyzer that 

excites the cavity and then measures the response.  Table 
2 shows the predicted and measured results of a bolted-
together prototype and brazed prototype. The monopole 
and dipole cavities were modeled using HFSS [5].  The 
difference of predicted vs. the measured frequency for the 
TM110 dipole mode was less than 0.2 % for both 
prototypes.  

Parameter 
(500 m
offset) 

Predicted Measured 
Prototype
# 1 bolted 
end caps 

Measured
Prototype
# 2 brazed 
end caps 

Frequency 
TM010

8.262 GHz 8.271 GHz 8.243 GHz 

Coupling
TM010

-53 dB -69 dB -62 dB 

Frequency 
TM110

11.364 
GHz

11.344 
GHz

11.357 
GHz

Coupling
TM110

-32 dB -28 dB -24 dB 

Q (loaded) 
TM110

2704 2086 2391 

X/Y
Isolation

TM110

-26 dB -33 dB -23 dB 

Dipole to 
Monopole 

cavity
Isolation

<-80 dB <-85 dB <-89 dB 

Frequency 
TM020

15.825 
GHz

15.767 
GHz

15.785 
GHz

Coupling
TM020

-78 dB -64 dB -50 dB 

Table 2:  Prototype cold test results. 

The brazed prototype cavity BPM is presently 
installed in the Advanced Photon Source Injector Test 
Stand (ITS) shown in Fig. 4. The BPM is mounted on a 
precision 2-axis translation stage to test and calibrate the 
BPM. The ITS provides 1-nC single-bunch charge with 
bunch lengths 3-4 ps FWHM. The preliminary data shown 
in Table 3 indicates good correlation with the cold test and 
predicted values. An estimated voltage output of the 
dipole cavity was calculated to be 2.3 mV/ m/nC and the 
measured value was 1.22 mV/ m/nC. The current monitor 
used for this measurement has been recently recalibrated 
and the BPM output response will be re-measured.  

Parameter Predicted Cold Test ITS Test  
Frequency   11.364 GHz 11.357 GHz 11.359 GHz 
Loaded Q 2704 2391 2500
Isolation
X/Y

-26 dB -23 dB -21 dB 

     Table 3.  Prototype ITS test results. 

CONCLUSIONS
X-band cavity BPM and receiver electronics have 

been designed and tested for micron-level resolution for 
eventual installation into the LCLS. Preliminary low- 
power test and beam test using the ITS have produced 
encouraging results in validating the design for achieving 
the stated goals. ITS testing is scheduled to continue to 
obtain valuable operational experience.  

The second phase of testing will involve building three 
new BPMs and installing them at a fixed distance from 
each other in order to measure single-shot trajectories. 
The new BPMs will incorporate changes that will 
facilitate a small amount of cavity tuning. The BPMs will 
be installed in the APS LEUTL tunnel in October 2006. 
The testing objective is to provide a complete compliance 
table for the given specification given in Table 1. Beam 
conditions will be similar to the expected LCLS photo 
cathode beam.  The prototype testing should be complete 
by early next year, followed by the production of 34 
cavity BPMs. 
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Abstract 
 

Interest in nonintercepting (NI) beam size and position 
diagnostics between the undulators of x-ray free-electron 
lasers (XFELs) is driven by the requirement of beam-
emittance matching and beam alignment, as well as by the 
need to minimize radiation damage to the undulator 
permanent magnets from scattered beam produced by the 
insertion of converter screens. For these reasons our 
investigations on optical diffraction radiation (ODR) as 
relative beam size and position diagnostics are 
particularly relevant to XFELs. We report the extensions 
of our studies at 7-GeV beam energy to aspects of the 
vertical and horizontal polarization components of the 
ODR near-field and far-field images. The near-field, 
vertically polarized data are particularly interesting 
because the vertical field lines at the metal more directly 
reflect the actual horizontal beam sizes. Although our 
experiments to date are with mm-scale beams and impact 
parameters of 1-2 mm, our analytical model indicates that 
this technique scales with beam size and has sensitivity at 
the 20- to 50-μm regime with an impact parameter, d = 5 
times σy = 100 μm. This is the x-ray FEL intraundulator 
beam size regime. 

INTRODUCTION 
The interest in nonintercepting (NI) diagnostics for 

beam size and position in the undulators of x-ray free-
electron lasers (XFELs) for beam match reasons is driven 
by the need to minimize the radiation damage to the 
undulator permanent magnets by scattering of beam by 
inserted converter screens. For such reasons our 
investigations on optical diffraction radiation (ODR) as 
NI relative beam size and position diagnostics [1-10] are 
particularly relevant. We reported initial experiments at 
FEL05 [11], and now we report the extensions of our 
studies at 7-GeV beam energy to aspects of the vertical 
and horizontal polarization components of the ODR near-
field and far-field images. It appears that the near-field, 
vertically polarized data are particularly interesting. For 
our measurements of the beam size along the horizontal 
axis with a vertically displaced metal screen, the induced 
currents from the vertical field lines at the metal more 
directly reflect the actual beam size as revealed by scans 
of the upstream quadrupole fields. In addition, in our 
experimental configuration the vertical polarizer also 
rejects the strongest component of a weak background of 

visible-light optical synchrotron radiation (OSR) 
generated when the beam transits the horizontal bend 
dipole magnet that is 5.84-m upstream of the ODR station 
[12].  This same concept would be applicable to blocking 
the polarized visible undulator radiation co-propagating 
with the e-beam in an XFEL. 

Although our experiments are with larger beams and 
impact parameters of 1-2 mm, our analytical model 
indicates that the technique scales with beam size and has 
sensitivity at the 20- to 50-μm regime with the impact 
parameter, d = 5 times σy = 100 μm. The beam size is 
similar to the 30-μm beam size in the XFEL 
intraundulator location. In addition, a direct comparison 
of the horizontal position readings of the nearby rf beam 
position monitor (BPM) and the ODR image centroid 
values during the scan of the upstream dipole current 
showed good agreement. The ODR data were also found 
to be very similar to an OTR image value during a similar 
dipole current scan. Our experimental results and some 
modeling results will be presented. 

EXPERIMENTAL BACKGROUND 
The Advanced Photon Source (APS) facility includes 

an injector complex with an rf thermionic cathode gun, an 
S-band linear accelerator, a particle accumulator ring 
(PAR) that damps the linac beam at 325 MeV, a booster 
injector synchrotron that ramps the energy from 0.325 
GeV to 7 GeV in 220 ms, and the 7-GeV storage ring. At 
the exit of the booster, a dipole magnet allows direction of 
the beam to an alternate booster extraction beamline 
(BTX) that ends with a beam dump. This spur line has 
been used to develop our optical transition radiation 
(OTR) and our ODR diagnostics. The setup includes the 
upstream corrector magnets, two quadrupoles, and a 
dipole; and then, 5.8-m downstream the rf BPM 
(horizontal), the OTR/ODR imaging station, a localized 
beam-loss monitor based on a Cherenkov radiation 
detector, a Chromox beam-profiling screen, and the beam 
dump, as schematically shown in Fig. 1. An additional 
feature of the remote control of one strategic lens changes 
the optics from near-field to far-field imaging. 

The ODR converter is a polished Al blade/mirror that is 
1.5-mm thick, 30-mm wide, 30-mm tall, and it is mounted 
with its surface normal at 45º to the beam direction on a 
vertical stepper assembly. Its horizontal edge can be  
vertically positioned with an overall accuracy of ±10 μm 
over a span of 27.5 mm. The alignment of the optics with 
converter surface angle was done with an alignment laser 
placed on the surveyed beamline axis during an access 

_____________________________________________  
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period as described previously [12]. The near-field 
magnification resulted in calibration factors of 60-μm per 
pixel in x and 45-μm per pixel in y. Two 6-position filter 
wheels were used to select neutral density (ND) filters, 
bandpass filters, or two polarizers, which are oriented at 
90 degrees to each other. The images are detected with a 
standard SONY  charge-coupled  device (CCD) camera, 
and the video is digitized with a MaxVideo MV200 
digitizer interfaced to the Experimental  Physics and 
Industrial Control Systems (EPICS) software architecture. 
The online image processing allows the selection of a 
region of interest, formation of the projected x and y 
profiles, and both a Gaussian fit to the profile and a 
numerical evaluation of the FWHM of the profile. The 
rms size is then the sigma of the Gaussian result or the 
estimated value found by dividing the numerically 
calculated FWHM by 2.35. 

 
Figure 1: A Pro-E drawing of the OTR/ODR imaging 
station showing the rf BPM, the cube and stepper drive, 
the optical transport, the Cherenkov detector local loss 
monitor, and the Chromox profile monitor. 

EXPERIMENTAL AND ANALYTICAL 
RESULTS  

As mentioned in the previous section, the ODR profile 
results are referenced to complementary OTR profile 
results, and the image centroids are compared to the 
nearby, upstream  rf BPM. The SDDS tools are used for 
the tracking of the process variables [13, 14]. 

The potential to monitor relative beam size has been 
discussed in our earlier papers [11, 12, 15]. However, in 
this case we now have the results of vertically polarized 
data. The OTR image profiles were first obtained by 
inserting the Al metal screen during a scan of the 
upstream AQ2 quadrupole field. This quadrupole strongly 
affects the horizontal beam size at our OTR/ODR station. 
Unfortunately, this is at a dispersive point in the lattice so 
we do not get emittance data cleanly from the quadrupole 
field scan. However, we do obtain a test of ODR as a 
relative beam size monitor. As seen in Fig. 2, the 
unpolarized, OTR-measured horizontal beam size varies 
from 2300 μm down to about 1300 μm. Results of both 
algorithms are shown, and they are seen to be in very 
good agreement because the beam shape is basically 

Gaussian when extracted from the 7-GeV booster 
synchrotron. Next, in Fig. 3, we show the observed 
vertically polarized ODR image profiles with an impact 
parameter of 1.25 mm during a similar quadruople field 
scan. The vertically polarized ODR horizontal image 
profiles track the beam size changes as seen qualitatively 
by the shape of the curve with AQ2 current. A direct 
comparison of the OTR and ODR is seen in the Fig. 4 
combined plot of their fitted rms values. The ODR 
profiles are about 10% to 25% larger than the 
corresponding OTR profiles from the largest beam size to 
the smallest, respectively. The ratio of ODR/OTR for the 
size scan is next plotted in Fig. 5 to act as a lookup table 
for the beam-size monitor. As can be seen, at the 
minimum size of 1300 μm for the OTR, the ODR fit value 
is only 25% larger. This is much better than our factor of 
two results with unpolarized ODR observed on the same 
shift for this minimum beam focus and also reported at 
BIW06 [12]. The vertical polarization component would 
appear to be more reliable and direct in monitoring the 
actual beam size to better than 10% one has the ratio table 
or plot for these conditions. 

 
Figure 2: A plot of the OTR rms horizontal profile sizes 
for   the upstream AQ2 quadrupole field scan. Both a 
Gaussian fit and a simple peak intensity to FWHM 
algorithm were used, which are in good agreement. 

 
Figure 3: A plot of the vertically polarized ODR rms 
horizontal profile sizes for the upstream AQ2 quadrupole 
field scan. Both a Gaussian fit and a simple peak intensity 
to FWHM algorithm were used to measure image sizes, 
which are in good agreement. 
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Figure 4: A direct comparison of the ODR (plus) and  
OTR (diamonds) Gaussian-fit horizontal profile size s 
during the quadrupole field scan. The vertically polarized  
ODR tracks the beam-size changes. 

 
Figure 5: The ratio of ODR/OTR horizontal image sizes 
for different beam sizes during the AQ2 quadrupole scan. 
This ratio is noticeably smaller than for unpolarized data 
reported earlier. 

In Fig. 6, we show the analytical results from our model 
described previously [11] for a beam size change of ±20% 
around the nominal σx=1300-μm value and the 
corresponding ODR image profile changes at the 1/e 
points in intensity. First, it is clear there is sensitivity to 
the beam-size changes that should be detectable in the 
camera images. Second, the HWHM values indicate an 
ODR profile of about 1.2 times the actual beam size as 
seen in the polarized data comparisons. These were done 
with a fixed σy = 200 μm. Initial vertical polarization 
effects have also been calculated, but further work is 
needed. The calculated ODR x width using the vertical 
polarization component was 20 to 50% narrower than that 
calculated using the horizontal component for d = 1000 
and  2000 μm, respectively. 

We also have calculated the sensitivity of ODR profiles 
to smaller beam sizes. In this case, we held the y size 
constant at 20 μm and varied the x-size from 20 to 50 μm 
using an impact parameter of 100 μm and beam energy of 
7 GeV. In Fig. 7 it is clear that approximately a 25% 
increase in the ODR horizontal profile half width is 

calculated for the 50-μm beam size. Image processing 
should easily detect this change and use of polarization 
would improve the sensitivity. This should be a good 
match to monitoring beams of 30-μm size in the XFELs, 
subject to signal levels. 

ux (μm)

0 1000 2000 3000 4000 5000

R
el

at
iv

e 
In

te
n

si
ty

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0 σx = 1300 μm

σx = 1040 μm

σx = 1560 μm

e-1 points

Figure 6: Analytical model results for the effects on the 
unpolarized ODR horizontal profiles for a variation of the 
beam size by ±20% around the 1300-μm value with 
d=1000 μm. 
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Figure 7: Analytical results for the change in unpolarized, 
horizontal ODR profiles for a change in beam size from 
20 to 50 μm while holding the y value constant at 20 μm. 
The impact parameter is 100 μm for the 7-GeV beam. 
This is relevant to XFEL beam-size monitoring. 

In addition, we repeated our relative beam position 
measurements first done with unpolarized ODR and 
compared to the rf BPM and OTR values [11]. In this 
case, we again used vertically polarized ODR with an 
impact parameter, d = 1.25 mm and a vertical size σy of 
200 μm or less. The plot in Fig. 8 actually compares the 
centroid values from both OTR and ODR to the horizontal 
BPM readings. The OTR and ODR data overlap each 
other almost completely. This was done with the beam 
size σx = 1300 μm, the AQ2 quadrupole field set for the 
beam size minimum. Again, we believe the vertically 
polarized ODR component benefits the measurement 
sensitivity in the horizontal axis. Sensitivity at the 50- to 

σy=200 μm 
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100-μm relative position level is attained. As in the case 
of beam size monitoring, for the much smaller beam and 
impact parameter in the XFEL case, we would expect 
much better position sensitivity (sub-10 μm) subject to 
signal level. Correspondingly, a vertical, single edge of a 
metal screen or aperture can be employed to obtain 
information on vertical position and beam size. 

 
Figure 8: A plot of the OTR and ODR centroid value 
changes versus the nearby rf BPM values in mm during a 
scan of the upstream dipole current supply (and magnet 
fields). Horizontal position information can be reliably 
obtained from the vertically polarized ODR image 
centroids. 

SUMMARY 
In summary, we have extended our NI diagnostics 

techniques by evaluating the vertical and horizontal 
polarization components of near-field ODR images. As 
expected, the induced currents from the vertical field lines 
more directly represent the horizontal beam size in our 
configuration. Our results indicate that the tracking of 
relative beam size and position can be scaled down to 
address the potential needs of x-ray FELs.  

Complementary information on beam trajectory angle and 
beam divergence is being explored as well for higher 
average current beams. 
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INITIAL SEARCH FOR 9-keV XTR FROM A 28-GeV BEAM AT SPPS* 
A.H. Lumpkin, J.B. Hastings,** and D.W. Rule*** 

Advanced Photon Source, Argonne National Laboratory 
Argonne, IL 60439 USA

Abstract 
The potential to use x-ray transition radiation (XTR) as 

a beam diagnostic and coherent XTR (CXTR) as a gain 
diagnostic in an x-ray FEL was proposed previously. At 
that time we noted that the unique configuration of the 
SLAC Sub-picosecond Photon Source (SPPS) with its 
known x-ray wiggler source, a special three-element x-ray 
monochromator, x-ray transport line, and experimental 
end station with x-ray detectors made it an ideal location 
for an XTR feasibility experiment. Estimates of the XTR 
compared to the SPPS source strength were done, and 
initial experiments were performed in September 2005. 
Complementary measurements on optical transition 
radiation (OTR) far-field images from a 7-GeV beam are 
also discussed. 

INTRODUCTION 
The use of x-ray transition radiation (XTR) as a beam 

diagnostic and coherent XTR (CXTR) as a gain 
diagnostic in an x-ray free-electron laser (XFEL) was 
proposed previously at FEL04 [1]. There have been a 
number of experiments to develop XTR as a source of x-
rays in the past at several laboratories using moderate 
beam energies of a few hundred MeV to GeV [2-6], but 
there have been no applications in the FEL world to date. 
Partly based on recent experiments with a 7-GeV beam 
with optical transition radiation (OTR) and far-field or 
focus-at-infinity imaging [7], we projected that there 
should also be useful diagnostic information in the XTR 
field. In addition, we wanted to evaluate how to measure 
CXTR in an XFEL at 1.5 Angstroms. We identified the 
configuration of the SLAC Sub-picosecond Photon 
Source (SPPS) [8] with its known x-ray wiggler source, a 
special three-element x-ray monochromator, x-ray  

 

 
        

transport line, and experimental end station with x-ray 
detectors as a large-scale and ideal location for an XTR 
feasibility experiment. It was also the closest setup to 
what one might encounter in an x-ray FEL such as the 
Linac Coherent Light Source (LCLS) with its capability 
of translating in the 3-m undulator segments one at a time 
in the 100-m string of magnetic structures [9].  

A test of XTR intensity with respect to the x-rays 
emitted by the SPPS wiggler when a 28-GeV beam 
transited it was proposed. Estimates of the XTR were 
done, the experiment proposal was approved, and initial 
experiments were performed in September 2005. 

EXPERIMENTAL BACKGROUND 
The OTR experiments were performed at the Advanced 

Photon Source (APS) as described elsewhere [7], and the 
XTR experiments were performed at the SPPS. The SPPS 
has been a short-pulse x-ray facility since 2004 [8]. The 
28-GeV electron beam with a charge of Q = 3 nC, an 
emittance of 35 π mm-mrad, and bunch length of  230 fs 
was transported to the Final Focus Test Beam (FFTB) 
facility from the main SLAC accelerator [10] and through 
the single, permanent magnet wiggler as shown 
schematically in Fig. 1. The SPPS source was tuned to 9 
keV by adjusting the wiggler gap, and a three-element x-
ray monochromator is used to direct the x-rays down a 
50-m long beamline to the end station. In addition, as 
noted in the schematic, there are several OTR stations 
with 1-μm-thick Ti foil installed in support of the series of 
experiments on beam driven plasma Wakefield 
acceleration by M. Hogan and his collaborators [11]. 
These Ti foils were used to generate the forward XTR for 
the trial experiments. A dipole at the end of the electron 
beam beamline directed the electrons to a beam dump.  

 
 
 
 
 
 
 
 
 
 
 

___________________________________________ 
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Figure 1: A schematic of the FFTB facility showing the beamline, SPPS wiggler, OTR stations, monochromator, and 
x-ray detectors. 
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This dipole was the source of broadband x-ray 
synchrotron radiation (XSR) that also would be 
interacting with the three-element crystal monochromator. 
The three-element monochromator was adjusted to 
transport 9-keV x-rays from the wiggler using a series of 
x-ray detectors along the beamline. 

At the end station an ANDOR x-ray CCD camera and 
Photonic Science X-Ray Eye intensified camera were 
used as the principle diagnostic components. The wiggler 
x-rays were also aligned based on a series of x-ray APDs 
along the beamline. The ANDOR camera is designed to 
be cooled to reduce read noise and dark current. 
Unfortunately on these particular experiments, a small 
vacuum leak in the camera prevented the final cool down, 
so we ran it at room temperature. The X-ray Eye was 
positioned about 1 meter downstream of the CCD camera 
and was used for initial wiggler beam and hence 
monochromator alignments. The attenuation of the SPPS 
source x-ray was done with various selections of Al foil 
thicknesses that were calculated to attenuate 9-keV x-rays 
by factors of up to 4000. At 10-keV x-ray energy the 
counts per detected photon was about 391, resulting in a 
dynamic range of 167. This assumed a 16-bit device and a 
gain of seven photoelectrons per count in the CCD. 

Aspects of the possible eventual XTR application to 
LCLS are shown in Fig. 2. In the schematic the beam 
energy is 14 GeV and the OTR and XTR are generated by 
a thin foil (or foil stack). For OTR an off-axis mirror 
might be used, but for XTR an annular crystal would be 
used. The expected opening angle of the radiation cones 
in either case would be 1/γ = 35 μrad. For OTR an 
imaging system would be used, and for XTR the YAG:Ce 
converter plus lens and CCD camera might be employed. 
A far-field imaging experiment with lenses appears 
feasible for the OTR. This would be done in a manner 
similar to our recent 7-GeV beam work at APS [7]. 

 

 
 

Figure 2: A schematic of the generation of XTR from a 
foil or foil stack from a 14-GeV beam and with competing 
wiggler x-rays or spontaneous emission in a SASE FEL. 

EXPERIMENTAL RESULTS AND 
DISCUSSION 

OTR Results at 7 GeV 
 
As a point of reference, the results of complementary 

experiments on the 7-GeV beam at APS are included. In 
this case a single Al screen was used to generate the 
backward OTR. At this beam energy the expected OTR 
opening angle would be 70 μrad. This is within a factor of 
two of the angle in LCLS and of four in that for SPPS. In 
Fig. 3 we see the unpolarized, vertically polarized, and 
horizontally polarized images for the beam extracted from 
the booster synchrotron. For beam charges of 3 nC one 
could image these far-field angular distributions. The 
depth of the central minimum indicates the ensemble 
beam divergence is much smaller than 70 μrad, probably 
less than 10 μrad. An analytical model [12] was used to 
evaluate the expected profiles for different divergences. 
An example is shown in Fig. 4 for 3-μrad divergence. 

  
 

          
θX (1.2-mrad range) 

Figure 3: Example of far-field OTR images generated by a 7-GeV beam at APS; a) unpolarized, b) vertically polarized, 
and c) horizontally polarized. 
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Figure 4: An analytical calculation of the OTR single foil 
angular distribution for a 7-GeV beam with 3-μrad 
divergence. The opening angle is ~70 μrad. 

9-keV X-rays 
In the case of the SPPS experiments we accepted the 

standard tuneup for 9-keV photons. The nominal intensity 
was projected to be 107 photons per 3 nC of charge. We 
had calculated the XTR yield from carbon foils as ~103 
photons per 3 nC. The initial SPPS result is shown in 
Fig. 5 using the Al foil attenuation of 1000. The observed 
image corresponds to supported transport of 30×80 μrad2. 
The three-element crystal monochromator is oriented in 
the horizontal plane with a spatial acceptance of about 1 
mm, but subtends larger vertical angles. An example 
profile is shown in Fig. 6, indicating a vertical FWHM of 
about 20 μrad.  In Fig. 7 we show the 9-keV x-ray image 
of the background XSR (attributed to the dipole upstream 
of the monochromator) obtained with the wiggler gap 
open and foils extracted.  The gas nozzle from the 
experimental chamber just upstream of the x-ray CCD is 
actually inserted vertically from the top. It shadows the x-
rays, and was seen in the horizontal axis because the CCD 
camera is rotated 90 degrees in the installation. The 
uniform stripe of the XSR from the vertically deflecting 
dipole is seen clearly. There is also a ghost image in the 
10-shot average due to some camera trigger 
inconsistency. 

 

 
θy 

Figure 5: An x-ray CCD image of the SPPS 9-keV x-rays 
from the wiggler. The camera is rotated 90º so θy is along 
the image horizontal axis. The signal is attenuated by 
1000. 

 
         0 500 1000 

              θy (pixel no.) 

Figure 6: A vertical angular distribution profile from 
Fig. 5. 

 
 

 

 
 
 
 
 
 
 
 
 
 

θy 

Figure 7: An x-ray CCD image of 9-keV XSR 
background coming down the beamline. The gas jet 
nozzle in a chamber upstream of the camera is shadowed. 
It is vertically insertable. 

 
In Fig. 8 we show the observed x-ray image signal with 

all three foils inserted using a selected region of interest 
(ROI) with 4x4 pixel binning and with background 
subtraction of the signals with the wiggler gap open and 
all three foils out. This is a localized ROI pixel binning to 
improve statistics and camera sync. In Fig. 9 the profile in 
θy is shown. There is a hint of an annular shape, and the 
opening angles are marked on the profile as might be for 
the middle foil distance. Based on a calibration factor of 
1.1 μrad per 4-pixel bin, the 18-μrad location is estimated 
for a foil at 80 m. In Fig. 10 a calculation for OTR from a 
28-GeV beam is shown as a point of comparison for a 
divergence value of 5 μrad. The central minimum is 
deeper in the calculation than in the data profile.  
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Figure 8: A background subtracted x-ray CCD ROI image 
of the 9-keV x-rays with three Ti foils inserted. 
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Figure 9: An x-ray CCD region of interest for the three 
XTR foils inserted case including background subtraction 
of the XSR source. 

 
 

 
Figure 10: A calculation of the OTR angular distribution 
for a 28-GeV beam and 5-μrad divergence. 

SUMMARY 
In summary, we have shown the possibilities of OTR 

far-field imaging for a 7-GeV beam and report our initial 
attempts to extend such research to XTR from a 28-GeV 
beam. Due to the unfortunate event that the x-ray CCD 
camera could not be cooled during the XTR trials, the 
results are inconclusive. Certainly, XTR was generated by 
the Ti foils, but the unambiguous imaging of that 
radiation was problematical. The concept of a foil stack to 
enhance the XTR signal and the ability to actually cool 
the CCD were next on the agenda. The closing of the 
SPPS facility occurred before these experiments could be 
done, but the LCLS or SABER facilities at SLAC may 
provide a future opportunity to test the concepts. 
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MODELING AND MEASUREMENT OF μ-METAL SHIELDING EFFECT 
ON THE MAGNETIC PERFORMANCE OF AN LCLS UNDULATOR* 

Shigemi Sasaki, Isaac B. Vasserman, Emil Trakhtenberg 
APS/ANL, Argonne, IL 60439, USA.

Abstract 
In a previous paper [1], we presented results showing that 
the Earth’s field might have a significant effect on the 
Linac Coherent Light Source (LCLS) undulator 
performance due to a large concentration of the field by 
the undulator poles.  Based on the result of model 
calculation, we decided to shield the Earth’s field by 
surrounding the undulator backing structure with a 
1-mm-thick μ-metal sheet. 

First, the effect of the shield was modeled using the 
code RADIA.  According to the calculation, the shielding 
factor of a “C-shape” μ-metal shield was better than a 
factor of eight.  Second, we measured the Earth’s field 
shielding effect without an undulator. In our measurement 
laboratory, the vertical component of the Earth’s field was 
about 0.5 gauss.  It was suppressed down to smaller than 
0.1 gauss with the shield.  After these background 
measurements, we examined the effect of the shield with 
an undulator in place. The measurement results show very 
good agreement with the model calculation. 

INTRODUCTION 
For the commissioning of the Linac Coherent Light 

Source (LCLS), beam-based alignment will be used to 
correct the offsets of quadrupoles and beam position 
monitors.  This strategy works only when the field 
integrals in each undulator segment are small enough [2]. 
Undulator segments will be measured and tuned in the 
magnetic measurement facility (MMF) at the Stanford 
Linear Accelerator Center and then installed on the iron 
girders and moved to the LCLS tunnel. Several sources of 
errors are possible here. The first one is due to the 
difference of the Earth’s field at the locations of MMF 
and tunnel. This difference is exaggerated by a 
concentration of the Earth’s field by vanadium-permendur 
poles of the device. Another possible source of error is the 
existence of the magnetic elements, such as iron, used in 
the support system and other elements of the tunnel. 
Based on the computer simulations using a simple model 
in the RADIA code [3], we decided to use the μ-metal 
sheet to shield unwanted external field effect.  

EARTH’S FIELD MODELING 
As shown in our previous paper [1], a seven-period 

undulator model with a large surrounding solenoid was 
used for simulating the Earth’s field effect.  By using this 
simple model, we found that the averaged field 
concentration factor was about 2.4, i.e., a 0.5-gauss 
external vertical dipole field gave a 1.2-gauss dipole field 

in an undulator.  The horizontal component of Earth’s 
field was found to be well suppressed on the undulator 
axis. 

Because a dipole field above 0.7 gauss in an undulator 
gives an electron trajectory excursion of more than 2 μm 
from the undulator axis, this unwanted field needs to be 
suppressed or corrected.  Figure 1 shows the model used 
for the calculation of shielding effect of μ-metal.     The 
B-H curve of CO-NETIC sheet [4] was assumed for the 
calculation. 

 
Figure 1: A μ-metal shield model used for the calculation. 
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Figure 2: Summary of calculated results. 

Figure 2 shows the summary of calculated results.  The 
green curve represents the field change due to the 0.5-
gauss external vertical field without a shield.  In the 
central region, a field strength averaged over a half period 
is about 1.2 gauss.  The red and blue curves are for 1-mm- 
and 2-mm-thick μ-metal shields, respectively.  The 
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averaged field was 0.156 gauss for a 1-mm sheet and 
0.147 gauss for a 2-mm sheet, respectively.  Based on 
these calculations, we decided to use a 1-mm thick sheet 
for better cost performance.  (A sheet with a double 
thickness provides only 6 % better shielding.)   

From these results, we find that the concentration 
(enhancement) factor by the poles in an undulator is 2.4, 
and the suppression (damping) factor by the μ-metal 
shield is eight. 

MEASURED RESULTS 
The first and second articles of LCLS undulators were 

tuned in the magnetic measurement facility (MM1) at the 
Advanced Photon Source.  Prior to the measurement, the 
background field along the measurement bench was 
measured with a moving coil.  Figure 2 shows the Earth’s 
field distribution along the z-axis. 
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Figure 3: Earth’s field distribution measured in MM1. 

From this result, we can estimate the shielding effect by 
the μ-metal in an undulator based on the simulation result 
described in the previous section.  Without the shield, the 
field, By, in an undulator due to the Earth’s field is 
magnified by a factor of 2.4, i.e., By = BEF x 2.4.  After 
applying the shield, the remaining field, Byrem, is reduced 
by a factor of eight, i.e., Byrem = By/8.  Therefore, the 
signature of shield, Bsig, is: Bsig = By-Byrem. 

Figure 4 shows the signature of μ-metal shield.  After 
measuring the undulator field without the shield, we can 
predict the field distribution with the shield by adding the 
shield signature to the raw data. 
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Figure 4: Signature of the μ-metal shield. 

In Figure 5, the solid green curve is the second field 
integral of the raw data measured without the shield, and 
the blue broken curve is the prediction for after the shield 
is installed. 
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Figure 5: Second field integrals of raw data and corrected 
data. 

Figure 6 shows the predicted second field integral and 
the integral measured after the shield was attached.   
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Figure 6: Second field integrals predicted from data without 
shield (blue broken line) and the data with the shield (red 
solid line), respectively. 

 The actual measured field data with the μ-metal shield 
is in good agreement with the corrected data based on 
simulation with a simple model. 

DISCUSSION AND SUMMARY 
In the example shown in this paper, we applied 

additional trajectory shims and phase shims to straighten 
the trajectory and to reduce the phase error after applying 
the μ-metal shield.  Also, we corrected the first and 
second field integrals by applying appropriate shims at the 
entrance and the exit ends of undulator.  Figure 7 shows 
the trajectory after the final tuning with the shield.   The 
net kick (corresponding to the first integral) and the net 
displacement (corresponding to the second field integral) 
are well below the tolerances as shown.  Also, the 
trajectory excursion in the undulator is well below the 
tolerances (2 μm). 
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Figure 7: Trajectory of the first article undulator after
final tuning. 

In the example in this paper, we used the estimation 
procedures in a relatively early stage of the tuning process 
in order to demonstrate the effectiveness of this method.  
However, because the effectiveness of this method had 
been proven, we used it at the very end of the tuning 
process for the second article of LCLS undulators. 

Here are the steps of the tuning procedures: 
• Mechanically align an undulator to the Hall-probe 

measurement bench. 

• Magnetically align the undulator axis to the 
Hall-probe.  

• Set a proper gap by changing the thickness and/or the 
location of spacers (mechanical shims). 

• Straighten the horizontal (x) trajectory by using 
trajectory shims. 

• Minimize the phase errors by using phase shims. 
• Straighten the vertical (y) trajectory. 
• Apply shims to compensate multipoles. 
• Apply μ-metal shield and do final measurements and 

tuning of field integrals. 
• Do final fine tuning, if necessary. 
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BEAM SPREADING AND EMITTANCE OSCILLATION OF AN INTENSE
MAGNETIZED BEAM IN FREE SPACE∗

Chun-xi Wang† , Kwang-Je Kim, ANL, Argonne, IL 60439, USA
Jack G. Zhang, IIT, Chicago, IL 60616,USA

Abstract

Intense beams with large angular momentum have im-
portant applications in electron cooling and in producing
flat beams suitable for ultrafast x-ray generation, Smith-
Purcell radiators, and possibly for a future linear collider.
To gain a basic understanding of the influence of beam an-
gular momentum in an otherwise space-charge-dominated
beam, the behavior of such a beam in free space will be
examined here, in particular, beam spreading due to space-
charge force, as well as emittance oscillation. Drift space
is an important part of a split photoinjector and plays a sig-
nificant role in emitance compensation of a high-brightness
photoinjector.

INTRODUCTION

By immersing the cathode in a magnetic field, beam
with (large) angular momentum can be created and is re-
ferred to as “magnetized” beam. High-intensity magne-
tized beams have important applications in electron cool-
ing and flat-beam generation. The emittance oscillation of
a non-magnetized beam in the drift space of a split pho-
toinjector has some generic properties such as the “double
minimum” feature [1], which has been explained by space-
charge induced beam spreadings of individual slices [2].
Here, we generalize the technique used in [2] to examine
the influence of beam angular momentum on beam spread-
ing and emittance oscillation in drift space.

For a round beam in an axisymmetric channel, the beam
envelope is governed by the reduced beam envelope equa-
tion [3, 4]

σ̂′′ +
κ

β2γ2
σ̂ − κs

β2γ2

1
σ̂

− ε2

σ̂3
= 0. (1)

where σ̂ =
√

βγ σ is the reduced envelope, κ represents
the external focusing, and perveance κs = I/2IA gives
the space-charge defocusing. Here, we consider uniform
non-accelerating channels with constant κ and κs. In a
drift space, κ = 0 and κs decreases somewhat due to
longitudinal debunching, which will be ignored here. The
emittance ε is conserved and may contain two parts: ther-
mal emittance and angular momentum. Although angu-
lar momentum is correlated motion and intrinsically dif-
ferent from random thermal emittance, from the beam en-
velope evolution point of view, these two types of emit-
tances make no difference. In high-brightness photoinjec-
tors, the thermal emittance is sufficiently small such that

∗Work supported by U.S. Department of Energy, Office of Science,
Office of Basic Energy Sciences, under Contract No. W-31-109-ENG-38.

† wangcx@aps.anl.gov; http://www.aps.anl.gov/~wangcx

a non-magnetized beam can be considered space-charge
dominated. However, the existence of beam angular mo-
mentum qualitatively changed the property of the envelope
equation by addding a significant emittance term. In the
following, we present preliminary exploration of the effects
of angular momentum. Because we will only consider non-
accelerating beams, βγ = 1 is set in the following sections
to simplify the notation. By the same token, we will use σ
instead of σ̂ for the reduced envelope as well.

BEAM SPREADING IN A UNIFORM
NON-ACCELERATING CHANNEL

In a uniform non-accelerating channel, the coefficients
in the beam envelope equation are all constants. The corre-
sponding envelope Hamiltonian (with the setting βγ = 1)

H =
p2

2
+ κ

σ2

2
− κs ln(σ) +

ε2

2σ2
(2)

is a constant of motion, whose value can be expressed with
the initial σ0 and σ′

0. Thus, we have the first integral

σ′2 + κσ2 − κs ln σ2 +
ε2

σ2
= σ′

0
2 + κσ2

0 − κs ln σ2
0 +

ε2

σ2
0

.

(3)
The beam envelope is bounded by the potential well [4].
The lower bound is due to space-charge defocusing and
emittance pressure. If any, the upper bound is due to ex-
ternal focusing. It reaches an extreme size σm at σ′ = 0,
which can be determined by

σ′ 2
0 +κσ2

0−κs ln σ2
0+

ε2

σ2
0

= κσ2
m−κs ln σ2

m+
ε2

σ2
m

. (4)

Note that in drift space, i.e., without external focusing,
σ′′

m > 0, there will be a beam waist for a converging beam.
With external focusing, σm may be a minimum or maxi-
mum depending on the sign of σ ′′

m. From these equations,
σ′ can be solved as

σ̃′ =
σ′

σm
= ±

√
κ (1 − σ̃2) +

κs

σ2
m

ln σ̃2 +
ε2

σ4
m

(
1 − 1

σ̃2

)
,

(5)
where σ̃ ≡ σ/σm. The sign depends on whether the beam
is converging (−) or diverging (+). By integrating Eq. (5)
we obtain the solution of the beam envelope as

s =
∫ 1

σ0
σm

sign(σ′
0) dx√

κ (1 − x2) + κs

σ2
m

ln (x2) + ε2

σ4
m

(
1 − 1

x2

)
+

∫ σ
σm

1

sign(σ′) dx√
κ (1 − x2) + κs

σ2
m

ln (x2) + ε2

σ4
m

(
1 − 1

x2

) . (6)
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This integral cannot be expressed with elementary func-
tions. In the case κ = κs = 0, this integral yields the
well-known hyperbola envelope for a bunch of free par-
ticles. For a space-charge dominated beam in free space
(κ = ε = 0), this integral yields the so-called universal
beam-spreading curve for σ/

√
κs, which is independent of

slice perveances. However, for a magnetized beam, there is
a non-zero emittance term. Thus, the beam perveance can
not be scaled away from the envelope equation. Therefore,
beam spreading of a magnetized beam will have nontrivial
dependence on beam perveance, and there is no universal
beam-spreading curve anymore.

ENVELOPE EVOLUTIONS NEARBY A
REFERENCE ENVELOPE

The relative motions of various beam slices are re-
sponsible for the variation of projected emittance in high-
brightness photoinjectors. Thus, it is interesting to exam-
ine the evolution of envelopes nearby a reference envelope.
Assuming small deviations, we expand a slice envelope
around the reference envelope (σ̄, σ̄ ′) as(

σ
σ′

)
=

(
σ̄
σ̄′

)
+

∑
α

(
∂qα σ̄
∂qα σ̄′

)
δqα , (7)

where δqα represents a small deviation in certain parameter
qα. Here, we consider the deviations in the initial values
δσ0 and δσ′

0, as well as the slice perveance δκs, assuming
all slices have the same emittance and angular momentum.

To compute the partial derivatives with respect to σ0, we
take derivatives on both sides of Eq. (6) with respect to σ0

and use Eq. (5) for simplification, which yields

0 =
1

σ′/σm
∂σ0

σ

σm
− 1

σ′
0/σm

∂σ0

σ0

σm
+

∂σ0σm

σm
Fx, (8)

where Fx denotes the integral,

Fx =
∫ 1

σ0
σm

sign(σ′
0)

[
κs

σ2
m

ln
(
x2

)
+ 2 ε2

σ4
m

(
1 − 1

x2

)]
dx[

k (1 − x2) + κs

σ2
m

ln (x2) + ε2

σ4
m

(
1 − 1

x2

)]3/2

+
∫ σ

σm

1

sign(σ′)
[

κs

σ2
m

ln
(
x2

)
+ 2 ε2

σ4
m

(
1 − 1

x2

)]
dx[

k (1 − x2) + κs

σ2
m

ln (x2) + ε2

σ4
m

(
1 − 1

x2

)]3/2
.

Thus, ∂σ0σ can be solved as

∂σ0σ =
σ′

σ′
0

+
σ′

σm
∂σ0σm

(
σ

σ′ −
σ0

σ′
0

− Fx

)
, (9)

where ∂σ0σm can be obtained by differentiating Eq. (4) as

∂σ0σm =
κσ0 − κs/σ0 − ε2/σ3

0

κσm − κs/σm − ε2/σ3
m

=
σ′′

0

σ′′
m

, (10)

which is non-zero unless staying at equilibrium.

Similarly, taking derivatives on both sides of Eq. (6) with
respect to σ′

0 yields the derivative ∂σ′
0
σ. Combined with

Eq. (9), they give the first two expressions in the following
sets of four derivatives:

∂σ0σ =
1
σ′

0

(
σ′ − σ′′

0 ∂σ′
0
σ
)
, (11)

∂σ′
0
σ =

σ0σ
′ − σ′

0σ

σmσ′′
m

+
σ′

0σ
′

σmσ′′
m

Fx, (12)

∂σ0σ
′ =

1
σ′

0

(
σ′′ − σ′′

0 ∂σ′
0
σ′) , (13)

∂σ′
0
σ′ =

σ0σ
′′

σmσ′′
m

− σ′
0(σσ′′− σmσ′′

m)
σ′′

mσmσ′ +
σ′

0σ
′′

σmσ′′
m

Fx. (14)

The last two expressions can be obtained by differentiating
the first two expressions with respect to s. Clearly, these
derivatives have the initial values ∂σ0σ(0) = ∂σ′

0
σ′(0) = 1

and ∂σ′
0
σ(0) = ∂σ0σ

′(0) = 0. In the special case κ = 0
and ε = 0, these expressions reduce to the simple results
of Eqs. (16) and (18) in [2], and Fx = s. It is impor-
tant to note that, for a space-charge dominated beam where
the emittance term can be neglected, all these expressions
are independent of slice perveance, with or without exter-
nal focusing. This property may play a significant role in
emittance compensation of high-brightness photoinjectors.
However, for a magnetized beam, these expressions will
depend on the perveance of the (reference) slice.

To evaluate the effect of small perveance variations, we
compute ∂κsσ and ∂κsσ

′ similarly. Differentiating Eqs. (3)
and (4) yield, respectively,

∂κsσ
′ =

1
σ′

(
ln

σ

σ0
+ σ′′∂κsσ

)
, (15)

∂κsσm =
1
σ′′

m

ln
σ0

σm
. (16)

Differentiating Eq. (6) with the help of function Fx and the
above expression for ∂κsσm gives

∂κsσ =
σ′

σmσ′′
m

(
σ

σ′ −
σ0

σ′
0

− Fx

)
ln

σ0

σm
+

σ′

2
Fs, (17)

where the function Fs is defined the same as Fx except that
κs = 1 and ε = 0 are set in the numerators. (Thus, for
a space-charge dominated beam, Fx = κsFs.) The initial
values of both ∂κsσ and ∂κsσ

′ are zero.

EMITTANCE OSCILLATION

From the envelope expressions in Eq. (7), assuming the
various deviations from the reference envelope are uncor-
related, the emittance due to slice envelope variations can
be calculated as [2]

εenv �
√∑

α

W 2
qα

(
(δqα)2

/
qα2

)
, (18)
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where
Wqα ≡ (σ̄∂qα σ̄′−σ̄′∂qα σ̄) qα. (19)

Here, the bar over δqα and qα indicates averaging over the
slices.

Inserting the above partial derivatives into Eq. (19), we
have

Wσ = σ̄0

[
σ̄σ̄′′ − σ̄′2

σ̄′
0

(
1 − σ̄′′

0

σ̄′ ∂σ′
0
σ̄

)
− σ̄σ̄′′

0

σ̄′

]
, (20)

Wσ′ = σ̄′
0

[
σ̄σ̄′′ − σ̄′2

σ̄′ ∂σ′
0
σ̄ +

σ̄σ̄′
0

σ̄′

]
. (21)

These expressions reduce to the special results of Eqs. (17)
and (19) in [2]. Since ∂σ′

0
σ̄ equals zero at the beginning,

we have the initial values

Wσ(0) = −Wσ′(0) = −σ̄0σ̄
′
0. (22)

To examine the extreme values of Wσ(s) and Wσ′ (s), we
take the s-derivative of these functions and have, after some
algebra,

W ′
σ = σ̄0

σ̄σ̄′′′ − σ̄′σ̄′′

σ̄′
0σ̄

′
(
σ̄′ − σ̄′′

0 ∂σ′
0
σ̄
)
, (23)

W ′
σ′ = σ̄′

0

σ̄σ̄′′′ − σ̄′σ̄′′

σ̄′ ∂σ′
0
σ̄. (24)

It is easy to see that the factor

σ̄σ̄′′′ − σ̄′σ̄′′

σ′ = −2
[
κs

σ
+ 2

ε2

σ3

]
�= 0,

thus Wσ reaches the extreme value of −σ̄0σ̄
′′
0 σ̄/σ̄′ when

σ̄′ = σ̄′′
0 ∂σ′

0
σ̄, and Wσ′ reaches the extreme value of

σ̄′
0
2σ̄/σ̄′ when ∂σ′

0
σ̄ = 0. Using Eq. (12) and the con-

dition for the extreme, we can further express the extreme
values Wm

σ as

Wm
σ = −σ̄0σ̄

′′
0

σ̄

σ̄′ =
σ̄0

σ̄′
0

(σ̄mσ̄′′
m − σ̄0σ̄

′′
0 ) − σ̄0σ̄

′′
0 Fx, (25)

Wm
σ′ = σ̄′

0
2 σ̄

σ̄′ = σ̄0σ̄
′
0 + σ̄′

0
2Fx (26)

where Fx integrates up to the extreme point. However, it
is not obvious that the condition for the extremes can be
satisfied (except the trivial case W ′

σ′ = ∂σ′
0
σ̄ = 0 at the

beginning).
From these expressions, a few general properties can be

drawn about emittance oscillation. In particular, for a beam
focused into a drift, σ̄ ′

0 < 0, σ̄′′
0 > 0, σ̄mσ̄′′

m − σ̄0σ̄
′′
0 > 0,

thus Wσ(0) > 0 and W m
σ < 0, which leads to emittance

minimum when Wσ crosses zero, as discussed in [2]. Fur-
thermore, W m

σ < 0 requires σ̄′ > 0 at that location, thus
the emittance maximum due to Wσ is always located after
the beam waist where σ̄′ = 0.

Similarly, Wκs can be worked out as

Wκs = κ̄s

[
σ̄

σ̄′ ln
σ̄

σ̄0
+

σ̄σ̄′′ − σ̄′2

σ̄′ ∂κs σ̄

]
, (27)

where ∂κs σ̄ is given by Eq. (17). Clearly, Wκs(0) = 0.

EFFECTS OF BEAM ANGULAR
MOMENTUM

To see the influence of beam angular momentum on the
beam envelope spreading of an individual slice and on the
emittance oscillation of a bunch of slices, we plot a set of
five figures showing the quantities σ, σ ′, Wσ , Wσ′ , and
Wκs , using the expressions given above. In each figure,
the red curve shows the evolution of a space-charge dom-
inated beam and the blue curve shows the same beam but
with an angular momentum term 10 times larger than the
space-charge term at the beam waist (2 mm). The other
parameters are σ0 = 9 mm, σ′ = −9.5 mrad, βγ = 12,
κs = 0.05, which are adopted from an optimized SPARC
photoinjector design.

Through this example and the above analysis, we see
that, qualitatively speaking, the basic behavior of beam
spreading and emittance oscillation in drift space are not
changed by the large angular momentum, although there
are significant quantitative changes. For example, the beam
waist becomes much larger and is reached much quicker.
Also, the emittance oscillation amplitude gets larger, and
so on. From this point of view, Wκs may be an excep-
tion because there is no zero crossing anymore for the blue
curve.

However, emittance compensation for magnetized beam
[5] may be significantly different from conventional space-
charge dominated beam. For example, there is no in-
variant envelope solution for the envelope equation in a
booster when there is a significant emittance term. Thus,
the matching condition for space-charge dominated beam
may not be appropriate any more. Furthermore, the abil-
ity to compensate emittance may be limited by the fact that
beam perveance cannot be scaled away from the envelope
equation of a magnetized beam.

CONCLUDING REMARK

We developed a technique to examine the beam spread-
ing and emittance oscillation of a magnetized beam in free
space. Clearly, the technique also applies to a beam with
significant thermal emittance and/or in a uniform focusing
channel (we have kept both focusing κ and emittance ε
in all the expressions). In a focusing channel, a beam
may reach both minimum and maximum size because it
is bounded by a potential well. For example, a diverg-
ing beam reaches a maximum beam size in the focusing
solenoid for emittance compensation. The emittance evo-
lution in the solenoid can be described by the same expres-
sions presented above. Much more work is needed to un-
derstand emittance compensation of a magnetized beam.
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Figure 1: Reduced envelope in free space for space-
charge dominated beam (red) and beam with large emit-
tance (blue).
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Figure 2: Reduced envelope slope in free space for space-
charge dominated beam (red) and beam with large emit-
tance (blue).

0.5 1 1.5 2 2.5 3

-200

-100

100

200

s [m]

W   [mm-mrad]σ

Figure 3: Emittance oscillation in free space due to ini-
tial slice envelope variation for space-charge dominated
beam (red) and beam with large emittance (blue). The solid
curves plot the absolute values.
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Figure 4: Emittance oscillation in free space due to ini-
tial slice slope variation for space-charge dominated beam
(red) and beam with large emittance (blue). The solid
curves plot the absolute values.
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Figure 5: Emittance oscillation in free space due to slice
perveance variation for space-charge dominated beam (red)
and beam with large emittance (blue). The solid curves plot
the absolute values.
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ENERGY MODULATION OF THE ELECTRONS BY THE LASER FIELD IN 

THE WIGGLER MAGNET: ANALYSIS AND EXPERIMENT 

A.A. Zholents
 #

, LBNL, Berkeley, CA 94720, U.S.A.  

K. Holldack, BESSY, 12489 Berlin, Germany.

Abstract

Energy modulation of the electron beam after the 

interaction with the laser field in the wiggler magnet can 

be calculated using interference of the laser field and the 

field of spontaneous emission in the far field region of 

wiggler radiation. Quite often this approach gives a 

deeper insight on the process than traditional calculations 

where the effect of the laser field on the electron energy is 

integrated along the electron trajectory in the wiggler. We 

demonstrate it by showing the agreement between the 

analytical model and the experiment involving wiggler 

scan measurements with large detuning from the FEL 

resonance producing more than one order of magnitude 

variations in the amplitude of the energy modulation. The 

high sensitivity was achieved using the THz radiation 

from a sub-mm dip in the electron density that energy 

modulated electrons leave behind while propagating along 

the storage ring lattice. All measurements were performed 

at the BESSY-II electron storage ring. 

ENERGY MODULATION 

The energy gain/loss obtained by the electron in the 

interaction with the laser field 
x

E  polarized in the 

horizontal plane and co-propagating the planar wiggler 

magnet together with the electron in z  direction can be 

found by solving the equation [1]: 

xx
E

mc

e

dz

d
2

,    (1) 

where  is the relativistic factor, cv
xx

/ , where 
x

v

is the horizontal velocity of the electron and c  is the 

speed of light, me,  are the electron charge and mass, and 

22
4/2

00
]sin[/1/ ectzkzzEE

x
, (2) 

where k  is the wave number of the laser field, 

2/
2

00
kaz  is the Rayleigh length, 

0
a  is the waist size 

which is assumed to be in the center of the wiggler, 

0

1

0
/tan zz , where 

0
 is the phase of the 

wave at the beginning of the interaction with the electron 

at the entrance of the wiggler and  is the rms width of 

the laser pulse intensity. 

For electron motion inside the wiggler one obtains: 
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where 
ww

k /2  and 
w

 is the wiggler period, 

mckeBK
w

/
0

,
0

B  is the peak magnetic field and 
z

 is 

the normalized velocity along the wiggler, i.e.:
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K
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22
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 (4) 

In what follows we consider on-axis electrons only. 

This assumption can be extended to all electrons in the 

electron bunch if the electron beam size 
0,

a
yx

.

Then, using (1) and (3) we write: 

22
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2

0

2
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)cos(

)cos(

/12

ezkctzk
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KeE

dz

d
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w

 (5) 

It is further convenient to define the resonance electron 

energy, also called an FEL resonance energy, 

2/1
2

22
K

k

k

w

r
 and assume a small energy spread 

r
/  such as to obtain: 

zkzkctzk
w

r

w
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2
)(

2

2

  (6) 

with )2/(
22

KK . Using a generation function for 

Bessel functions [2] we found: 

2
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where in the last step we retain only slowly varying terms 

with .1/1
2

r
 Finally, using dimensionless 

variables in Eq. (6) [3]: 
w

Lzz /ˆ , ,/2
r

N and

0
/ zLq

w
, where 

w
L  is the length of the wiggler with 

N  periods, 
0

/  and kcN /2
0

, one obtains: 
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where definition 2/2/
10

JJJJ  is used 

following [4]. Introducing the laser pulse energy 

caEA
L

22/8/
2

0

2

0
, Eq.(7) can be written as: 
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where  is the fine structure constant, 
s0

 is central 

frequencies of the field of spontaneous emission, and ...
# AAZholents@LBL.GOV 
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defines averaging over one wiggler period. By integrating 

Eq.(8) one obtains for the amplitude of the energy 

modulation: 

),,(
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2
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2

2

02
qfJJ

K
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mc

q
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 (9) 

where:

zde
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22

1

tan2cos

2

2
),,(

Figure 1 shows plots of ),,(qf  for various q  and 

and . Using the maximum value of 

)25.0,7.0,8(qf =2.2, one finds: 

JJ
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K
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mc
sL 2

2

02max

2

5
2

  (10) 

Figure 1. Function ),,(qf  for =0.25 (left plot) and =-

0.7 (right plot) and for q = 4, 6, and 8 (curves 1, 2, and 3). 

Alternatively, the energy gain/loss obtained by the 

electron in the interaction with the laser field can be 

calculated considering the interference of the field of its 

spontaneous emission in the wiggler and the laser field. 

This technique takes it roots in a so-called acceleration 

theorem [5,6] declaring that the very existence of 

spontaneous emission is mandatory if the acceleration by 

the external field is employed in a linear order to this 

field. Following this idea and using Parseval’s theorem, 

we write for the amplitude of the energy modulation: 

dEE
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dttEtE
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where 
ssss

EE
0000

/2/sin/2  is 

Fourier component of the field of spontaneous emission, 

22

02
0

LeEE
LL

 is a Fourier component 

of the laser field, and 
L0

 is the central frequency of the 

laser field. Further defining the energy of spontaneous 

emission (see, also [3]): 
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radiating in the mode with a rms divergence of the 

intensity 
wsR

L/2 , where 
ss

c
0

/2 , one 

can obtain from (11): 
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where we used substitution 2/
0

x  and 

2/
000 ss

x  and 2/
000 LL

x . The entire 

expression inside the figure bracket shows the 

overlapping of the spectra of the laser signal and the 

spectra of spontaneous emission signal. This expression is 

normalized in such a way that it is approximately one 

when 
Ls 00

 and =0.25 corresponding to the 

optimal condition of the maximum energy modulation 

found previously. Finally we note that in the case of a 

large detuning from the FEL resonance a contribution of 

the second term with 
ss

xxxx
00

/sin  could be 

comparable to a contribution of the main term with 

ss
xxxx

00
/sin  and, thus, should be added to the 

overlapping integral.  

EXPERIMENT 

The energy modulation of electrons by the laser field 

was measured as a function of the detuning of the central 

frequency of the electron spontaneous emission in the 

wiggler from the central frequency of the laser field. The 

experiment was conducted at BESSY-II synchrotron light 

source [7]. The laser operated at a fixed wavelength of 

800 nm while wiggler detuning covered large range of 

frequencies with the wavelengths changing from 200 nm 

to 1000 nm, i.e. in the range greatly exceeding the 

bandwidth of the laser pulse. As an illustration, Figure 2 

shows normalized spectra of the laser field and the field 

of the electron spontaneous emission in the wiggler for a 

single set point during this scan.  

Figure 2. Spectra of the laser field (curve 1) and the field of 

spontaneous emission of electrons in the wiggler (curve 2). 

Measurements of the energy modulation were 

performed indirectly using coherent THz radiation from a 

bending magnet 11 m downstream of the wiggler magnet. 

THz radiation was produced by the dip in the electron 

density distribution that energy modulated electrons leave 

behind after propagating the storage ring lattice with non-

zero time-of-flight properties, a phenomena which is 

described elsewhere [8]. Use of the THz signal allowed us 

to obtain sufficient signal-to-noise ratio even with wiggler 

settings leading to very small amplitudes of the energy 

modulation. A typical example of THz spectra and the dip 

in the electron density distribution is shown in Figure 3.  

The width and the magnitude of the dip are defined by 

the amplitude of the energy modulation of electrons and 

by time-of-flight parameters 
51

R ,
52

R ,
56

R  of the lattice 
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Figure 3. a) THz spectra for different wiggler gaps 

corresponding to different detunings near the FEL resonance, b) 

a dip in electron density determined from spectra measured at 

the FEL resonance and corrected for beamline transmission. 

between the wiggler magnet and a source of the THz 

radiation. Figure 4 shows the magnitude of the dip 

calculated as a function of the amplitude of the energy 

modulation normalized on the relative energy spread of 

electrons 
E

. The following parameters were used: 

3
10

E
,

56
R =-0.011 m, 

51
R = 5.5 10

-5
,

52
R = 0.53 m 

[9] , the electron beam size and angle in the wiggler 

magnet 
x

=320 m and
x

= 55 rad.  

Figure 4. A relative magnitude of the dip as a function of the 

amplitude of the energy modulation 
mod

E . The magnitude of 

one corresponds to 100% electron density modulation. 

Variations in width and magnitude of the dip affect the 

THz signal, which was measured using an InSb- 

bolometer during the wiggler scan and plotted in Figure 5. 

Analyzing this measurement, we assumed that the THz 

signal is proportional to the square of the magnitude of 

the dip and that the magnitude of the dip itself is 

proportional to the amplitude of the energy modulation of 

electrons. We calculated the amplitude of the energy 

modulation using Eq. (13), which was, essentially, a 

calculation of the function ,,
00 Ls

xxF , i.e. the 

overlapping area between two spectra shown in Figure 2. 

These calculations are more accurate than calculations 

using Eq. (9) because of the assumption of a small 

detuning used there does not work for a broad scan of the 

wiggler wavelength as used in the experiment.  

The width of the dip defines the spectra of the emitted 

THz signal [8] and, therefore, indirectly impacts the 

measurement because of the spectral dependence of the 

detector and THz beamline transmission. We accounted 

for this effect using empirically defined coefficient 0.75 

for calculated intensity of THz radiation when the 

amplitude of the energy modulation dropped below 

e
E / <3. The other parameters used to obtain the fit 

were 75.9N (i.e. effective number of wiggler periods 

instead of 10 real periods), = 45 fs and a floor level of 

10
-4

 (defined in the units used in Figure 5) as given by 

incoherent synchrotron radiation from the regular bunch.  

Figure 5. THz signal produced by the electron bunch with a 

dip in the electron density. The black curve shows the 

experimental result and the red curve the analytical fit. 

CONCLUSION 

Using a concept of the far field region we demonstrated 

that the energy modulation of electrons in the wiggler 

magnet by the laser light can be found by calculating the 

interference of the laser field and the field of the electron 

spontaneous emission in the far field region of the 

electron radiation in the wiggler. This allowed us to 

obtain a correct explanation for the measurements, where 

the wiggler detuning from the laser frequency covered a 

large range of frequencies exceeding the bandwidth of the 

laser field by many times.  
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CALCULATION OF THE BEAM FIELD

G. Stupakov, Y. Ding and Z. Huang
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Abstract

Maintaining a stable bunch length and peak current is a
critical step for the reliable operation of a SASE based x-
ray source. In the LCLS, relative bunch length monitors
(BLM) right after both bunch compressors are proposed
based on the coherent radiation generated by the short elec-
tron bunch. Due to its diagnostic setup, the standard far
field synchrotron radiation formula and well-developed nu-
merical codes do not apply for the analysis of the BLM
performance. In this paper, we develop a calculation pro-
cedure to take into account the near field effect, the effect
of a short bending magnet, and the diffraction effect of the
radiation transport optics. We find the frequency response
of the BLM after the first LCLS bunch compressor and dis-
cuss its expected performance.

INTRODUCTION

Maintaining a stable bunch length and peak current is a
critical step for the reliable operation of a SASE based x-
ray source. In the LCLS, relative bunch length monitors
(BLM) right after both bunch compressors are proposed
based on the coherent radiation generated by the short elec-
tron bunch [1]. A similar diagnostic device is used in the
operation of the DESY VUV-FEL (FLASH) [2].

In the previous calculations of the beam radiation [1]
standard formulae for the synchrotron radiation in the far
field were used. However, due to the close proximity of the
reflecting mirror to the magnet, applicability of these for-
mulae is not fully justifiable. An additional factor which
complicates the radiation pattern is the short length of the
magnet comparable to the formation length of the radiation
with the wavelength of the order of the bunch length. To
the authors’ knowledge, the available computer codes for
calculation of the beam radiation (e.g., the Synchrotron Ra-
diation Workshop [3]) cannot be used for our case because
the beam passes through the hole in the mirror.

It is a goal of this paper to calculate the electromagnetic
field of an electron bunch which takes into account the near
field effect, the effect of a short bending magnet, and the
diffraction of the radiation caused by reflection from the
mirror. We find the energy spectrum intercepted by the
mirror in the first LCLS bunch compressor (BC1). We
carry out these calculation assuming radiation in free space
and neglecting the effect on the radiation of the conducting
walls of the vacuum chamber.

We use Gaussian units throughout this paper.

FORMULATION OF THE PROBLEM

A simplified layout of the problem is presented in Fig.
1. The beam passes through a short magnet (e.g., the last
dipole of the first LCLS bunch compressor or BC1) of
length lm with the bending radius ρ and propagates along
a straight line. A reflective mirror of diameter D with a
circular hole of diameter d is located at a distance L from
the exit edge of the magnet. The mirror is tilted at 45◦ and
sends the beam field to the detector at the right angle to the
beam trajectory. To simplify the calculation we, however,
assume that the mirror’s plane is perpendicular to the beam
orbit (that is, it reflects the radiation back toward the mag-
net) and calculate the fields incident on as well as reflected
from the mirror. Such modification of the geometry does
not loose any significant physical effects of the problem.

BX14BX14 z

lm L

d D
x

Figure 1: Layout of the bunch length monitor. The coor-
dinate z is measured in the direction of beam propagation
after the magnet with z = 0 at the exit edge of the mag-
net. The coordinate x is in the plane of the orbit, and the
coordinate y is perpendicular to the plane.

We carried out calculations in the frequency domain. To
calculate the Fourier component at frequency ω of the beam
field on the surface of the mirror we used two approaches.
In the first one, a standard expression for the electromag-
netic field of an electron moving in free space was used
(see, e.g., [4])

E(r, ω) =
e

γ2

∫ ∞

−∞
dt

n − β

R2(1 − n · β)2
eiω(t+R/c)

+
e

c

∫ ∞

−∞
dt

n × [(n − β) × β̇]
R(1 − n · β)2

eiω(t+R/c) .

(1)

Here R, n, β and β̇ are functions of time t: R is the vec-
tor connecting the current position of the electron with the
observation point r, with R = |R|, n is the unit vector di-
rected along R, β and β̇ are the velocity and acceleration

IN THE LCLS BUNCH LENGTH MONITOR
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normalized by the speed of light, and γ = (1 − β 2)−1/2.
The first term in Eq. (1) is usually referred to as the veloc-
ity field. Note that for a relativistic particle with γ � 1 the
integrands in Eq. (1) have sharp narrow peaks in the direc-
tion for which n is parallel to β because in this direction
the denominators (1−n ·β)2 ∼ 1/4γ4 become extremely
small.

We remind the reader that the usual approximation for
the far zone (FZ) is to neglect the velocity field and to take
the limit R → ∞:

EFZ(r, ω) ≈ e

cR

∫ ∞

−∞
dt

n × [(n − β) × β̇]
(1 − n · β)2

eiω(t+R/c) .

In this expression, the value of R in front of the integral
and the vector n are considered as constant but R in the
exponential (and of course β and β̇) are functions of time.
If one integrates this expression over a finite time interval
from t1 to t2 the result is

EFZ(r, ω) = − ieω

cR

∫ t2

t1

dt n × (n × β)eiω(t+R/c)

+
e

cR

n × (n × β)
1 − n · β eiω(t+R/c)

∣∣∣∣
t2

− e

cR

n × (n × β)
1 − n · β eiω(t+R/c)

∣∣∣∣
t1

.

The last two terms are responsible for the edge radiation in
the far zone [5].

We found advantageous for numerical calculations to use
another expression for the electromagnetic field of a mov-
ing point charge [6]:

E(r, ω) =
ieω

c

∫ ∞

−∞

dt

R
[β − n (1 + ic/ωR)] eiω(t+R/c) .

(2)

This is the underlying equation used in the Synchrotron Ra-
diation Workshop code [3]. Although this equation looks
very different from Eq. (1), they give the same result for
E(r, ω). The derivation of Eq. (2) using Lienard-Wiechert
potentials can be found in Ref. [7]. In passing, we note
that neglecting the velocity field in Eq. (1) is not justified
in our situations and yields very different numerical results
as compared to Eq. (2).

To integrate Eq. (2) over the particle’s orbit we split the
integration path into three pieces. The first one is a straight
line before the entrance to the magnet, the second one is
an arc of a circular orbit inside the magnet, and the third
one comprises the part of the trajectory after the exit from
the magnet. The first two integrals were computed numeri-
cally using the Mathematica built in integration routine [8]
(in the first integral the lower limit of integration −∞ was
replaced by a large negative number). A direct numerical
integration of the third integral turns out be slow and poorly
convergent because of a fast variation of the phase in the
integrand. To improve the speed of calculation we used a
method described in Ref. [7], which is valid in the limit
of large values of γ. Although formally the integration in

Eq. (2) is extended beyond the position of the mirror, the
dominant contribution to the integral comes from the part
of the trajectory located in front of the mirror.

RESULTS OF THE CALCULATIONS

The quantity c|E(r, ω)|2/8π can be considered as an en-
ergy flow of the electromagnetic field. We calculated this
quantity at the location of the mirror for various frequencies
ω and integrated it over the mirror surface. The resulting
quantity is a measure of the energy reflected by the mirror
in a unit interval of frequencies.

To illustrate the distribution of the spectral energy in the
plane of the mirror, we plot in Fig. 2 the quantity |E|2 (in
arbitrary units) in the mirror plane at the distance L = 22
cm for ω/c = 50 cm−1. We also assume that the γ factor
for the beam is equal to 500, the bending radius of the mag-
net is 2.5 m, and the magnet length lm = 22 cm. The plot

Figure 2: Square of the electric |E|2 (in arbitrary units)
in the observation plane x, y. The picture is symmetric
with respect to the axis x. The color coding goes from red
through yellow, green, and blue as the intensity increases.

is truncated at small distances close to the trajectory of the
beam after the magnet (x = y = 0) because the field has
a singularity at the trajectory. Since the reflecting mirror
has a hole for the passage of the beam, the field from this
region is not reflected by the mirror.

Fig. 3 shows the same field as in Fig. 2 projected onto the
surface of the mirror. The mirror outer diameter D = 7.6
cm, and the diameter of the hole is d = 1.5 cm. Note a
complicated pattern of the field on the surface of the mirror.

We calculated the spectral energy S(k) intercepted by
the mirror as a function of the wavenumber k = ω/c,
S(k) ∝ ∫

mirror
|E(r, k/c)|2d2r. It is normalized in such a

way that the total energy reflected by the mirror due to the
passage of a bunch with the longitudinal charge distribution
λ(z) (

∫
λ(z)dz = 1) is given by

E =
∫ ∞

0

dkS(k)F (k) , (3)

where F (k) is the form factor related to the shape of the
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Figure 3: Distribution of the quantity |E|2 on the surface of
a round mirror. Shown is a hole at the center of the mirror
for the beam passage.

electron bunch,

F (k) =
∣∣∣∣
∫ ∞

−∞
λ(z)eikzdz

∣∣∣∣
2

. (4)

The plot of the function S(k) for the geometry of the mirror
shown above is shown in Fig. 4.
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Figure 4: The spectral energy of the beam field intercepted
by the mirror as a function of wavenumber k = ω/c. The
dots show the calculated values of S.

Using the calculated spectrum we computed the amount
of energy intercepted by the mirror for various values of
the bunch lengths, taking a parabolic bunch profile that is
expected after BC1 [1]. This energy as a function of the
compressed rms bunch length is shown in Fig. 5.
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Figure 5: The reflected energy as a function of the com-
pressed rms bunch length.

FIELD REFLECTED FROM THE MIRROR

To calculate the field reflected from the mirror, we use
the vectorial diffraction theory as the wavelengths of in-
terests (comparable to the bunch length) are much smaller
than the size of the mirror [4]. The detector is assumed to
be located far away from the mirror. Although there may
be additional optical elements between the mirror and the
detector, we neglect them here in order to illustrate the cal-
culation method. According to the diffraction theory, the
detected field is given by

Er =
ieikR1

2πR1
k ×

∫
mirror

(n1 × Es)e−ik·rd2r , (5)

where R1 is the distance between the detector and the mir-
ror, Es is the induced field at the mirror, and n1 is the
unit vector perpendicular to the mirror surface dS. The in-
duced field is defined as follows. The total electric field on
the surface of the mirror is the sum of the beam field E
(calculated in the previous section) and the induced field
Es. Due to the boundary condition on the metal sur-
face, the tangential component of this sum should vanish,
n1 × (Es + E)mirrror = 0, which gives

(n1 × Es)mirrror = −(n1 × E)mirrror . (6)

We will make the small angle approximation around the
field propagation direction (for the mirror perpendicular to
the beam orbit, the reflected field propagates in the direc-
tion opposite to the z axis). Using the cylindrical coordi-
nate system r and φ in the mirror plane, we find the re-
flected field at the point with coordinates x and y in the
detector plane as follows:

Er(x, y) =
ikeikR1

2πR1

∫ D/2

d/2

rdr

∫ 2π

0

dφEtang

× exp
[
−i

kr

R1
(x cosφ + y sinφ)

]
, (7)
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where the superscript “tang” indicates the component of
the electric field tangent to the surface. Given the beam
field E on the mirror as found in the previous section, we
integrated Eq. (7) numerically to compute the detected sig-
nal. As a numerical example, Fig. 6 shows the reflected
field intensity distribution at the distance R1 = 81 cm from
the mirror for ω/c = k = 50 cm−1. Note that the maxi-
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Figure 6: Square of the electric |E|2 (in arbitrary units) in
the detector plane x, y located 81 cm away from the mirror.
The plot is symmetric with respect to the x axis.

mum of the field in the detector plane is shifted along the
x coordinate. Equation (7) can be generalized to include a
paraboloid mirror that focuses the radiation.

CONCLUSION

We calculated the electromagnetic field intercepted and
reflected by a metallic mirror for the geometry of the LCLS
bunch length monitor. Unlike the previous calculations, we
do not assume the far zone approximation for the radiation
field. Our calculation takes into account the near field ef-
fect, the short length of the bending magnet (the so called
“edge radiation” effect), and the diffraction of the radiation
caused by reflection from the mirror.

Our calculations assume propagation of the beam in free
space and neglect the effect on the radiation of the conduct-
ing walls of the vacuum chamber. In reality, those effects
are not negligible, and our result should be considered as
an approximation to the real spectrum.
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IN-SITU CLEANING OF METAL PHOTO-CATHODES IN RF GUNS 

J.F. Schmerge, J.M. Castro, J.E. Clendenin, E.R. Colby, D.H. Dowell, S.M. Gierman, H. Loos,     
M. Nalls, and W.E. White, SLAC, Menlo Park, CA, U.S.A.

Abstract 
Metal cathodes installed in rf guns typically exhibit 

much lower quantum efficiency than the theoretical limit.  
Experimenters often use some sort of in situ technique to 
“clean” the cathode to improve the QE.  The most 
common technique is laser cleaning where the laser is 
focused to a small spot and scanned across the cathode 
surface.  However, since the laser is operated near the 
damage threshold, it can also damage the cathode and 
increase the dark current.  The QE also degrades over 
days and must be cleaned regularly.  We are searching for 
a more robust cleaning technique that cleans the entire 
cathode surface simultaneously.  In this paper we describe 
initial results using multiple techniques such as keV ion 
beams, glow discharge cleaning and back bombarding 
electrons.  Results are quantified in terms of the change in 
QE and dark current. 

INTRODUCTION 
The LCLS RF gun requires fields up to 120 MV/m to 

achieve the desired emittance of 1 μm with 1 nC of charge 
in a 10 ps bunch.  The high field requires the use of a Cu 
cathode to avoid breakdown at the cathode joint.  The 
LCLS laser can produce 250 μJ of energy at 255 nm 
which will require a QE of 2 10-5 to generate 1 nC of 
charge.  In the case of the Gun Test Facility (GTF) drive 
laser operating at 263 nm, the theoretical QE for a clean 
Cu surface using a 263 nm photon is 33 10-5 with a 100 
MV/m rf field and 8.4 10-5 with no applied field [1].  
However, experience with multiple cathodes at the GTF 
indicate the QE of Cu can vary from as low as 10-6 to 
nearly 10-4 at 100 MV/m.  In addition the QE is not 
constant over the laser spot leading to increased emittance 
from the non-uniform space charge forces.   

Our experience with laser cleaning [1] has convinced us 
to search for a better technique that cleans the entire 
surface simultaneously, does not increase the dark current 
and is easily repeatable.  Here we report QE and dark 
current measurements before and after using multiple 
techniques intended to clean the metal surface and 
increase the QE. 

IN-SITU TECHNIQUES AND RESULTS 
One of the simplest proposed cleaning methods is to 

heat the entire gun and drive off any surface contaminants 
with thermal energy.  This was motivated by a test where 
a small Cu sample was heated in a vacuum chamber to 
230 C for 100 minutes which increased the QE over 2 
orders of magnitude [2].  All four Cu cathodes installed at 
the GTF have been baked after installation to 200 C for 
several days, resulting in measured QEs that range from 
10-6 to nearly 10-4 at 60 MV/m.   

Ion Beam Cleaning 
Previously we reported QE measurements on Cu 

samples before and after exposing the sample to a few 
keV ion beam [3].  The measured QE as a function of 
illumination wavelength with no applied field agreed very 
well with the theoretical Cu QE [4] after dosing the 
sample with up to 10 mC of charge.  X-ray photoelectron 
spectroscopy (XPS) measurements showed the primary 
contaminant was carbon. 

This ion gun could not be installed on the GTF gun due 
to interference with the gun solenoid.  The SLAC 
Accelerator Research Department B (ARDB) rf gun is 
nearly identical to the GTF gun but with more clearance 
between the gun and solenoid.  Thus the ion gun, model 
number ZMB7C from Micro Photonics Inc., was installed 
on the ARDB rf gun.  The two rf guns have 
interchangeable cathode plates but the lasers operate at 
slightly different wavelength.  The ARDB drive laser 
wavelength is 266 nm and the GTF wavelength is 263 nm.  

  The ion gun was installed on one of the two laser ports 
in the half cell as shown in Figure 1.  The beam has a 
direct line of site to the cathode through an oval opening 
in the cavity side wall measuring 0.433” X 0.25” with 
approximately a 70° angle of incidence at the cathode.  
The beam size at the cathode is approximately 1 cm in 
diameter. 

gun solenoid

H-ion gun

2 ½” long spool

1 1/3 to 2 ¾
zero length
adaptor

Laser port

~5.2” , ~132 mm
working distance

0.25”

0.433”

3.49”
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1 1/3 to 2 ¾
zero length
adaptor

Laser port

~5.2” , ~132 mm
working distance

0.25”

0.433”

0.25”

0.433”

3.49”

 
Figure 1: Layout of the ion gun and rf gun.  The gun is 
installed on a laser port with a direct line of site to the 
cathode. 

The QE was measured prior to the ion gun installation 
and was only 0.4 10-5 at 60 MV/m.  The rf gun was vented 
using LN2 tank boil-off and the ion gun installed.  Before 
the ion gun was operated the QE was re-measured and 
found to have increased nearly an order of magnitude to 3 
10-5.  The ion gun was then operated for 40 minutes at 2 
keV and 2μA for a total integrated charge on the cathode 
of nearly 5 mC.  After pumping out the hydrogen the QE 
was measured and found increased to 6 10-5 with no 

rf gun  
cathode 
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increase in the dark current.  The ion gun was operated for 
a second time for 2 hours at 4 μA for a total dose of 29 
mC but the QE decreased back to 3 10-5.  An additional 7 
mC dose (1 hour at 2 μA) did not change the QE.  The 
dark current was not affected by the hydrogen ion beam. 

Although the QE increased initially after the first 
hydrogen ion beam cleaning, the subsequent QE was 
unchanged at 3 10-5 at MV/m.  This is significantly lower 
than the 10 10-5 measured on the Cu samples at the same 
wavelength with no applied field [3].  The most 
interesting result was the substantial increase in QE after 
the gun was vented.  This was also observed at the GTF 
and will be discussed in the next section. 

The hydrogen was replaced with Argon and the ion gun 
operated for 30 minutes at 2-2.5 keV between 1.5-3 μA 
for a total dose of 3 mC.   The dark current was measured 
but the rf system failed before the QE could be measured.  
The total integrated dark current more than doubled from 
1.6 nC prior to the Argon cleaning to 3.4 nC after cleaning 
with a peak field of 105 MV/m.  The peak dark current in 
the macropulse went from 1.1 mA to 2.6 mA.   

The poor results compared to the test samples may 
partially be explained due to misalignment of the ion gun 
and thus limited cleaning at the center of the cathode.  The 
70° angle of incidence of the ion beam relative to the rf 
gun cathode is 33° larger than tested on the Cu samples 
which may limit the effectiveness of the ion beam 
cleaning.  It is also theorized that contaminants removed 
from other areas exposed to the ion beam migrate to the 
cathode instead of getting pumped out of the gun.   

Glow Discharge Cleaning 
Glow discharges are commonly used to clean vacuum 

vessels [5-6] and optical components [7].   A possible 
advantage of this technique over the ion beam is that it 
cleans the entire surface of the gun which should reduce 
migration of contaminants and improve the cathode 
lifetime.  Glow discharges have also been used to clean 
Cu accelerator structures such as the AFEL linac [8], an 
eleven cell photo-injector/linac.  There it was observed 
that the glow was largely confined to a single cell, but 
could be moved to different cells through small changes 
in the rf drive frequency used to excite the glow 
discharge. 

This technique was implemented on the GTF gun using 
both hydrogen and an oxygen-helium mixture (90% He 
and 10% O2).  Gas can flow into the gun through either 
the half cell via the laser port or the full cell via the 
waveguide and is pumped out the beam exit port of the 
gun with a scroll pump.  The discharge is started using an 
rf source connected to the waveguide.  We have used both 
a 26 W CW rf source and a pulsed 1 kW rf source with 30 
μs pulse length, 200 Hz repetition rate and 5 W average 
power.  The rf frequency can be adjusted to control the 
location of the glow discharge as determined by a visual 
inspection.  Exciting the glow at the π mode frequency of 
2856 MHz confines the glow to the full cell and exciting 
the 0 mode at 2852.5 MHz confines the glow to the half 

cell.  However, atoms can move between cells through the 
cell to cell coupling aperture. 

The QE of the cathode was 0.5 10-5 at approximately 80 
MV/m after the gun was vented with LN2 boil-off to 
install the leak valve used to introduce the gas.  The first 
discharge was on for roughly 1 hour using hydrogen 
flowing into the full cell with an inlet pressure of 
approximately 300 mTorr.  The discharge was excited 
with the CW rf source at 2856 MHz.  The QE increased 
significantly to 6 10-5 and further increased to 8 10-5 after 
a second hour with the glow discharge.  Then we switched 
to the 0 mode frequency of 2852.5 MHz with all other 
parameters constant and the QE dropped over one order of 
magnitude to 0.3 10-5.  Multiple glows at 2856 MHz at 
pressures ranging from 30-600 mTorr had no effect on the 
QE.  This was an attempt to control the mean free path 
and thus the number of ions that reach the cathode from 
the glow discharge in the full cell. 

We theorized that with the glow in the half cell we had 
actually added carbon to the surface possibly by migration 
of carbon from the stainless tubes attached to the laser 
ports on the half cell to the cathode.  We introduced 
oxygen to the system which is expected to bond with the 
carbon forming CO or CO2 and accelerate the removal 
rate of surface carbon [5,7].  After a glow with the oxygen 
and helium gas at a pressure of  200 mTorr with the CW 
rf source at 2856 MHz the QE dropped to 0.01 10-5 which 
is the lowest value we have ever observed.  An identical 
glow discharge with hydrogen restored the QE to 0.3 10-5.  
It appears the oxygen attached to the Cu surface instead of 
the carbon and the hydrogen glow discharge removed the 
oxygen. Apparently the hydrogen ions are not energetic 
enough to remove the carbon.  We tried to increase the 
hydrogen ion’s energy by exciting the hydrogen with the 
1 kW pulsed rf source for one hour and the QE increased 
to 0.8 10-5.  However later glows with the pulsed rf source 
caused the QE to decrease. 

In an attempt to flow more hydrogen through the half 
cell we installed a leak valve on the laser port and then 
flowed directly into the half cell instead of into the full 
cell from the waveguide.  However, the QE decreased 
every time we glowed with the gas flowing into the half 
cell possibly indicating some sort of contamination 
introduced through this leak valve.  We also repeated the 
glow at 2852.5 MHz with the hydrogen flowing into the 
half cell instead of the full cell.  This time the QE had an 
insignificant change compared to the previous glow at 
2852.5 MHz when the QE decreased over an order of 
magnitude.  This seems to indicate the flow rate is an 
important parameter and may help remove contaminants 
instead of relocating them. 

One interesting result was an increase in the QE nearly 
every time we vented the gun with LN2 boil-off.  In one 
case the QE increased from 0.08 10-5 to 1 10-5 after 
venting and in another case it increased from 0.3 10-5 to 2 
10-5.  The QE would slowly decrease after every glow and 
then increase once the gun was vented.  We theorize that a 
contaminant in the LN2 boil-off attaches to the surface 
and reduces the work function or modifies the surface 
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states to increase the QE [9].  Subsequent hydrogen glow 
discharges then remove this contaminant which reduces 
the QE but leave the primary contaminant, Which is 
assumed to be carbon, untouched. This “doping” of the 
surface was also observed on the ARDB cathode after 
venting the gun. 

The dark current emitted from this cathode actually 
decreased during these tests.  Prior to the glow discharge 
the total integrated dark current at a field of 95 MV/m was 
250 pC with a peak current of 0.3 mA.  The final charge 
was only 100 pC with a peak current of 0.1 mA.  The 
Fowler-Nordheim field enhancement factor decreased 
from 120 to 90 but the emitting area increased nearly an 
order of magnitude.  The dark current decrease occurred 
after the glow discharge at 2852.5 MHz. 

Electron Bombardment of the Cathode Surface 
The possibility of cleaning photo-cathodes with 

electrons was also investigated.  A very simple method 
using electrons is possible by selecting a laser arrival time 
such that the electrons do not exit the gun but actually 
reverse direction and strike the cathode.  These back 
bombarding electrons have been extensively studied in 
thermionic rf guns [10-11].   

By adjusting the laser arrival time, the energy of the 
back bombarding electrons can be controlled as shown in 
Figure 2 where the energy of the electrons exiting the gun 
and those returning to the cathode are plotted as a 
function of laser phase for a peak field on axis of 95 
MV/m.  Electrons that reverse direction in the full cell are 
emitted at a laser phase between 93 and 117°.  Electrons 
emitted at a phase greater than 119° reverse direction in 
the half cell and thus typically have lower energy at the 
cathode.  Interestingly there are two narrow phase regions 
where the electrons actually reverse direction twice and 
finally exit the gun.  This phenomenon is observed 
experimentally when the emitted charge versus laser 
phase is carefully measured.  The emitted charge falls to 
zero around 115° and then a small peak reappears around 
120°.  Of course the exact phase where the charge turns 
on and off depends on the rf field amplitude and the laser 
pulse length. 
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Figure 2: Simulation of the electron energy at the gun exit 
as a function of laser phase is plotted as diamonds.  The 
squares show the energy of the electrons that return and 
strike the cathode. 

 
Experiments were conducted with a Mg cathode and 

3000 back-bombarding pulses with an estimated total 
charge of approximately 1 μC.  The initial experiment 
used a laser phase of 140°, which should produce an 
electron with a kinetic energy of 0.85 MeV striking the 
cathode.  No change in the QE was detected.  The laser 
phase was adjusted to 160° and later to 125° 
corresponding to a kinetic energy of the bombarding 
electrons at the cathode of 0.076 MeV and 1.4 MeV.  In 
all cases no measurable effect on the QE was observed.  
Back bombarding electrons also had no effect on the 
measured dark current. 

The total dose of the electrons is over a factor of 1000 
less than the ion beam dose and is possibly insufficient to 
produce a measurable effect on the QE.  Plus the electron 
beam size may be larger when it returns to the cathode 
further limiting the total charge available for cleaning.  
The electrons may also penetrate too deep to remove 
surface contaminants.   

CONCLUSIONS 
Glow discharge cleaning appears to remove some 

surface contaminants without increasing the dark current.  
However, at least one contaminant, which is assumed to 
be carbon, was not removed but rather appears to have 
increased.  Introduction of a small amount of water vapor 
may significantly improve the removal rate of surface 
carbon [7].  The hydrogen ion beam has the potential to 
remove all contaminants but the initial results showed no 
improvement in QE possibly due to misalignment of the 
ion beam or migration of contaminants.  The electron 
beam bombardment had no effect on the QE or dark 
current possibly due to the low amount of charge per unit 
area incident on the cathode. 

It is clear that additional diagnostics are necessary to 
understand the surface chemistry.  We hope to add an 
RGA to the vacuum system to understand what species 
are present.  Plus the surface contaminant coverage of the 
cathode should be measured using a technique such as 
XPS when the cathode is removed from the rf gun. It is 
important to understand which contaminants are present 
since this information can help determine what technique 
is best suited to remove them.  In addition it is desirable to 
measure the QE versus wavelength to understand the 
contaminants effect on the emission process.  The 
wavelength dependent QE gives detailed information 
regarding the work function and density of surface states.   

Perhaps a combination of techniques such as heating, 
glow discharge, ion beams and doping will be required to 
produce a clean metal cathode with high QE.  We will 
continue to study various cleaning techniques and the 
effect on the cathode QE, dark current and lifetime. 
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Abstract 
The JLab FEL is routinely operated with sub-

picosecond bunches. The short bunch length is important 
for high gain of the FEL. Coherent transition radiation has 
been used for the bunch length measurements for many 
years [1]. This diagnostic can be used only in the pulsed 
beam mode. It is our goal to run the FEL with CW beam 
and a 74.85 MHz micropulse repetition rate, which, with 
the 135 pC nominal bunch charge corresponds to the 
beam average current of 10 mA. Hence it is very desirable 
to have the possibility of making bunch length 
measurements when running CW beam with any 
micropulse frequency. We use a Fourier transform 
infrared (FTIR) interferometer, which is essentially a 
Michelson interferometer, to measure the spectrum of the 
coherent synchrotron radiation generated in the last dipole 
of the magnetic bunch compressor upstream of the FEL 
wiggler. This noninvasive diagnostic provides bunch 
length measurements for CW beam operation at any 
micropulse frequency. We also compare the measurements 
made with the help of the FTIR interferometer with data 
obtained using the Martin-Puplett interferometer [1]. 
Results of the two diagnostics agree within 15 %. Here we 
present a description of the experimental setup, data 
evaluation procedure and results of the beam 
measurements. 

INTRODUCTION AND MOTIVATION 
The Jefferson Lab Free Electron Laser (FEL) facility is 

a superconducting rf (SRF) energy recovery linac based 
light source [2]. It is capable of running CW electron 
beam with an average current of up to 10 mA. The 
nominal bunch charge is 135 pC. The maximum possible 
micro-pulse frequency is 74.85 MHz, which is the 20th 
subharmonic of the fundamental (1497MHz) frequency of 
the linac. The micro-pulse frequency can be reduced by a 
factor of 2n, where n is an integer ranging from 1 to 8. 
Thus the accelerator can be operated at the nominal bunch 
charge but at the lower average beam current that is 
essential for the machine setup and tuning. Another set-up 
used for tuning up the machine is pulsed beam mode, 
where the beam consists of 250 μs long macro pulses 
coming with a repetition rate of 2, 10 or 60 Hz. The 
micro-pulse frequency within such a macro pulse is not 
more than ~4.68 MHz. Thus the average beam current in 
the pulse beam mode is kept very low and this beam mode 
can be used for invasive measurements of the beam 
properties. 

A modified Martin-Puplett interferometer built by U. 
Happek [1] has been used for several years for the bunch 
length measurements at JLab FEL. The interferometer is 

used with the coherent transition radiation (CTR). To 
generate the CTR, a view screen made of 100 μm thin 
gold plated silicon wafer is inserted in to the beam. This 
diagnostic is invasive and can be used only in pulsed 
beam mode. The challenge of the bunch length diagnostic 
was to be able to measure the bunch length when running 
CW beam with average beam currents from 0.5 mA to 10 
mA. 

The coherent synchrotron radiation (CSR) can be used 
for the bunch length measurements the same way as the 
CTR. The longitudinal bunch compression is finalized by 
the magnetic bunch compression placed upstream of the 
wiggler. The bunch length at the wiggler is almost the 
same as at the exit of the bunch compressor. In fact the 
amount of the CSR generated in the last dipole of the 
bunch compressor is very high. A beam line was built to 
transport the CSR to one of the FEL user labs where it 
will be used for user experiments [3]. We use a rapid-scan 
Michelson interferometer with the CSR for the 
noninvasive bunch length measurements when running 
CW beam. 

USING COHERENT RADIATION FOR 
BUNCH LENGTH MEASUREMENTS 

The underlining principals of using coherent radiation 
produced by an electron bunch for the bunch length 
measurements have been described in detail many times 
in the literature [4]. Here is a short summary of the 
principals upon which the measurements with coherent 
transition radiation, as well as for the ones with coherent 
synchrotron radiation, are based. Consider an electron 
bunch consisting of eN  electrons generating transition 
radiation (TR) or synchrotron radiation (SR). For a 
wavelength shorter than the bunch length, the radiation 
power is proportional to eN , since for every electron 
there is on average another electron radiating in an 
opposite phase, and so the coherence term is zero. Both 
TR and SR are very broadband. For a wavelength much 
longer than the bunch length, all electrons radiate almost 
in one phase and, since the phase difference is constant, 
the radiation is coherent and therefore the power of the 
radiation is proportional to 2

eN . There is a transition 
region where the spectral power density changes from 

eN  to 2
eN . The position of this transition depends on the 

bunch length. Hence measurements of the radiation 
spectrum, which would cover the transition region, 
contain information about the bunch length. Rigorously it 
is expressed as follows, spectral power density associated 
with the radiation of the entire bunch is 
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where )(ωSP  is the spectral density of a single electron 

radiation and 
2

)(~ ωbf  is the so-called longitudinal 

bunch form factor. 

INTERFEROMETERS 
The first device we use is a modified Martin-Puplett 

interferometer [1]. That is a step-scan device installed in 
the accelerator vault right next to the beam line. A lens 
made of polished Picarin is set in front of the 
interferometer and is used to transform the divergent TR 
into a nearly parallel beam going in to the interferometer. 
Wire grids made of 20 μm tungsten wire are used as the 
polarizing beam splitter and as the polarizer-analyzer. The 
period of the grid is 50 μm. A linear stage with a step 
motor is used to change the position of the movable 
mirror in the adjustable arm of the interferometer. An off-
axis parabolic mirror is then used then to focus the 
radiation onto the input window of the Golay cell 
detector. Figure 1 shows an example of an interferogram 
measured with the interferometer and the corresponding 
spectrum, which, as will be explained later, is a Fourier 
transform of the interferogram.  

Another interferometer, which we use for the 
measurements with the synchrotron light, is a rapid-scan 
device. This interferometer is commercially available 
from Thermo-Nicolet, and called a Nexus 670. The 
optical beam line used to transport the synchrotron 
radiation to the user lab is all reflective and is made of 
off-axis ellipsoidal and plane mirrors [3]. 

A synchrotron radiation opening angle of 150 
milliradians is collected from the accelerator. The final 
beam is collimated into the Michelson using a 6” focal 
length off-axis paraboloid. For the measurements 
presented here we used a beam splitter made of silicon. 
For the measurements with the synchrotron radiation we 
used a PY55 detector in conjunction with a PAPY 1153 
amplifier, both made by Goodrich [5]. One fundamental 
difference between the two interferometers is the 
determination of the path length difference. In the rapid-
scan interferometer the path length is changed by a free 
running mirror, which moves with constant velocity 
during a scan. To measure the path difference in the 
interferometer there is one more interferometer built into 
it. The additional interferometer utilizes a HeNe laser, the 
fixed and the movable mirrors of the main interferometer 
and a beam splitter which is nested inside the main 
interferometer beam splitter. The detector for the HeNe 
laser light is placed at the output port of the 
interferometer. During the interferometer scan, the signal 
of the HeNe detector is a sine function with one period of 
the signal corresponding to a path length change of one 
wavelength of the HeNe laser, which is 632.8 nm. Thus 
the effective sampling frequency of the rapid-scan 
interferometer is much higher than the one of our step-

scan interferometer. The frequency resolution of the 
measurements with a Michelson interferometer depends 
on the scan range and in our measurements is typically 
about 50 GHz. 

 

 
Figure 1: Interferogram measured with the modified 
Martin-Puplett interferometer and the corresponding 
spectrum. 

In our measurements one scan of the rapid-scan 
interferometer takes about 2 seconds. Since both 
interferometers we use are essentially Michelson 
interferometers, the same data evaluation procedure for 
the bunch length reconstruction can be applied to the data 
obtained from either interferometer. 

BUNCH LENGTH RECONSTRUCTION 
We use the following data evaluation procedure for the 

bunch length estimation. The procedure is similar to the 
one described in [6]. According to the Wiener-Khintchine 
theorem [7], the autocorrelation function is the Fourier 
transform of the power spectrum. We use a Fast Fourier 
Transform (FFT) algorithm to calculate the powers 
spectrum from the interferogram since the data are 
discrete. The power spectrum defines uniquely the 
amplitude of the components of the frequency domain 
representation of the pulse. However, information about 
the relative phases of the different Fourier components is 
lost in the interferometric measurement. This is why a 

Proceedings of FEL 2006, BESSY, Berlin, Germany THPPH064

FEL Technology 737



direct pulse shape reconstruction from the power 
spectrum is not possible. 

We assume a Gaussian shape of the bunch, with the 
RMS bunch length tσ . The Fourier transform of the 
distribution function is also a Gaussian function. Thus we 
can write the Gaussian bunch power spectrum as 

2)()(~
teCP ωσω −⋅= , where C  is a constant. In the 

measured power spectrum, the intensity is strongly 
reduced below a certain threshold frequency as shown in 
Fig. 1. The reduction of the spectral density is due to 
diffraction losses. The general Huygens’ integral can be 
used to describe the diffraction losses [8]. Result of the 
integration of the general Huygens’ integral is not an 
analytical function and is not very convenient to use for 
further data evaluation. We approximate the low 
frequency cut-off function with the following analytical 

function 
4

0 )(1 ωω−−= eFfilter , where 0ω  is the 
characteristic cut-off frequency. The product of the 
Gaussian power spectrum and the filter function is the 
modified power spectrum 

( ) 24
0 )()(1)( teCef fit

ωσωωω −− ⋅⋅−= . 
 Once the modified power spectrum is expressed as an 

analytical function it can be used as a fit function with the 
nonlinear least square fit (NLSF) to approximate a 
measured power spectrum. From such a fit we can obtain 

tσ , which we define as the RMS bunch length. There are 
several options regarding the characteristic cut-off 
frequency 0ω . The best would be to have it measured, but 
such a measurement in the frequency range of the 
interests is very difficult. Another option, which we have 
used so far, is to add in the effects of 0ω  to the fit 
parameter and to make sure it stays consistent during the 
measurements. 

EXPERIMENTAL RESULTS 
The accelerator setup is always done in diagnostic 

mode with pulsed beam. In this mode the modified 
Martin-Puplett interferometer is used for the bunch length 
measurements. We routinely operate the machine with an 
RMS bunch length of about 150 fs. However, dependent 
on the machine setup we have been measuring RMS 
bunch lengths in the range from about 100 fs up to 200 fs 
RMS. That implies that we do indeed successfully 
reconstruct the bunch lengths from the interferometer 
measurements as was described in the previous section. 
Figure 1 shows an example of an interferogram measured 
with the step-scan interferometer, while the corresponding 
spectrum also shows the fit function, which is the result of 
the data evaluation. For this particular measurement the fit 
gives the RMS bunch length of 153 fs. 

When the accelerator is set up we can run CW beam 
and use the rapid-scan interferometer. Our experience is 
that the results of the measurements with two 
interferometers agree to within about 15 %. It is very 

important that with the Michelson interferometer and 
synchrotron radiation we can do bunch length 
measurements as a function of the average beam current. 
Figure 2 shows spectra of the CSR measured at 0.31 mA, 
0.62 mA, 1.25 mA and 2.5 mA of beam average current 
and the measured CTR spectrum measured with pulsed 
beam, all the measurements were done with the same 
machine setup. The figure also shows the corresponding 
fit functions and the resulting RMS bunch length. The 
measurements show that the bunch length is not changing 
when the average beam current is increased. This is what 
one would expect, since the average current is increased 
by increasing the pulse repetition rate, keeping the bunch 
charge constant.  However, at present the FEL efficiency 
has been decreasing with beam current and one 
explanation would be that it is due to an increase in bunch 
length.  These measurements are therefore critical in 
ruling this out. 

 
Figure 2: Spectra of the CSR measured at different 
average beam current with the CTR spectrum and the 
corresponding fit functions for bunch length 
reconstruction. 

Another significant finding we have made is that the 
bunch length at the wiggler depends very strongly on the 
bunch charge. The bunch compression is normally 
optimized for the nominal bunch charge of 135 pC. When 
operating with much smaller bunch charge and without 
any changes in the machine setup, we have a much shorter 
bunch at the entrance to the linac. This results in a very 
small energy spread of the bunch at the exit of the linac. 
As a result, the M56 of the 180° bend and the chicane do 
not provide the same compression as for a bunch with 
nominal charge. As a result a bunch with a very small 
charge will be much longer at the wiggler than a nominal 
bunch. Figure 3.a shows measurements of the CSR 
spectrum of the nominal bunch, with an RMS bunch 
length of 129 fs, and that of a bunch with a very small 
charge where the RMS bunch length was measured to be 
384 fs. 

The rapid-scan interferometer provides more 
information than just a spectrum of CSR. Consider the 
interferometer scanning with the mirror velocity of 
5mm/sec. Then the optical path length difference changes 
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at a rate of 10 mm/sec. If the incoming radiation has, for 
example, a wavelength of 1 mm it will result in a 
modulation of the signal at the detector at a frequency of 
10 Hz. 

 

 
Figure 3: (a. top) spectra of the CSR measured at nominal 
bunch charge and much smaller bunch charge.;(b. bottom) 
the same data are shown on a logarithmic scale. 

Thus different wavelengths measured by the 
interferometer be modulated at the detector at different 
frequencies. The frequency of the detector signal 
modulation is λ/2vf M = , where v  is the velocity of 
the mirror during the scan and λ  is the wavelength of the 
measured radiation. If the intensity of the incoming 
radiation is modulated, for instance due to a beam 
instability at some frequency, that will also result in 
modulation of the detector signal at that specific 
frequency. Hence the interferometer measurements also 
contain information about the beam stability. This 
technique has been used at numerous synchrotrons to 
diagnose and improve the beam stability [9]. Figure 3.b 
shows the data shown in Fig. 3.a on a logarithmic scale 
and over a bigger frequency span. The spectral power 
density peak at 4.69 THz corresponds to the radiation 
intensity modulation at 60 Hz; the next peak at 5.69 THz 
corresponds to the intensity modulation at 72.8 Hz and so 
on. We have yet to study in detail, the origin of all the 
observed beam modulations. 

All the measured CSR spectra shown in Fig. 2 show 
local minima in the spectral power density, these are due 
to the water vapor absorption. This data corruption 
certainly reduces the accuracy of our bunch length 
reconstruction. To improve the setup we will switch to a 
newer Michelson interferometer operating in vacuum. It 
has been already demonstrated that such an interferometer 
can be operated in vacuum [10]. 
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LONGITUDINAL PHASE SPACE CHARACTERIZATION OF ELECTRON 
BUNCHES AT THE JLAB FEL FACILITY 

S. Zhang, S. Benson, D. Douglas, D. Hardy, G. Neil, and M. Shinn                                          
TJNAF, Newport News, VA23606, USA

Abstract 
   We report longitudinal phase space measurements of 
short electron bunches at the 10kW Free-Electron Laser 
Facility at Jefferson Lab using broadband synchrotron 
radiation and a remotely controlled fast streak camera.  
Accurate measurements are possible because the 
optical transport system uses only reflective 
components that do not introduce dispersion. The 
evolution of longitudinal phase space of the electron 
beam can be observed in real time while phases of 
accelerator RF components are being adjusted. This 
fast and efficient diagnostic enhances the suite of 
machine setup tools available to JLab FEL operators 
and applies to other accelerators.  The results for 
certain beam setups will be presented. 

 

INTRODUCTION 
   High power Free-Electron Lasers (FELs) require very 
short electron bunches. The picosecond electron 
bunches produced by the DC high voltage GaAs 
photoguns must be accelerated and compressed to 
femto-second time scale using RF and magnetic 
compressors (for example, RF buncher cavities, off-
crest acceleration, drift spaces and magnet chicanes).  
Setting and maintaining proper phase of the electron 
bunches with respect to the RF fields in the 
accelerating linac is critical for effective bunch 
compression and high power FEL operation.  

Longitudinal phase space (LPS) measurements provide 
extremely valuable correlated information between the 
temporal position of the electrons and their longitudinal 
momenta. Knowledge of LPS and perhaps more 
importantly, its evolution with time, helps during 
machine setup.  We report a convenient and non-
invasive means to monitor LPS in real-time using 
synchrotron radiation and a fast streak camera. This 
work builds upon work reported previously [1], and is 
part of an ongoing effort to enhance the diagnostic 
capabilities at the JLab 10KW FEL Facility. In this 
paper, we describe the measurement technique and 
discuss the results obtained under different beam 
setups. 

SYSTEM DESCRIPTION  
    Figure 1 shows a schematic overview of the 
Jefferson Lab 10kW energy-recovery FEL facility 
which has been described in detail elsewhere [2]. 
Electron bunches from the gun are accelerated to 
115MeV using a superconducting RF linac and turned 
180 degree using a Bates-style arc magnet (ARC1) 
toward the FEL wiggler magnet located midway 
between the high-reflector and output-coupler mirrors.  
The electron beam then passes through a second 180 
degree arc magnet for energy recovery through the 
linac. 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Layout of 10kW FEL facility at Jefferson Lab. The 1KW UV line is under construction. The linac consists of 
three cryo-modules.  The ARC bending magnets are located at each end with ARC1 in the lower-left corner. 
  
    Managing the beam energy spread is critical for high 
current, high micro-bunch charge accelerator operation.  
In addition, it is particularly important to see how 
energy spread varies for the two states of accelerator 

operation: FEL on and off.  As described in this paper, 
energy spread can be monitored non-invasively by 
monitoring the SR light emitted from the 180 degree 
bend magnets because electrons with lower energy 
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travel a shorter radial path compared to electrons with 
higher energy.  By monitoring the emission profile of 
the SR light in the horizontal plane, one can measure 
the size of the electron beam and therefore the beam 
energy spread.  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 2: Schematic of the optical transport system 
(OTS). M, flat mirrors. CM, concave mirrors. 
Detailed description is given in the text. 

   

For the measurement described here, SR light from 
the first 180 degree bend magnet (ARC1) was reflected 
upwards and out of the accelerator vault using an all-
reflective optical transport system (Figure 2).  The 
optical transport was designed to image-relay the bunch 
beam profile from outermost location of the beam orbit 
in ARC1 to the streak camera entrance slit.  The SR 
light from the electron bunch is extremely broadband 
and it is important that transmission optics such as 
lenses are not used. Each mirror was coated with 
metallic coating to eliminate the dispersion effect. The 
three concave mirrors have radii of curvature of 200, 
500 and 1000mm. Mirror M1 directs the SR beam from 
the bunch upwards through an open port to M2. The 
beam then reflects off several mirrors mounted on a 
small breadboard. The magnification can be adjusted 
by changing the distance between CM1 and CM2 in 
order to match the beam size to the camera cathode. 
The SR light propagates through a tube inserted into a 
penetration in the building floor. The final image at the 
streak camera was formed by the concave mirror CM3. 
A HeNe laser was available for rough pre-alignment of 
the system, but final alignment with SR light was time 
consuming, mostly because the distance between the 
bend magnet and the streak camera is long, more than 
8m.  Final optimization of the optical transport system 
was done with SR light during accelerator operations 
using several motorized mirrors. 

    The streak camera is a Hamamatsu Synchroscan 
FESCA system, the measured resolution is about 700fs.  
Having the streak camera outside the harmful 
environment of the accelerator vault is beneficial 
because sometimes local alignment of the camera must 
be performed, although data acquisition is completely 
remotely controlled.  

MEASUREMENT AND DISCUSSION 
Energy Calibration and Resolution 

LPS measurements are presented on two-
dimensional plots, showing energy spread along the 
temporal distribution of the electron bunch.  Note 
however that what is actually measured is beam size 
versus the temporal distribution of the bunch.  To 
convert beam size to energy requires calibration of the 
streak camera pixel display.  This was accomplished 
using different beam energies and setups that provide 
minimum energy spread.  Figure 3 shows five streak 
camera images for five different beam energies.  The 
red curve is the initial energy set-point of 115MeV. 
The green (yellow) curve corresponds to higher (lower) 
with energy difference of 1.5%.   The two peaks are 
separated by 391 pixels which yields a calibration 
factor of 0.00385% energy difference per pixel. Next, 
the pixel/energy resolution was studied using two 
energies separated by only 0.046%.  The blue and pink 
peaks are separated by only 12 pixels but are clearly 
distinct.  So the system resolution is definitely better 
than 0.05%.  

 

 
Figure 3. Streak camera images for five different beam 
energies.  The yellow and green curves provide a 
calibration ratio, beam energy to pixel location.  The 
pink and blue curves demonstrate the high degree of 
energy resolution of the system.  The red curve is the 
nominal 115 MeV setpoint energy. 
 

LPS vs. Linac Gang Phase 
    Production of high power FEL light requires off-
crest operation of the accelerator.  Deviations from this 
desired phase relationship may lead to reduced FEL 
output power.  The phase relationship of the electron 
bunches relative to the linac gang phase can be 
quantified using LPS measurement and the SR light 
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streak camera. This is dramatically evident in Figure 4 
which shows streak camera data for different linac RF 
gang phases relative to on-crest operation.  Each 

picture represents a snap-shot of data presented live 
within the FEL control room while the accelerator was 
running. 

 

   

   

   
 
Figure 4: The LPS for different linac gang phase. Beam energy, 115MeV. Micro-pulse repetition rate: 9MHz. Macro-pulse, 
1ms at 60Hz. Charge, 110pC per bunch. 

 

   From Fig.4, it is clear that the LPS can be quite 
different even if the bunches sit symmetrically on the 
two sides of the RF crest. This is the case when the 
phase angles are equal but have opposite signs. 
Apparently, a linear chirp and longer bunch length is 
obtained at 6 degree off-crest. At -6 degree off-crest, 
the bunch length becomes shorter but the shape is more 
like a banana, indicating high non-linearity. For on-
crest operation, the bunches experience very little 
energy spread and the phase space is straight up with 
the least tilt.  

LPS vs. Buncher Gradient 
The whole injector of the JLab FEL facility consists 

of a high-voltage DC gun, a quarter cryo-unit followed 
by a transverse match section and an RF bunch 
compressor. The electron bunches from the photo-
cathode initially have the same temporal length as the 
drive laser pulses but expand due to space charge 
effects.  Passage through the quarter cryo-module also 
affects the electron bunch length.  Optimum FEL 
operation requires the electron bunches be compressed 
before entering linac. We have observed that the 
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gradient of the buncher can affect the phase space of 
the electron bunches.  To investigate this phenomenon, 

we did LPS streak camera measurements while 
changing the buncher gradient (Figure 5).  

 

   

   
 
Figure 5: Longitudinal phase space for different buncher gradient. The beam energy, 115MeV. Micro-pulse repetition rate, 
9MHz. Macro-pulse, 1ms at 60Hz. Charge, 110pC/bunch. The graph in lower right corner is explained in the text. 

 
As the buncher gradient increases from low to high, 

the LPS trace gradually stretches out to become a linear 
chirp. The low energy head is basically preserved 
through the process while the curled tail disappears at 
2.5MeV/m. The last graph in the lower right represents 
normal FEL operating condition. The excellent linear 
chirp can be seen across the whole 2.3% energy spread 
range.  

A small part of the information at the two ends of the 
graph is lost, especially at low energy side of the plot.  
This is perhaps due to the limited energy window. This 
can be solved in the future by changing the optical 
demagnification at the expense of reduced resolution. 
We also used several band-pass filters with different 
bandwidth to see if there were dispersion effects 
induced in the optical transport. No difference was 
found with and without filters in the bean path, 
testament to the all-reflective nature of our design. 

SUMMARY 
    We have established a diagnostic that provides real-
time longitudinal phase space information without 
interruption to the accelerator operation. The 
longitudinal phase space was successfully measured 
with different linac gang phase and injector bunch 

gradient. The system was well calibrated with an 
energy resolution better than 0.05%. We are expecting 
to get better understanding on some important beam 
physics as we push toward high current beam and high 
power FEL on our facility in near future. 
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MODEL FOR CESIATED PHOTOCATHODE SURFACES 
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Abstract 
 A theoretical photoemission model including thermal 

and field effects is presented.  Particular attention is given 
to considering the impact of electron-electron and 
electron-lattice scattering and the development of an 
integrated absorption-transport-emission model developed 
to evaluate the moments of the electron emission 
distribution function.  For the experimental conditions to 
which the theory is compared, there are no adjustable 
parameters.  The performance of the model for the QE of 
bare metals and coated surfaces is discussed.  A simple 
asymptotic model of emittance and brightness is given.1 

INTRODUCTION 
A high quantum efficiency (QE) photoemitter capable 

of in situ rejuvenation would fill a critical need in the 
development of high power FELs and linear accelerators. 
The demands placed on photocathode and drive-laser 
combinations by high power FELs are often both 
demanding and conflicting.  Nano-Coulomb bunches in 
O(10) ps time scales require high quantum efficiency 
photocathodes, but such cathodes have traditionally 
degraded prematurely in vacuums characteristic of rf 
photoinjectors, whereas more rugged metal photocathodes 
require short wavelengths and therefore demand much of 
the drive lasers.  The dispenser photocathode is intended 
to provide a rugged, low work function, long lived 
photocathode addressing these conflicting needs, and its 
development necessitated a validated photocathode model 
capable of analyzing data and predicting performance.  A 
program to develop a controlled porosity dispenser (CPD) 
photocathode led to the creation and validation of a 
theoretical model that accounts for low work function 
surfaces from submonolayer coverage of alkali (and alkali 
earth) metals [i].  Efforts to extend and update that model 
have been in response to two needs: first, to provide 
theoretical support to an experimental CPD photocathode 
program by systematically studying cesiated surfaces, 
conventional sintered tungsten dispenser cathodes, and 
ultimately, custom engineered dispenser cathode; and 
second, to render the validated photoemission model in a 
form amenable to particle-in-cell (PIC) beam simulation 
codes [ii, iii] to predict performance of an rf injector gun 
using such a photocathode.  Here the latest modifications 
to the model and its application are discussed. 

Changes to the theoretical model are on two fronts.  
First, the scattering model affecting photoelectron excited 
transport to the surface has been revised.  Second, the 
revisions motivated a moments-based emission model 
that is able to address cathode emittance.  The beams of 
                                                           
1
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high power FEL’s will be space charge dominated at some 
stage in the accelerator but especially in the gun.  Non-
uniform, transverse and temporal distributions affect 
emittance, and while the problem is of significant 
concern, predictive modeling efforts of device operation 
are compromised by the lack of adequate emission 
models in beam simulation codes.  The photoemission 
models developed attempt to rectify the deficiency. 

THE PHOTOEMISSION MODEL 

Background 
The photoemission model described in Ref. [i] 

represented quantum efficiency QE by 

 

 

QE T , F( )= q

hω
Fλ (T ) 1 − R( )P hω( )

P hω( )=
U βT hω − φ( )⎡⎣ ⎤⎦

U βT μ[ ]
 [1] 

where R(ω) is the reflectivity of the surface, P is a 
probability of emission factor, U is the Fowler-Dubridge 
function, βT = 1/kBT is the inverse temperature, φ is the 
barrier height above the Fermi level (work function minus 

Schottky barrier lowering factor, or Φ − 4QF , where Q 

= 0.36 eV-nm and F is the product of electric field and 
electron charge). When coatings such as Cs are 
introduced, the work function Φ is dependent upon the 
degree of coverage θ in a manner predicted by 
Gyftopoulos-Levine theory.  The scattering factor Fλ (not 
to be confused with field F) governs the probability that 
an electron will suffer a scattering event on its trajectory 
towards the surface and therefore be prevented from 
being photoemitted.  It can be approximated by 

 Fλ ≈ 1
π

cos(θ)
cos(θ) + δ / l(E)( )dθ

0

π /2

∫  [2] 

where δ is the laser penetration depth, and the length l(E) 
is the product of the electron velocity and relaxation time 
(the notation has changed from Ref. [i]) 

Amending recent work in measuring the QE of cesiated 
surfaces and the prediction of the QE of bare metals, we 
have revised components of the QE model by first, 
utilizing models of the relaxation rates τ implicit in fλ at 
the electron energy augmented by the photon energy, and 
second, using a moments-based approach that changes the 
probability of emission term P.  It is the moments-based 
approach that allows for transverse energy and velocity 
expectation values to be determined, from which 
estimates of the emittance and brightness can be made. 
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Scattering Rates and Their Determination 
The relaxation time is taken to be the sum of three 

components: 

 
  
τ −1 = τ

ee
−1 + τ

ac
−1 + τ

imp
−1  [3] 

where “ee” refers to electron-electron, “ac” refers to 
acoustic phonon, and “imp” to residual low temperature 
scattering due to impurities or defects.  In the case of 
electron-electron scattering, the scattering rate is given by  
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 [4] 

where Ks is the dielectric constant, α is the fine structure 
constant, kF is the Fermi wave vector, and qo is the 
Thomas-Fermi screening length [iv] (the form given here 
corrects coefficient errors that exist in Ref. [iv]).  To 
leading order, the Thomas-Fermi factor is given by 

 

  

q
o
2 = 4αmc

πh2 K
s

2mμ  [5] 

For acoustic scattering, the rate is given by [v] 
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where Ξ is the magnitude of the deformation potential, TD 
is the Debye temperture, vs is the velocity of sound, and 
ρ is the density.  The Debye Temperature is given by 

 
   
T

D
=

hv
s

k
B

6π 2 Nr( )1/3
 [7] 

where N [#/cm3] is the number density of the crystal, r is 
the (# of atoms / unit cell), and vs is the sound velocity. 
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Figure 1:  Determination of τimp and Ξ  from thermal 
conductivity data from the literature. 
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Figure 2:  Determination of Ks  from Monte Carlo 
simulations (red line) compared to parameters considered 
by Lugovskoy and Bray (green and blue)  

Consequently, three parameters require an intricate 
simultaneous determination:  τimp, Ks and Ξ.  The values 
of τimp and Ξ are determined by low temperature thermal 
conductivity measurements after Ks is determined from 
Monte Carlo simulations in the literature [vi].   

Comparison to Experiment 
An example for Cu is shown in Figure 1 and 2.  The 

procedure is reiterated for many metals, and in particular, 
for tungsten (W) and silver (Ag) which are the two 
cesiated metals experimentally examined [vii].  
Parameters extracted from the literature become part of a 
library of material terms implicit in code and are not 
adjusted further.  Comparisons of predictions of the 
resulting model with experimental data have been 
favorable for the cases of  photoemission from copper 
[viii] and lead [ix] for a range of photon frequencies, as 
well as for other metals and particular frequencies 
discussed in the literature. 
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Figure 3:  QE of Cs on W for low F and Iλ at 300 K 
versus fractional surface coverage (Ar-cleaned W).  
Symbols = experimental data; lines = theoretical model. 
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Figure 4:  QE of Cs on Ag for conditions as in Fig. 3 

Using the Gyftopoulos-Levine theory to relate the 
degree of surface coverage of Cesium on a bulk metal to 
the resulting work function [i], the prediction of QE for 
Cs on W and Cs on Ag was made and compared to 
experimental data.  The results of that comparison are 
shown in Figures 3 and 4, respectively.  The low coverage 
discrepancy shown in Fig. 4 is due to residual Cs on the 
surface from one experiment to the other.  Issues of 
surface contamination led to investigations of cleaning 
using Ar ions, resulting in the better results for Cs on W 
shown in Fig. 3. 

Origin Of Experimental-Theoretical Differences 
The overall comparison between theory and experiment 

is shown to be remarkably good.  Nevertheless, there are 
differences and an account of their probable origins is 
necessary.  Theoretically, a simple nearly-free electron 
gas model is presumed, and so the significant 
complexities introduced by the density of states near the 
Fermi level are suppressed, and such complexities can 
matter for transition metals.  Experimentally, in contrast 
to physical surfaces, the theoretical models are highly 
idealized.  Cleaning is required to remove contaminants, 
and if due to sputtering, structure can be introduced.  If 
the cathode is heated for cleaning, not all metals endure 
the necessary temperatures because of relatively low 
melting points (W can be strongly heated, whereas Ag 
cannot).  Residual contamination can therefore remain in 
addition to what collects from an imperfect vacuum.  
Adsorbates often have higher work functions, e.g., 
carbon-based contamination can induce local work 
functions of 5.5 eV.  Assuming the surface is adequately 
cleaned, different exposed crystal faces can show 
markedly different work functions (e.g., faces of Cu can 
vary by almost 0.8 eV):  moreover, in Gyftopoulos-
Levine theory, the exposed crystal plane affects the f-
factor (see Ref. [i]:  affects the number of Cs atoms per 
unit area) and which changes the shape of the QE hump:  
observations of the tungsten face, as shown in Figure 5, as 
well as considering other values of f suggest the generic 
(single) value chosen for f is not necessarily the optimal 
value when several faces are present.   

 
Figure 5:  Image of sintered tungsten surface showing 
multiple crystal faces.  Average grain size is O(10μm). 

MOMENTS-BASED FORMULATION 
The development of an energy-dependent relaxation 

time coincides with efforts to develop a modified 
emission probability model to replace Eq. [1], in which 
the energy of an incident electron affects its transmission 
probability T(E) over (or through for high fields) a barrier.  
By using a distribution function approach, parallel and 
transverse momentum expectation values are ascertained, 
the former used to evaluate the photoemission current, the 
latter to evaluated emittance (and both to evaluate 
brightness).   Define the nth moment  
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h2

⎛

⎝⎜
⎞

⎠⎟

3/2
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∫ T (E + hω )cos2 θ{ }×

fλ (cosθ , E + hω ) f
FD

(E) 1− f
FD

(E + hω ){ }
 [8] 

where x = cos(θ) for parallel, and sin(θ) for transverse 
components.  T is the transmission probability; fλ is the 
integrand of Fλ, and the factor fFD(1-fFD) represents the 
probability that the initial state is occupied and the final 
state is not based on the Fermi Dirac distribution.  The 
revised relaxation times are used in the determination of 
the fλ factor.  The inclusion of the transmission 
probability factor, and the impact on the integration limits 
it entails, generally results in current density estimates on 
the order of 30% less than the Modified Fowler-Dubridge 
approach, all other factors being equal.  Methods to 
calculate Eq. [8] numerically rely on approximations to 
the transmission probability and models for the relaxation 
time in the scattering factor:  below, however, an 
asymptotic case is considered so as to provide a simple 
model of emittance and brightness.   

Under the Richardson approximation for the 
transmission coefficient and the zero-temperature 
approximation for the FD functions, the asymptotic 
expressions for the transverse (x = sinθ) moments are [x] 
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From the definition of the emittance [xi] as 

 εn,rms (z) = h
mc

x2 kx
2 − xkx

2
 [10] 

and following a derivation and approximations (uniform 
emission over a circular uniformly illuminated surface 
area) analogous to that leading to the widely-used thermal 
emittance  relation 

 εn,rms (therm) = ρc / 4βT mc2( )1/2
 [11] 

where ρc is the cathode radius and βT is 1/kBT, it can be 
shown that εn,rms(photo) is proportional to the illumination 
radius and the root of the 2nd and 0th moments, or 
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where Bn is the brightness [xii], R is the reflectivity, Iλ is 
the laser intensity per unit area, and A is the illuminated 
area.  The brightness ratio in Eq. [12] is designed to 
forestall issues associated with reflectivity, laser 
particulars, and illumination area.  Two observations are 
important:  first, the emittance does not depend on the 
scattering factor to leading order (the brightness does 
through the p factor); second, the asymptotic form of Bn 
indicates that an optimal wavelength exits for which the 
brightness is maximized.  The behavior of εn,rms and Bn are 
shown in Figure 6. 
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Figure 6:  emittance and brightness ratio as a function of 
incident laser wavelength for copper parameters for 
conditions described in Ref. [viii]. 

Experimental values of emittance at 233 nm are 
approximately 50% larger than the theoretical value 
shown.  The emittance of thermionic sources are 
generally within a factor of 2 larger than the theoretical 

estimate entailed by Eq. [11], and it is reasonable to 
presume similar explanations hold here: non-linear field 
components in the cavity, wakefields, non-uniformity of 
the illumination source (laser), thermal effects, quantum 
efficiency non-uniformity due to contamination or 
cathode structure, and space-charge effects occur for 
sufficiently high charge in the bunch, and likely some 
combination contribute to the theoretical-experimental 
differences between the simple asymptotic limit herein 
and experiment. 

CONCLUSION 
We have presented a revised photoemission model to 

account for theoretical-based scattering models and a 
moments-based approach for the evaluation of quantum 
efficiency.  The revised scattering model enabled good 
agreement with experimental data of cesiated surfaces.  
The moments-based approach allowed for simple 
asymptotic expressions of emittance and brightness.   
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Abstract 

Photoinjectors for accelerator applications require long-
lived photoemitters with high quantum yield in the visible 
range. Multi-alkali cesium-based photocathodes are 
frequently used but suffer from short lifetime, due to loss 
of cesium. A novel dispenser cathode is proposed and 
demonstrated that provides controlled delivery of cesium 
to the cathode surface at <200°C. This method allows for 
in situ rejuvenation of the photoemitting surface and 
could dramatically extend the effective lifetime of many 
alkali-based high-efficiency photocathodes.  

INTRODUCTION 
Laser-switched photoemitters are a source of electrons 

for high current applications such as free electron lasers 
[1],[2][3]. Photoinjector systems consist of a drive laser 
producing short bunches of photons and an efficient 
photocathode, which converts photon bunches into 
electron beam pulses [4]. Development of both 
technologies is required, but the scope of this project is 
restricted to improvement of the photocathode. Most 
high-efficiency photocathodes employ cesium-based 
surface coatings to reduce work function and enable 
efficient electron emission in the visible range. Lifetime is 
severely limited by the loss of this delicate coating, which 
degrades rapidly in practical vacuum environments. More 
robust photocathodes exist, but have much lower 
efficiency, and place unrealistic demands on drive laser 
power and stability. A common figure of merit for 
photocathodes is quantum efficiency: the ratio of the 
number of photoemitted electrons to incident photons. It 
is related to photocurrent eJ and optical intensity 

Iλ according to:  

 [ ]
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ee
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This research proposes a novel dispenser concept that 
dramatically extends the lifetime of high QE cesium-
based cathodes by continuously or periodically restoring 
the cesium surface monolayer during an in situ 
rejuvenation process. A prototype dispenser cathode was 
fabricated and tested for two modes of operation: 
continuous and periodic near-room temperature 
rejuvenation. The data are compared with a 
photoemission model of partially covered surfaces under 
design for integration with existing beam simulations.  

 

 
Overall performance suggests that this cesium-delivery 

mechanism can significantly enhance the efficiency and 
operational lifetime of a wide variety of present and future 
cesium-based photocathodes.  

Dispenser Concept 
A dominant degradation mechanism for high QE 

cesium-based cathodes is the loss of cesium either from a 
surface monolayer or a stoichiometric compound. 
Replenishing this layer with cesium continuously or 
periodically could restore cathode performance. Our 
concept of a cesium based dispenser photocathode 
involves three essential elements: a cesium reservoir, a 
photoemitting surface, and an interface between the two 
that controls the rate of cesium arrival. In this design, 
shown schematically in Figure 1, a small stainless steel 
cylinder contains a pellet of cesium chromate and 
titanium powders. A disk of made from 70% dense 
sintered tungsten (top) serves as both the photoemitting 
surface and the interface boundary [5]. During an initial 
heating process, the pellet breaks apart and releases 
elemental cesium, which diffuses through and across the 
sintered tungsten substrate to create a low workfunction 
photoemitting surface. This simple cesium-on-tungsten 
photocathode was used to characterize the behavior of the 
dispenser, but more complex cathodes such as cesium 
antimonide could also be built on the substrate. 

 

 
Figure 1: Schematic of Dispenser Cathode 

Experimental Overview 
In order to characterize the performance of the 

dispenser cathode, a detailed study of the photoemissive 
properties of cesium on tungsten was undertaken using 
the fabrication chamber shown in Figure 2.  
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Figure 2: Vacuum Fabrication Chamber 
 

Cesium was deposited externally using commercial 
sources onto a sintered tungsten disk identical to the one 
used to fabricate the dispenser cathode. QE was measured 
during deposition at several wavelengths as a function of 
cesium coverage, which was observed using a quartz 
crystal balance. Because cesium deposition occurred 
externally from an isotropic source, the resulting layer 
was assumed to be uniform. A characteristic curve was 
obtained whose shape and peak value depended upon the 
surface conditions of the cathode. Recall that for a 
dispenser cathode, cesium arrives at the surface through 
diffusion from within, so direct measurement of cesium 
coverage is not possible. Studying the effect of external, 
uniform deposition of cesium on tungsten, however, 
allows comparison of the dispenser’s QE to that of a 
known system. This work is therefore divided in two 
parts: 1.) photoemission measurements of cesium on 
tungsten and 2.) characterization of the dispenser cathode.  

Experimental Setup 
Cesium is deposited onto the surface of a clean metal 

disk using SAES sources, while coverage is measured 
using an Inficon quartz crystal deposition monitor situated 
directly above the cathode. A circular anode biased at 
+186 volts is separated from the cathode by a distance of 
one centimeter. Photocurrent is measured across the 
anode-cathode gap using a Keithley 486 picoammeter. 
The entire circuit is isolated from the chamber and all 
connections are made using Triax to minimize noise and 
interference. 

Five semiconductor CW lasers are sequentially shown 
onto the cathode while photocurrent, cesium coverage, 
laser intensity, background pressure, and cathode 
temperature are recorded using Labview. The lasers have 
output powers of 5mW with 2% stability at 355nm, 
405nm, 532nm, 655, and 808nm. A Labview-controlled, 
motorized translation stage selectively positions a desired 
laser at the UHV chamber viewport, enabling QE 
measurement at multiple wavelengths during a single 
evaporation run. The laser spot is circular and expanded to 
a FWHM size of 1 cm. 

Because a DC potential is used to extract charge from 
the cathode, ion back-bombardment occurs, where 
positively charged contaminants within the chamber 
accelerate toward and collide into the cathode, damaging 
and/or removing the surface layer of cesium [6]. 
Minimizing contaminants during evaporation is difficult 
because both the dispenser cathode and the cesium 
sources (having been exposed to atmosphere) contain 
trapped gases and traces of impurities that are emitted 
along with cesium. This effect is minimized by first 
outgassing the dispenser in a controlled manner at 
temperatures beneath that required to emit cesium. 

EXPERIMENTAL RESULTS 

Surface Metrology 
The surface characteristics of sintered tungsten were 

studied in detail using optical, scanning electron, and 
focused ion beam microscopy. The porosity and thickness 
of the sintered disks used in the dispenser cathode were 
chosen such that extremes in either case were avoided. 
Figure 3 shows a side view of the sintered tungsten disk at 
1000x magnification. Characteristic length scales of its 
polished surface were determined, including average pore 
diameter of 350nm, nearest-neighbor separation distance 
of 3.1μm, and average grain size of 4.8μm. The surface 
area each pore must coat with cesium was found on 
average to be 33.3μm2 for uniform monolayer coverage. 
These lengths are significant because they estimate the 
surface diffusion length of cesium required to achieve 
complete coverage. Coverage uniformity is crucial 
because variation in the cesium surface coating causes 
similar variation in work function and electron emission.  

 

 
Figure 3: Side View of Dispenser Cathode 

Cleaning Techniques 
A standardized cleaning procedure using a 6.4keV ion 

argon beam was developed and shown to be remarkably 
effective in cleaning sintered tungsten. When cesium was 
deposited following the procedure, the effects of the 
treatment became apparent: a two-fold increase in QE 
with a peak QE of 0.11% in the UV, as shown in  Figure 
4. 
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Figure 4: Effects of Ion Beam Cleaning 

 
Coverage θ is reported in the above graph as a fraction 

of a monolayer, where 0θ =  corresponds to bare 
tungsten and 1θ =  is a full cesium monolayer. A single 
45 minute treatment provided a 40mC dose of 6keV argon 
ions which was sufficient to produce apparent atomic 
cleanliness. This claim is justified because increasing the 
number of consecutive ion treatments and/or the energy of 
the ion beam did not produce further improvement in QE. 
Because cesium was deposited uniformly on an 
atomically clean surface, the QE of 0.11% can be said to 
be characteristic of a uniform, optimal cesium coating. 
This cleaning technique dramatically reduces the amount 
of time required to prepare a cathode for cesium 
deposition because it eliminates the need for a lengthy 
high temperature anneal. 

Theory Comparison 
The model used in this work is based upon the Fowler-

DuBridge treatment of photoemission [6],[7] and follows 
the Gyftopolous-Levine approach of accounting for the 
effects of cesium coverage [9]. A distinguishing factor 
about the modified model is that an effort has been made 
to systematically reduce or eliminate unknowns, either by 
means of models or approximations, which were 
arbitrarily assigned or used as fit parameters in other 
treatments. The components of the model relevant to the 
experiments in this program are described in detail 
elsewhere [10]. Data describing the effect of surface 
cesium coverage on the work function and QE of metal 
photocathodes was compared to the model’s predictions 
and found on average to be within 22% agreement, as 
shown in Figure 5. Similar agreement was found for 
cesium-on-silver and suggests that the theory is capable of 
predicting performance of metallic-based photocathodes. 
This experiment enables theory comparison for an 
important set of operation parameters: low drive laser 
intensity and low accelerating electric field. These 
parameters are typically much higher and are usually cited 
as reasons for drastic discrepancies between theory and 

experiment (e.g., laser heating, damage to cathode 
surface, etc.).   
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Figure 5: Comparison of Theory and Experiment 

 
The inputs to the theory were simply generalized 

material parameters that could be widely applied to any 
number of different photocathodes. 

Dispenser Cathode 
The two basic procedures for operating the dispenser 

cathode are activation and rejuvenation. Activation occurs 
at higher temperatures and initiates a chemical reaction 
between the powders inside the cell, while rejuvenation 
occurs at much lower temperature and involves bringing 
atomic cesium to the surface in a controlled manner. 
Initial activation prepared the dispenser for use, as seen 
by the onset of photoemission at 425°C, followed by 
complete activation at 477°C, which produced a reduction 
in work function such that a large thermionic current was 
measured. Because of the elevated temperature, a 
significant amount of cesium was released throughout the 
chamber, producing up to a 50Å coating on an adjacent 
deposition monitor. This release is expected, however, 
and is not considered problematic because 1.) a large 
quantity of cesium remained within the dispenser 
following activation, and 2.) the activation procedure for a 
working dispenser cathode would most likely occur in a 
chamber separate from the actual electron gun (whose 
contamination with cesium would lead to field 
breakdown). 

Following activation, the dispenser was allowed to cool 
and its 1/e lifetime was measured to be 5.2 days. After 65 
hours of continuous operation, its QE decayed from its 
peak of 0.11% in UV to 0.06%. Complete rejuvenation 
was demonstrated when QE returned to its previous peak 
value of 0.11% upon heating to 140°C, as shown in 
Figure 6. Less than 3Å of cesium was deposited during 
this process, suggesting that in situ rehabilitation of the 
cathode is possible. Coverage at peak QE was indirectly 
measured to be about 64% using the relationship between 
cesium coverage and QE. 
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Two modes of cathode operation were demonstrated: 

periodic and continuous rejuvenation. For the continuous 
mode, temperature is held between 160-180°C, resulting 
in constant replenishment of the cesium layer. The 1/e 
effective (continuous duty cycle) lifetime in this mode 
was an astounding 47 days. 

CONCLUSIONS 
A prototype design for a near-room temperature 

dispenser cathode was proposed and demonstrated for the 
case of cesium-on-tungsten using commonly available 
components: thin-walled stainless steel and porous 
sintered tungsten. It is distinguished from other dispenser-
type cathodes [11] by its low operating temperature, 
which makes it a good candidate technology where 
cathode thermal management is a concern. A method for 
conveniently integrating cesium chromate into the 
dispenser cell was demonstrated by forming the powder 
into a solid pellet under high pressure. The peak QE of the 

activated dispenser cathode, following an ion beam 
cleaning treatment, was 0.11%. This QE value was shown 
to correspond to that of a uniform, optimal cesium coating 
and suggests that the sintered tungsten interface facilitates 
uniform cesium coverage. This result suggests that the 
surface diffusion length of cesium across tungsten at 
temperatures ranging from 200-400°C is at least 5μm. The 
overall performance of the dispenser cathode suggests that 
its design could serve as a temperature-controlled cesium 
dispensing platform onto which a variety of high QE 
cesium-based photocathodes could be built. 
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Abstract

It has recently been shown that by illuminating a photo-
cathode with an ultra-short laser pulse of appropriate trans-
verse profile, a uniform density, ellipsoidally shaped bunch
is dynamically formed, which then has linear space-charge
fields in all dimensions inside of the bunch. We study here
this process, and its marriage to the standard emittance
compensation scenario that is implemented in most modern
photoinjectors. It is seen that the two processes are compat-
ible, with simulations indicating that a very high brightness
beam can be obtained. The scheme has produced stimulus
for a series of experiments at the SPARC injector at Fras-
cati in 2006-2007. An initial time-resolved experiment has
been performed involving Cerenkov radiation produced at
an aerogel. We discuss the results of this preliminary ex-
periment, as well as plans for future experiments to resolve
the ellipsoidal bunch shape at low energy. Future measure-
ments at high energy based on fs resolution RF sweepers
are discussed.

INTRODUCTION

In order to obtain the highest brightness electron beams
from photoinjectors, it is most common to rely on the emit-
tance compensation process [1]. Optimization of this pro-
cess demands that the transverse fields be as uniform, and
linear (in radius r) as possible. The existing studies of emit-
tance compensation have, to that end, assumed use of a
uniform density electron beam, having a cylindrical shape.
However, this shape produces space-charge fields near the
beam head and tail that have pronounced nonlinear depen-
dencies on the spatial coordinates. These nonlinearities re-
sult in both transverse and longitudinal emittance growth.

It has been known for some time, however, that a uni-
form ellipsoidal density distribution yields space-charge

∗Work supported by the US Dept. of Energy under grant DE-FG03-
92ER40693, and the Italian Ministry.

fields that are linear in all dimensions [2]. Under such con-
ditions, it is conceivable that one may obtain essentially
emittance growth-free dynamics. How to produce such a
distribution has, until recently, remained an unanswered
question.

In 1997, Serafini proposed the dynamic creation of an el-
lipsoidal bunch by launching an ultra-short, radially shaped
beam, which then evolves to achieve the desired longitudi-
nal shape [3]. On the other had, it has recently been shown
by Luiten, et al., that in obtaining the correct final ellip-
soidal distribution, there is essentially no requirement on
the shape of the initial laser pulse other than it be ultra-
short (length τl much shorter than eventual beam length
after space charge expansion) [4]. Thus such laser pulses
are a natural, and technically achievable way of producing
an ellipsoidally shaped, nearly uniform density beam.

As the beam dynamics just after photoemission are qual-
itatively different in the traditional emittance compensa-
tion scenario and in the Luiten-Serafini scheme, it is not
immediately apparent that one may successfully combine
the two. The UCLA-SPARC collaboration has recently
shown [5] that this marriage is indeed possible; further, the
combination of emittance compensation and dynamic cre-
ation of the ellipsoidal shaped beam produces results that
in many ways are superior to those obtained in state-of-the-
art designs. As the bunches that are produced are shorter
than in standard cases, very high brightness beam creation
is possible.

The basic idea behind the Luiten-Serafini scheme is sim-
ple: the beam profile expands and deforms longitudinally
to produce, in the final state, a uniformly filled ellipsoid of
charge. In the process, phase space rearrangements occur
which degrade the emittances– especially in the longitu-
dinal dimension. In order to understand this process, to
specify experimental requirements, and to identify experi-
mental signatures associated with the process, we have an-
alyzed the dynamics of space-charge-dominated beam ex-
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pansion [5].
This analysis may be summarized in a few points:
First, the injected bunch surface charge density

σb = dQb/dA must not be too high, or image charge ef-
fects at the cathode distort the final pulse profile so that
it is not ellipsoidal. This is quantified by the condition
α ≡ 4πσb/E0 << 1.

Second, the beam must be much shorter than its eventual
size in order to be able to ignore the details of the initial
pulse profile. In practice, 300 fs laser pulses (typical of
the limitations of the SPARC photocathode drive laser af-
ter conversion to UV) excite roughly the same length elec-
tron bunch, which expands to around 4 psec in our exam-
ple cases. The pulse length after expansion is estimated as
Lb ≈ 2πσbmec

2/E2
0 .

The current density that is achieved after expansion
is Jz = eE2

0/4πmec, a constant dependent only on the
applied electric field E0. All beams become uni-
form in density. To achieve the desired ellipsoidal
beam shape, one must choose the initial surface cur-
rent density distribution correctly, which implies that
σb(r) = (3Qb/2πa2)

√
1 − (r/a)2.

While the analysis of the beam dynamics is useful, the
central issue of joining this regime with emittance compen-
sation must be explored with simulations. The initial simu-
lations begun in Ref. [5] that we have performed are in the
context of the SPARC scenario, so that we may proceed
directly to discussing the experimental tests of this new
regime– now commonly known as the “blowout regime”–
of the photoinjector there.

BLOWOUT REGIME WITH EMITTANCE
COMPENSATION: GENERAL STUDY

We have performed initial UCLA PARMELA [6] simu-
lations to explore joining the Serafini-Luiten scheme with
the optimized emittance compensation working point of the
SPARC injector at LNF. We assume that the gun (1.6 cell,
2856 MHz) and solenoid are the same, and run near to the
standard conditions. Through trials, we have optimized the
launch conditions of the beam. In order to have values of
α which do not give excessive image charge effects, the
beam charge is lowered and the beam radius is slightly
enlarged. In the preliminary optimization, we launch a
0.33 nC beam with an initial longitudinal Gaussian distri-
bution having σt = 33 fs beam, and a radial Gaussian with
σx = 0.77 mm (cutoff at 1.8σ). The gun is run with a peak
on-axis gradient of 120 MV/m; the beam is launched at
33 degrees forward of crest. This is a bit advanced in com-
parison to the nominal launch phase for a standard bunch,
and serves to control the excessive beam energy spread af-
ter the gun. The emittance compensation solenoid is run
with peak field Bz = 2700 G, which is slightly below the
standard scenario, as the beam has slightly lower energy
exiting the gun. We note that the peak value of α in our
case is 0.11, as opposed to 0.42 in the LCLS design.

The formation of the quasi-ellipsoidal bunch is clearly

Figure 1: (left) PARMELA simulation results of electron
bunch (x, z) distribution 133 cm from cathode (6.3 MeV
energy), showing ellipsoidal beam boundary. (right) Evo-
lution of σδp/p in z for emittance compensation case, from
PARMELA simulation.

shown in Fig. 1, which displays the bunch (x, z) distribu-
tion at a point 133 cm from the cathode, in the drift space
after the gun and just preceding initial traveling wave linac
section. Here the beam has 6.3 MeV mean energy, and its
transverse dynamics are space charge-dominated. Thus one
sees clearly the “inflated” ellipsoidal beam shape. The final
bunch length is 1.3 mm full width, corresponding to a peak
current of 105 A. Thus even with one-third of the charge,
this scheme should produce a higher current than obtained
in simulations of the standard design.

Two notable defects are seen in the beam shape in Fig. 1.
The first is the extension of the half-ellipsoid in the trail-
ing part of the bunch as compared with the initial half– an
asymmetry caused by image charge effects. This non-ideal
behavior in fact gives the limit on σ; when one attempts
to launch a higher surface charge density, the bunch defor-
mation from the desired symmetric ellipsoid produces poor
emittance performance. The second notable feature is the
existence of an anomalous ring at the outer radial edge of
the beam. This part of the beam has low surface charge
density and experiences radially fringing fields due to its
edge location. Because of these effects, it does not experi-
ence enough longitudinal expansion to keep pace with the
rest of the bunch, but instead has a moderate amount of
radial expansion.

As the longitudinal space-charge during much of the
acceleration is also linear, and total pulse length T is
short, the longitudinal phase space is very compact. The
evolution of the relative momentum spread σδp/p in z
is shown in Fig. 1. The final achieved RMS value
is σδp/p = 1.6 · 10−4, which is an order of magnitude
smaller than that obtained in the standard LCLS type (or
SPARC type) design.

The evolution of the RMS transverse beam size σx , and
the RMS normalized emittance εn,x are shown in Fig. 2.
While the behavior of σx is similar in most respects to the
standard design, with the beam approximately matched at
linac entrance to the invariant envelope, the emittance be-
havior is not as familiar. In the standard LCLS design, εn,x

achieves a minimum value in the post-gun drift, rising to a
local maximum at injection into the linac. The focusing and
adiabatic damping of the motion in the linac then produce a
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Figure 2: (left) The evolution of RMS transverse beam size
σx for emittance compensation case, from PARMELA sim-
ulation. (right) Evolution of RMS normalized emittance
εn,x for emittance compensation case.

monotonic decrease of εn,x in z. In our case, the transverse
space-charge and thus the plasma/emittance oscillations do
not “turn on” until after the longitudinal expansion is well
underway, thus delaying the emittance minimum in Fig. 2
to occur inside of the linac. In order to produce faster emit-
tance oscillations in the linac to strongly diminish εn,x be-
fore acceleration removes the plasma-dominated beam be-
havior, the solenoid field in the first linac section has been
raised by 40% relative to the standard scenario. This ploy
works well, as the final value (still slightly decreasing) of
εn,x at the end of the second linac (84.5 MeV energy) is
0.68 mm-mrad. The thermal emittance at the cathode is
0.4 mm-mrad, and so the space-charge induced emittance
is well compensated.

After acceleration to higher energy (84.5 MeV), the
beam is not spacecharge dominated, and the (x, z) profile
no longer ellipsoidal. Nonetheless, the beam has excel-
lent emittance, and maintains a current profile with shape
I(t) ∝ √

1 − (2t/T )2. With a high initial current, and low
intrinsic energy spread, this beam may be compressed fur-
ther, with very high final peak current achievable [7].

CONSIDERATIONS FOR SPARC
EXPERIMENT

Laser and photocathode issues

Before discussing the planned electron beam measure-
ments, we first review some experimental considerations
specific to the use of such short lasers. First, we note that
the laser pulse should be tailored, either by collimating
and relay imaging, and that it must be quite short. In first
measurements at SPARC, we have found, through cross-
correlation measurements, that the UV pulse is difficult to
make shorter than 300 fs using 3rd harmonic generation
with noncollinear mixing in the conversion crystals. In or-
der to obtain even this result, we must give up UV energy,
going from 1.5 mJ to 0.2 mJ. While this energy is still ad-
equate for obtaining 0.33 nC of charge using a metal cath-
ode (Cu or Mg), to go shorter may be difficult. In order to
check the effect of this extra pulse length on the scheme, we
have performed simulations analogous to the original ex-
ploratory, indications are that the added length in the laser

pulse does not affect the final electron beam configuration
at this level.

The laser intensity needed for this scenario is a factor
of 30-100 higher than in the LCLS case. The issue of
laser damage at the cathode surface has been examined,
and found based on previous experience at UCLA and at
the BNL ATF to not be worrisome [7].

Experimental signatures and measurements

In the SPARC experiment, we plan first to image the
beam (time-integrated) at low energy (5-7 MeV) in the re-
gion after the gun, using a YAG detector. For time resolved
measurements we will first convert the beam spatial infor-
mation to photons with a Cerenkov convertor. In order to
have a manageably small angle of emission we use aerogel,
which has a small index of refraction (n = 1.005-1.02).
At 5 MeV the Cerenkov emission threshold is reached for
n = 1.005; we may choose angles of emission from near
zero at this threshold to up to 9 degrees with the aerogels
that are presently in hand. The aerogels have been custom
fabricated at the Jet Propulsion Laboratory.

Simulations consist of providing electrons (typically
40,000) from PARMELA to GEANT [8], which simulates
the scattering of the electrons in the entrance foil and gen-
erates a collection of Cerenkov photons in the aerogel. The
photon distributions that result are then passed to a Mathe-
matica based, optical ray-tracing program, Rayica.

The streak camera at SPARC has 2 ps FWHM time res-
olution, which is on the border of resolution for the bunch
length of interest. This will be handled in initial measure-
ments by use of higher charges (above 1 nC), and thus
longer beams, to test the longitudinal expansion dynamics
of the beam. We thus must consider alternative schemes
based on ultra-fast gating [7].

FIRST RESULTS

The first stage of experimentation on the blowout regime
took place at INFN-LNF beginning at the end of March
2006. During commissioning of the SPARC RF photocath-
ode gun, the UCLA-produced gun was conditioned quickly
up to 11 MW, which produces 110 MV/m peak electric
field, and a 5.7 MeV electron beam.

The laser was reconfigured for short pulses (less than
0.5 psec FWHM) and up to 1.6 nC of charge. The con-
ditions for observing the dynamic creation of nearly uni-
formly filled ellipsoidal charge distributions were not quite
present; in fact, the emittance was not of equivalent quality
to that obtained in standard operation. Nevertheless, im-
pressive first data was obtained.

Initial measurements of the longitudinal-transverse pro-
file of the beam were made with aerogel with index
n = 1.008, with the Cerenkov radiator placed 2.4 m away
from the cathode, downstream of the slit-based emittance
measurement system. Streak camera images were obtained
using the transport system described in the previous sec-
tion. Such a streak, after correction, is shown in Fig. 3.

THPPH070 Proceedings of FEL 2006, BESSY, Berlin, Germany

754 FEL Technology



Figure 3: Streak image from SPARC experiment, after cor-
rection.

This image displays the profile obtained from a bunch
with charge of 700 pC. A large charge is preferred in this
case in order to discern information at a time scale longer
over the streak camera resolution; the 700 pC case is ex-
pected to have expansion of approximately 7 psec FWHM,
well in excess of this 2 psec FHWM resolution.

Streak images obtained in the highest temporal resolu-
tion mode are inherently noisy; this condition is required
in order to avoid space-charge induced pulse distortion in-
side of the streak tube. Thus in order to extract informa-
tion from single shots concerning the streak image– which
should represent the beam density distribution in an (x, z)
slice in the midplane of the bunch– we have adopted a max-
imum likelihood analysis to test for different assumed types
of beam distributions.

The (x, z) slice distributions we have tested for consis-
tency with the data include: (1) a bi-Gaussian (thermal-
type) distribution; (2) a uniformly filled ellipse (assumed
arising from a parent uniformly filled ellipsoid); and (3) a
nearly uniformly filled ellipse with a tail, which we choose
to represent as a Fermi-Dirac distribution.

As all of the distributions assumed have contours of con-
stant density that are elliptical, a systematic statistical ap-
proach is possible, in which we look at the total integrated
intensity inside of ellipses of size varying from zero area
to an area covering the entire streak image. These ellipses
are all required to have the same aspect ratio, which is given
by the intensity profile itself, R = σx/vsσt, where vs is the
streak velocity, and σt=3.45 psec for the streak in Fig. 3.

With these functions in hand, we can fit to the data given
in the streak images to determine the likelihood that one
of the assumed three profiles is more likely than the others.
Such an exercise has been performed for the streak given in
Fig. 3, with the results shown in Fig. 4. It can be seen the
bi-Gaussian hypothesis can be rejected as the least likely
model. While the uniformly filled ellipsoid gives a good
fit near the distribution center, it is not very accurate at the
edge, where one expects strong deviations in any case from
this model. Finally, we note that the best fit obtained from
the Fermi-Dirac model gives an excellent match to the data.

CONCLUSIONS

While the first measurements have established the
soundness of the basic experimental approach, much more
remains to be done. As of now, the SPARC injector
is being modified to allow for near-axis (as opposed to

Figure 4: Analysis of streak data, with fraction of inte-
grated intensity of data inside of elliptical contour shown.
Best fit of data points to three models are shown: bi-
gaussian distribution, uniform elliptical distribution, and
Fermi-Dirac (uniform with tails) distribution.

70 degree) injection. Additional improvements should also
result from use of laser cleaning of the cathode. The
SPARC injector will soon be completed with the addition
of post-acceleration linacs and beam diagnostics (e.g. RF
sweeper). In this fully mature experimental scheme, a com-
plete test of the consistency of the Luiten-Serafini scheme
with emittance compensation should be possible, using the
large array of techniques described here. Further experi-
ments will also emphasize the demonstration of high qual-
ity longitudinal phase space and concomitant low energy
spread, as well as high compressibility.
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Abstract 
 

Twenty-nine years after the first operation of the free 

electron laser (FEL) at Stanford University, there 

continue to be many important experiments, proposed 

experiments, and user facilities around the world.  

Properties of FELs operating in the infrared, visible, UV, 

and x-ray wavelength regimes are listed and discussed. 

 

  

The following tables list existing (Table 1) and 

proposed (Table 2) relativistic free electron lasers (FELs) 

in 2006.  A location or institution, followed by the FEL’s 

name in parentheses, identifies each FEL; references are 

listed in Tables 3 and 4.  Another good site for FEL 

references is http://sbfel3.ucsb.edu/www/vl_fel.html. 

The first column of the table lists the operating 

wavelength , or wavelength range.  The longer 

wavelengths are listed at the top with short x-ray 

wavelength FEL at the bottom of the table.  The large 

range of operating wavelengths, seven orders of 

magnitude, indicates the flexible design characteristics of 

the FEL mechanism. In the second column, z is the 

electron pulse length divided by the speed of light c, and 

ranges from almost CW to short sub-picosecond pulse 

time scales.  The expected optical pulse length can be 3 to 

5 times shorter or longer than the electron pulse 

depending on the optical cavity Q, the FEL 

desynchronism, and the FEL gain.  The optical pulse can 

be up to 10 times shorter in the high-gain FEL amplifier. 

 Also, if the FEL is in an electron storage-ring, the optical 

pulse is typically much shorter than the electron pulse. 

Most FEL oscillators produce an optical spectrum that is 

Fourier transform limited by the optical pulse length. 

The electron beam energy E in MeV and peak current I 

in Amperes provided by the accelerator are listed in the 

third and fourth columns, respectively.  The next three 

columns list the number of undulator periods N, the 

undulator wavelength 0, and the rms undulator 

parameter K = eB 0/2 mc
2
 in cgs units, where e is the 

electron charge magnitude, B is the rms undulator field 

strength, and m is the electron mass.  For an FEL klystron 

undulator, there are multiple undulator sections as listed 

in the N-column.  Note that the range of values for N, 0, 

and K are much smaller than for the other parameters, 

indicating that most undulators are similar.  Some 

exceptions are the long undulators containing many 

periods N that are being developed for the x-ray FEL 

amplifiers.  Only a few of the FELs use the klystron 

undulator at present, and the rest use the conventional 

periodic undulator.  Most of the undulators are 

configured to have linear polarization. The FEL 

resonance condition,  = 0(1+K
2
)/2

.2
 where  is the 

relativistic Lorentz factor, provides a relationship that can 

be used to relate K to , E, and 0. The middle entry of 

the last column lists the accelerator type (RF for Radio 

Frequency Linear Accelerator, MA for Microtron 

Accelerator, SR for Storage Ring, EA for Electrostatic 

Accelerator), and the FEL type (A for FEL Amplifier, O 

for FEL Oscillator, S for SASE FEL, H for a high-gain 

high harmonic HGHG FEL).  Most of the FELs are 

oscillators, but recent progress has resulted in short 

wavelength FELs using SASE (Stimulated Amplification 

of Spontaneous Emission) and high-gain harmonic 

generation (HGHG).  

For the conventional undulator oscillator, the peak 

optical power can be estimated by the fraction of the 

electron beam peak power that spans the undulator 

spectral bandwidth, 1/(2N), or P  EI/(8eN).  For the FEL 

using a storage ring, the optical power causing saturation 

is substantially less than this estimate and depends on 

ring properties.  For the high-gain FEL amplifier, the 

optical power at saturation can be substantially greater. 

The average FEL power is determined by the duty cycle, 

or spacing between the electron micropulses, and is 

typically many orders of magnitude lower than the peak 

power.  The Jlab infrared FEL has now reached an 

average power of 10 kW with the recovery of the electron 

beam energy in superconducting accelerator cavities. 

In the FEL oscillator, the optical mode that best 

couples to the electron beam in an undulator of length     

L = N 0 has Rayleigh length z0  L/12
1/2

 and has a mode 

waist radius of w0  N
1/2

/ .  The FEL optical mode 

typically has more than 90% of the power in the 

fundamental mode described by these parameters. 
 

This year the DESY FLASH FEL has reached the 

shortest wavelength ever for an FEL,   0.013 μm.  

There are several other new lasings:  Rossendorf (U-100) 

at   20-150 μm, RIKEN (SCSS Prototype) at   0.049 

μm, and BNL (SDL FEL) at   0.198 μm.  New FEL 

lasings are highlighted in bold in Table 1. 
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Table 1: Free Electron Lasers (2006) 
EXISTING FELs (μm) z(ps) E(MeV) I(A) N 0(cm) K(rms)  
Italy (FEL-CAT) 760 15-20 1.8 5 16 2.5 0.75 RF,O 
UCSB (mm FEL) 340 25000 6 2 42 7.1 0.7 EA,O 
Novosibirsk (RTM) 120-230 70 12 10 2x33 12 0.71 RF,O 
Korea (KAERI-FEL) 97-1200 25 4.3-6.5 0.5 80 2.5 1.0-1.6 MA,O 
Osaka (ISIR,SASE) 70-220 20-30 11 1000 32 6 1.5 RF,S 
Himeji (LEENA) 65-75 10 5.4 10 50 1.6 0.5 RF,O 
UCSB (FIR FEL) 60 25000 6 2 150 2 0.1 EA,O 
Osaka (ILE/ILT) 47 3 8 50 50 2 0.5 RF,O 
Osaka (ISIR) 32-150 20-30 13-19 50 32 6 1.5 RF,O 
Tokai (JAEA-FEL) 22 2.5-5 17 200 52 3.3 0.7 RF,O 
Bruyeres (ELSA) 20 30 18 100 30 3 0.8 RF,O 
Osaka (FELI4) 18-40 10 33 40 30 8 1.3-1.7 RF,O 
UCLA-Kurchatov 16 3 13.5 80 40 1.5 1 RF,A 
LANL (RAFEL) 15.5 15 17 300 200 2 0.9 RF,O 
Stanford (FIREFLY) 15-80 1-5 15-32 14 25 6 1 RF,O 
Rossendorf (U-100) 15-150 0.3-10 15 240 38 10 2.7 RF,O 
UCLA-Kurchatov-LANL 12 5 18 170 100 2 0.7 RF,A 
Beijing (BFEL) 5-20 4 30 15-20 50 3 1 RF,O 
Dresden (ELBE) 3-22 1-10 34 30 2x34 2.73 0.3-0.7 RF,O 
Korea (KAERI HP FEL) 3-20 10-20 20-40 30 30x2 3.5 0.5-0.8 RF,O 
Jlab (IR upgrade) 0.7-10 0.1 120 400 29 5.5 3 RF,O 
Darmstadt (FEL) 6-8 2 25-50 2.7 80 3.2 1 RF,O 
BNL (HGHG) 5.3 6 40 120 60 3.3 1.44 RF,A 
Osaka (iFEL1) 5.5 10 33.2 42 58 3.4 1 RF,O 
Tokyo (KHI-FEL) 4-16 2 32-40 30 43 3.2 0.7-1.8 RF,O 
Nieuwegein (FELIX) 3-250 1 50 50 38 6.5 1.8 RF,O 
Duke (MARKIII) 2.7-6.5 3 31-41.5 20 47 2.3 1 RF,O 
Stanford (SCAFEL) 3-13 0.5-12 22-45 10 72 3.1 0.8 RF,O 
Orsay (CLIO) 3-53 0.1-3 21-50 80 38 5 1.4 RF,O 
Vanderbilt (FELI) 2.0-9.8 0.7 43 50 52 2.3 1.3 RF,O 
Osaka (iFEL2) 1.88 10 68 42 78 3.8 1 RF,O 
Nihon (LEBRA) 0.9-6.5 <1 58-100 10-20 50 4.8 0.7-1.4 RF,O 
UCLA-BNL (VISA) 0.8 0.5 70.9 250 220 1.8 1.2 RF,S 
BNL (ATF) 0.6 6 50 100 70 0.88 0.4 RF,O 
Duke (OK-5) 0.45 0.1-10 270-800 35 2x32 12 0-4.75 SR,O 
Dortmund (FELICITAI) 0.42 50 450 90 17 25 2 SR,O 
BNL (SDL FEL) 0.2-1.0 0.5-1 100-250 300-400 256 3.9 0.8 RF,A,S,H 
Orsay (Super-ACO) 0.3-0.6 15 800 0.1 2x10 13 4.5 SR,O 
Osaka (iFEL3) 0.3-0.7 5 155 60 67 4 1.4 RF,O 
Okazaki (UVSOR) 0.2-0.6 6 607 10 2x9 11 2 SR,O 
Tsukuba (NIJI-IV) 0.2-0.6 14 310 10 2x42 7.2 2 SR,O 
Italy (ELETTRA) 0.2-0.4 28 1000 150 2x19 10 4.2 SR,O 
Duke (OK-4) 0.193-2.1 0.1-10 1200 35 2x33 10 0-4.75 SR,O 
ANL (APSFEL) 0.13 0.3 399 400 648 3.3 2.2 RF,S 
RIKEN(SCSS Prototype) 0.05 1 250 800 600 1.5 1.3 RF,S 
DESY (FLASH) 0.013 0.025 700 2000 984 2.73 0.81 RF,S 
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Table 2: Proposed Free Electron Lasers (2006) 
PROPOSED FELs (μm) z(ps) E(MeV

) 
I(A) N 0(cm) K(rms)  

Tokyo (FIR-FEL) 300-1000 5 10 30 25 7 1.5-3.4 RF,O 
Netherlands (TEUFEL) 180 20 6 350 50 2.5 1 RF,O 
Romania (NILPRP) 60 10 7 2 100 2 0.4 RF,O 
Dresden (ELBE) 20-150 1-10 20-40 30 38 10 0.3-2.7 RF,O 
Novosibirsk (RTM1) 5-100 10 50 20-100 3x33 6 2 RF,O 
Daresbury (4GLS-IRFEL) 3-75 0.5-1 18-50 70 27 2.7 2 RF,O 
Novosibirsk (RTM) 2-11 20 98 100 4x36 9 1.6 RF,O 
Frascati (SPARC) 0.533 0.1 142 500 6x71 3 1.3 RF,S 
Hawaii (FEL) 0.3-3 2 100 500 84 2.4 1.2 RF,O 
Jlab (UV FEL) 0.25-1 0.2 160 270 60 3.3 1.3 RF,O 
Harima (SUBARU) 0.2-10 26 1500 50 33,65 16,32 8 SR,O 
Shanghai (SDUV-FEL) 0.5-0.088 1 300 400 400 2.5 1.025 RF,O 
Daresbury (4GLS-VUV) 0.4-0.1 0.1-1 600 300 150 5 2 RF,O 
Daresbury (4GLS-XUV) 0.1-0.01 0.1-1 750-950 1500 1000 4.5 1-3.5 RF,S 
Frascati (COSA) 0.08 10 215 200 400 1.4 1 RF,O 
DESY (FLASH) 0.006 0.17 1000 2500 981 2.73 0.9 RF,S 
Italy (SPARX) 0.0015 0.1 2500 2500 1000 3 1.2 RF,S 
BESSY (Soft X-ray) 0.0012 0.08 2300 3500 1450 2.75 0.9 RF,S 
Trieste (FERMI) 0.001-0.1 0.1 1200  500-2500 1140 3.5 1.2 RF,S 
Pohang (PAL X-FEL) 0.0003 0.1 3000 4000 6000 1.5 1.1 RF,S 
MIT (Bates X-Ray FEL) 0.0003 0.05 4000 1000 1500 1.8 2 RF,S 
SLAC (LCLS) 0.00015 0.07 14350 3400 3328 3 3.7 RF,S 
DESY (XFEL) 0.0001 0.08 17500 5000 4700 3.6 3.2 RF,S 
RIKEN (SPring8 SCSS) 0.0001 0.5 8000 2000 1500 1.5 1.3 RF,S 
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 Table  3:  References and Websites for Existing FELs 
EXISTING FELs Internet Site or Reference 

ANL (APSFEL) J. W. Lewellen et. al., NIM A483, 40 (2002). 

Beijing (BFEL) http://bfel.ihepa.ac.cn 

BNL (SDL FEL) http://www.nsls.bnl.gov/facility/Accelerator/DUVFEL 

BNL (ATF) K. Batchelor et. al., NIM A318, 159 (1992). 

BNL (HGHG) A. Doyuran et. al., NIM A475, 260 (2001). 

BNL (VISA) A. Tremaine et. al., NIM A483, 24 (2002). 

Bruyeres (ELSA) P. Guimbal et. al., NIM A341, 43 (1994). 

Darmstadt (FEL) http://linaxa.ikp.physik.tu-darmstadt.de/richter/fel 

DESY( FLASH) http://flash.desy.de 

Dortmund (FELICITAI) http://www.delta.uni-dortmund.de/pub/fel/FEL.html 

Dresden (ELBE) http://www.fz-rossendorf.de 

Duke (MARKIII) http://www.fel.duke.edu/lightsources/mk3.html 

Duke (OK-4, OK-5) http://www.fel.duke.edu 

Himeji (LEENA) http://www.lasti.himeji-tech.ac.jp/NS/LEENA/LEENA_HP.html 

Italy (ELETTRA) http://www.elettra.trieste.it/projects/euprog/fel 

Italy (FEL-CAT) A. Doria et. al, Phys. Rev. Lett. 80, 2841 (1998). 

Jlab (IR upgrade) http://www.jlab.org/FEL 

Korea (KAERI HP FEL) http://www.kaeri.re.kr/fel/index.php 

Korea (KAERI-FEL) http://www.kaeri.re.kr/fel/index.php 

LANL (RAFEL) http://www.lanl.gov/orgs/ibdnew/usrfac/userfac03.html 

Nieuwegein (FELIX) http://www.rijnh.nl/n4/n3/f1234.htm 

Nihon (LEBRA) http://www.lebra.nihon-u.ac.jp 

Novosibirsk (RTM) http://www.inp.nsk.su 

Okazaki (UVSOR) http://uvsor-ntserver.ims.ac.jp 

Orsay (CLIO) http://www.lure.u-psud.fr/CLIO.HTM 

Orsay (Super-ACO) M. E. Couprie et. al., NIM A407, 215-220 (1998). 

Osaka (FELI4) T. Takii et. al., NIM A407, 21-25 (1998). 

Osaka (iFEL1) http://www.fel.eng.osaka-u.ac.jp/english/index_e.html 

Osaka (iFEL2) http://www.fel.eng.osaka-u.ac.jp/english/index_e.html 

Osaka (iFEL3) http://www.fel.eng.osaka-u.ac.jp/english/index_e.html 

Osaka (ILE/ILT) N. Ohigashi et. al., NIM A375, 469 (1996). 

Osaka (ISIR) http://www.ei.sanken.osaka-u.ac.jp 

RIKEN(SCSS Prototype) http://www-xfel.spring8.or.jp 

Rossendorf (U-100) http://www.fz-rossendorf.de 

Stanford (FIREFLY) K. W. Berryman and T. I. Smith, NIM A375, 6 (1996). 

Stanford (SCAFEL) H. A. Schwettman et. al., NIM A375, 662 (1996). 

Tokai (JAEA-FEL) R. Hajima et. al., NIM A507, 115 (2003). 

Tokyo (KHI-FEL) M. Yokoyama et. al., NIM A475, 38 (2001). 

Tsukuba (NIJI-IV) K.Yamada et. al., NIM A475, 205 (2001). 

UCLA-Kurchatov http://pbpl.physics.ucla.edu 

UCLA-Kurchatov-LANL http://pbpl.physics.ucla.edu 

UCSB (FIR FEL) http://sbfel3.ucsb.edu 

UCSB (mm FEL) http://sbfel3.ucsb.edu 

Vanderbilt (FELI) http://www.vanderbilt.edu/fel 
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Table  4:  References for Proposed FELs 
PROPOSED FELs References for Proposed FELs 
BESSY (Soft X-ray) M. Abo-Bakr et. al., Nucl. Inst. and Meth. A483, 470 (2002); 

Tsukuba Mo-P-07,Mo-P-08,We-P-51 (Sept 2003). 

Daresbury (4GLS) M. W. Poole and B. W. J. McNeil, Nucl. Inst. and Meth. A507, 

489 (2003). 

DESY (XFEL) http://xfel.desy.de 

DESY (FLASH) http://flash.desy.de 

Dresden (ELBE) http://www.fz-rossendorf.de 

Dresden (ELBE) P. Michel et. al., FEL2004 (2004) p. 8, http://www.JACoW.org. 

Frascati (COSA) F. Ciocci et. al., A. Torre, IEEE J.Q.E. 31, 1242 (1995). 

Frascati (SPARC) A. Renieri et. al., Nucl. Inst. and Meth. A507, 507 (2003). 

Harima (SUBARU) S. Miyamoto et. al., Report of the Spring-8 International 

Workshop on 30 m Long Straight Sections, Kobe, Japan 

(August 9, 1997). 

Italy (SPARX) A. Renieri et. al., Nucl. Inst. and Meth. A507, 507 (2003). 

Jlab (UV FEL) S. Benson et. al., Nucl. Inst. and Meth. A429, 27-32 (1999). 

MIT (Bates X-Ray FEL) http://filburt.lns.mit.edu/xfel 

Netherlands (TEUFEL) J. I. M. Botman et. al., Nucl. Inst. and Meth. A341, 402 (1994). 

Novosibirsk (RTM) N. G. Gavrilov et. al., Status of Novosibirsk High Power FEL 

Project, SPIE Proceedings, vol. 2988, 23 (1997); N. A. 

Vinokurov et. al., Nucl. Inst. and Meth. A331, 3 (1993). 

Novosibirsk (RTM1) V. P. Bolotin et. al., Nucl. Inst. and Meth. A475, II-37 (2001). 

Pohang (PAL X-FEL) pal.postech.ac.kr/kor 

RIKEN (SPring8 SCSS) T. Shintake et. al., Nucl. Inst. and Meth. A507, 382 (2003); 

http://www-xfel.spring8.or.jp 

Rocketdyne/Hawaii (FEL) R. J. Burke et al, Proc. SPIE: Laser Power Beaming, Los 

Angeles, Jan. 27-28, 1994, Vol 2121. 

Romania (NILPRP) Proceedings of FEL 2006; www.jacow.org 

Shanghai (SDUV-FEL) Z. T. Zhao et. al, Nucl. Inst. and Meth. A528, 591 (2004). 

SLAC (LCLS) M. Cornacchia, Proc. SPIE 2998, 2-14 (1997); LCLS Design 

Study Report, SLAC R-521 (1998). 

Tokyo (FIR-FEL) H. Koike et. al., Nucl. Inst. and Meth. A483, II-15 (2002). 

Trieste (FERMI) C. J. Bocchetta et. al., Nucl. Inst. and Meth. A507, 484 (2003); 

Tsukuba We-P-53 (Sept 2003). 
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OVERVIEW ON DIAGNOSTICS   FOR X-   AND XUV-FEL

Bernhard Schmidt∗, DESY, Germany.

Abstract

Controlling and optimizing the SASE process of X-FEL
and XUV-FEL requires detailed knowledge and informa-
tion about the parameters of the driving electron beam
which are of critical influence on the laser performance.
Due to the very high peak current, collective phenomena
have to be carefully measured and controlled while integral
(projected) parameters are of limited use. This necessitates
the development of a variety of diagnostics tools to monitor
the electron bunch parameters in detailedness beyond the
capabilities of conventional systems. Longitudinal bunch
structures can be derived from time domain methods like
electro optic techniques or using transverse deflecting RF-
structures, and from frequency domain methods using co-
herent radiation. The paper will report on recent devel-
opments with special emphasis on single shot and online
monitoring capabilities in this field. Other topics will be
new concepts and experience in measuring the projected
and time-sliced emittance of the beam, high precision beam
position monitors and sub-picosecond beam phase and ar-
rival time monitor systems.

INTRODUCTION

Diagnostics for X- and XUV-FEL is a very wide sub-
ject and can not, even rudimentary, be covered in a short
conference contribution. This paper therefore concentrates
on certain areas which are especially demanding and where
new developments can be reported. Photon diagnostics is a
separate important issue but is completely omitted here.
Single pass FEL, as they are used for the production of X-
and XUV radiation, are challenging machines in terms of
beam quality and parameter control. On one side, the las-
ing process depends more or less exponentially on beam
parameters like emittance and peak current, on the other
side are these parameters subject to a delicate balance be-
tween concurrent externally steered and uncontrolled col-
lective effects. Diagnostics has to measure and to control
these beam parameters such that optimum FEL operation is
achieved. The feedback between the diagnostic tools mea-
suring the parameters and the steering of the machine spans
all time scales from the very slow experienced human ad-
vice to ultra fast intra-bunch feedback on the microsecond
scale. A region of special importance is the longitudinal
phase space, since the FEL operation requires high peak
currents with good transverse emittance. All the compres-
sion mechanisms used and proposed so far will achieve
these conditions only for a fraction of the entire bunch

∗ bernhard.schmidt@desy.de

Figure 1: Simulated longitudinal bunch profile and emit-
tance for a non-linear compressor scheme as used in
FLASH. The influence of space charge effects and coherent
synchrotron radiation on the bunch are included [1].

charge and the longitudinal diagnostic has to be sensitive
to the parameters of this specific fraction.

As an example, Fig. 1 shows the result of a compre-
hensive simulation of the longitudinal bunch profile and
emittance for a non-linear compression scheme as used in
FLASH [1]. Collective effects like space charge and co-
herent synchrotron radiation strongly influence the beam
parameters and it becomes obvious, that projected values
are of very limited use. Diagnostics has to reveal details
of the bunch structure and to do so on a single bunch ba-
sis since the collective phenomena are of partially ’chaotic’
behavior.

BEAM POSITION MONITORS

SASE FEL are single pass machines and thus the tra-
jectory of the electrons is not stabilized due to periodic
boundary conditions. It is subject to shot to shot fluctu-
ations and requires meticulous monitoring along the full
lengths of the linac. The requirements on accuracy in the
injector and main linac sections are of the order a few tens
of micrometer which can be achieved by conventional but-
ton or resonant strip-line BPMs which are numerously used
as workhorses in existing storage rings. Much higher de-
mands on accuracy have to be faced in the undulators. Ac-
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cording to simulations[2][10] , stable SASE operation at
X-ray wavelengths (1 Å) requires a well defined trajectory
which is reproduced with an accuracy of a few micron.
This means that undulator BPMs have to work with sub-
micrometer resolution and an overall mechanical stability
at the same level. The requirements can be met by cav-
ity BMPs which have demonstrated nanometer resolution
during prototype studies for the ILC[13] . For LCLS, X-
band BPMs are under development at ANL and SLAC[6]
while for the European XFEL, C-band structures working
at 4.38 GHz are foreseen[7]. These BPMs will be used in
a fast intra-bunchtrain feedback system to correct the beam
trajectory actively [8]. Besides the monitors itself, main-
taining the required mechanical accuracy requires sophisti-
cated alignment tools and procedures for the undulator sec-
tion; an overview on the status of the plans for LCLS has
been given during this conference[3].
Two specialties in the field of beam position monitors
should be mentioned here since they comprise new con-
cepts. One idea is to use the beam induced higher order
modes (HOM) in super-conducting cavities to derive in-
formation on the beam trajectory. The complex amplitude
of the various HO modes depends on the transverse loca-
tion of the trajectory inside the cavities as well as on its
inclination with respect to the cavity axis. Accurate mea-
surement of the HOM amplitude pattern therefor allows to
derive these values with an accuracy of a few micrometer
and μrad. Test measurements at FLASH[9] have shown
the feasibility of the method and impressive first results.
The second field to be mentioned are large aperture BPMs
to measure the beam position and size inside the dispersive
section of the bunch compressors. The aim is to derive ac-
curate information on the mean energy and energy spread
of the beam with single bunch resolution. The accuracy
required on the transverse beam center is of the order 5 mi-
cron for an energy resolution of 10−4 while the width of the
beam is of the order 50 - 100 mm. An interesting technique
which has been studied recently proposes to measure the
arrival time of the signals on both ends of a transverse strip-
line across the compressor beam pipe with an accuracy on
the 10 fs scale[4]. The sum of left and right timing provides
the information on the transverse center of the charge and
thus the mean energy while the timing difference contains
information about the width of the distribution and thus the
energy spread. The method to derive timing signals from
beam pick-ups with fs accuracy will be described in the
next section. An alternative method to measure the trans-
verse distribution in the bunch compressors has been suc-
cessfully investigated at FLASH; it is based on high resolu-
tion imaging of the synchrotron radiation in the UV range
produced in the bunch compressor dipoles [5].

ARRIVAL TIME (BEAM PHASE)
MONITORS

Monitoring the performance of the machine and provid-
ing high precision ’time stamps’ for the FEL users requires

Figure 2: Time difference between two bunches of the
same bunch train at FLASH, measured with a phase mon-
itor using electro-optic detection of the zero crossing of a
pick-up signal. The combined time jitter and monitor reso-
lution is of the order 50 fs[12].

to measure the arrival time of the electron bunches in front
of the undulators with fs accuracy. This is well above
the capabilities of conventional RF methods and requires
either specialized longitudinal diagnostics (see section
on electro-optic methods) or a new type of beam phase
monitors as proposed in ref.[11]. These monitors use
the rather large beam induced signals from conventional
button or ring pick-up electrodes to modulate the intensity
of a probe laser pulse with electro-optic modulators (based
on ’Periodically Poled Lithium Niobate’ structures). These
modulators combine a bandwidth of several GHz with
high sensitivity and allow to detect the zero crossing of
the signal with an accuracy of a few femtoseconds. A test
set-up at FLASH has demonstrated very promising resolu-
tions recently. Fig. 2 shows the measured time difference
between two bunches of the same bunch train at FLASH.
The combined effect of real time jitter and resolution
of the phase monitor is of the order 50 fs. A potential
drawback of the method is, that it measures strictly the
’center of charge’ of the bunch and not the actually lasing
part. Ideally, the probing laser of the phase monitor is part
of an optical timing system of the machine which avoids
any additional timing jitter due to RF synchronization.

TRANSVERSE DEFLECTING
STRUCTURES

Transverse deflection structures (TDS) are amongst the
most powerful and developed tools to measure the phase
space distribution of particle bunches. They have been de-
veloped at SLAC during the 60th[15] of the last century
and used for both, beam separation and diagnostic purposes
(e.g. [16]. Operating the deflecting structure close to the
zero crossing of the RF, the bunches experience no net de-
flection but are streaked transversely. Adding a fast trans-
verse kicker allows to send the streaked bunch to an off-
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axis screen independent of the streak power. If the trans-
verse deflecting structure is combined with a FODO sec-
tion, quadrupol scans allows to investigate the slice emit-
tance of the bunches. In combination with a dispersive sec-
tion, the streaked bunch images the slice energy spread of
the beam. All future XFEL projects foresee transverse de-
flecting structures for diagnostic purposes. In the case of
the European XFEL, multiple pairs of TDS are foreseen to
allow measurements in both transverse planes at different
locations along the injector section. An overview can be
found in ref. [17].
For operation at zero crossing, the transverse deflection at
the screen Δy depends on the longitudinal position Δz
with respect to the center as

Δy = Δz
eV

E0

2π
λHF

√
βcβssin(Δψ) (1)

with V the total deflection Voltage of the cavity, E0 the
beam energy and Δψ the phase advance between cavity
center and screen. It depends on both β-functions at the
cavity and the screen and since the temporal resolution of
the method is determined by the ratio of Δy/Δz to the
unstreaked transverse size of the beam, the optimal optics
for the TDS operation demands large βc and small βs.
This has to be foreseen during the design of the machine
and is not necessarily coincident with the optimal optics
for FEL operation.
An S-band TDS operating at 2,856 GHz from SLAC
(LOLA IV cavity) has been installed at the FLASH linac
and is routinely used for beam diagnostic measurements
and to develop the TDS method further. At optimized
conditions, a streak power of more than 1mm per 100fs
can be achieved which for a nominal beam diameter of
200μm would lead to a resolution of about 20fs (RMS).
Under normal FEL operation conditions, the resolution
observed is slightly less. The image of a typical, well
compressed bunch is shown in Fig. 3, the width of the
charge spike at the bunch head is of the order 150fs
(FWHM). Fig. 4 shows a bunch fragmented by space
charge and CSR due to too high compression (notice the
difference in time scale compared to Fig. 3).
Scanning quadrupols in front and after the TDS, the slice
emittance of the bunches can be measured; a detailed re-
port on recent results has been given at this conference[18].
If the streaked bunch passes a dispersive section in front
of the observation screen, the slice energy spread of the
bunch can be derived with high accuracy. The example
shown in Fig. 5 demonstrates the complex structure of the
longitudinal distribution and the strong coupling between
ΔE and z. The bunch head clearly has two well separated
peaks in phase-space which almost coincide longitudinally.
Such observations are in good agreement with start-to-end
simulations and emphasise the necessity of powerful
diagnostics for a detailed understanding of the machine.
The TDS method can be called semi-parasitic since the
observed bunches are lost from the FEL process. The
read-out speed is limited by the complex imaging required,

Figure 3: Image of a TDS streaked bunch at FLASH. The
phase of the first accelerating module is set such to produce
a well formed current peak[14].

the information can not be used for fast feed-back systems.

ELECTRO OPTIC (EO) METHODS

The longitudinal charge profile of the bunches can be
probed by detecting their relativistic Coulomb field by
means of electro-optic crystals close to the beam trajectory.
The optical properties (namely the birefringence) of the
crystals is changed proportional to the electric field strength
and the cumulative effect on a co-propagating short laser
pulse can be detected. In this way, the temporal (longitu-
dinal) structure of the bunch charge is impressed in a po-
larization modulation of the optical pulse. An overview on
the different methods to decode this information is shown
in Fig. 6. The scanning delay method is not single shot
and can not be used if the temporal jitter of the mean time
of the bunch is comparable or even larger than the length
of the bunch. Single-shot EO bunch length measurements
were pioneered at FELIX [20] with the spectral decoding
method (EOSD), the more recently developed spatial de-
coding [22] and temporal decoding [23] techniques offer
higher resolution at the price of enhanced complexity.

The spectral decoding method is of striking simplicity:
the probing pulse is stretched to several ps by applying
a linear chirp, that is a correlation between time and ’lo-
cal’ wavelength. The polarization modulation due to the
EO effect is translated into an intensity modulation by a
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Figure 4: Image of a TDS streaked bunch at FLASH. The
phase of the first accelerating module is set too much off-
crest, the bunch is strongly distorted by space charge and
CSR effects [14].
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Figure 5: TDS streaked bunch with energy dispersion. The
bunch head is contains two separated peaks, less than 100
fs apart and with an energy difference of 0.5 % [18].

set of crossed polarizers, the intensity as function of wave-
length, measured with a conventional grating spectrometer,
images the longitudinal charge profile. Unfortunately, the
method has an intrinsic limitation: the amplitude modula-
tion of the probe pulse creates unavoidably a spectral mod-
ulation which mixes with the linear chirp and thus spoils
the ’decoding gauge’. For the very fast modulations (that
is short pulses), this creates an apparent broadening of the
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Figure 6: Overview on different methods to decode the
temporal information form the laser pulse probing the EO
crystal [19].

Figure 7: Single shot bunch profiles measured with electro-
optic spatial decoding at the SLAC-FFTB using a ZnTe
crystal [22].

pulse and even artificial temporal structures. For the typical
optical wavelengths of 800 nm and a length of the chirped
pulse of a few ps, structures shorter than about 200-300 fs
(FWHM) can not be decoded correctly. Nevertheless, the
centroid of the bunch can be detected with much higher
accuracy (<50 fs) and coarse deterioration (double spikes
etc.) can be easily detected. The method has the poten-
tial for further developments in the direction to become a
routine on-line monitoring system. For that, the expensive
and delicate Ti:Sa laser systems used so far have to be re-
placed by more robust devices (potentially fiber lasers). If
the spectroscopy can be done by using a line camera with
fast readout, multi-bunch capability can be envisaged for
even the 200 ns bunch distance at the European XFEL.
Spatial decoding has been mainly developed at SLAC [22].
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The spatially extended short probing laser pulse hits the
EO crystal with non-perpendicular incidence, thus a spatial
image of the crystal decodes the electric field a different
points in time. The method has the great advantage to be
free of the intrinsic limits of EOSD but relies on the spatial
uniformity of the EO crystal which can be, especially for
ZnTe, quite poor. It requires a quite complex optics and
imaging system inside the accelerator tunnel but can oper-
ate with rather modest laser energy. Fig. 7 shows a result
obtained at SLAC using a ZnTe crystal, the resolution of
270fs achieved is close to the limit for this material. At
FLASH, a similar set up using GaP is installed and resolu-
tions of the order 120fs have been demonstrated[21].
Temporal decoding is the most powerful and most complex
EO method developed so far. The short laser pulse is split
in two halves, one is chirped to a length covering the length
of the electron bunch and passes the EO crystal in the beam
line. The other one is kept short. The polarization modu-
lation is transferred to an intensity modulation in the usual
way, after that the probing pulse hits a non-linear crystal
(SHG). There it is merged under a certain angle of inclina-
tion with the short ’gate’ pulse from the same origin. In the
SHG crystal, a second harmonic component is created pro-
portional to the product of both laser intensities, leaving the
crystal in a direction well separated from the two incoming
components. The temporal information thus is decoded by
optical cross correlation as shown in Fig. 8 schematically.
Since a non-linear optical process is involved, the method
requires much higher laser power ( mJ) and thus a complex
and expensive laser amplifier system. On the other hand,
the method has demonstrated the best resolution so far. At
an installation at FLASH, spike widths of the order 100
fs (FWHM) have been measured in good agreement with
TDS data recorded simultaneously (Fig. 9).
Single-shot electro-optic diagnostic techniques are rather
mature as experiments meanwhile but still in an infant
state as routine operation tools. Since they are totally non-
destructive and can be applied to any bunch, it is worth-
while to spend considerable efforts to overcome the tech-
nical problems to make them more robust an usable as
continuously running monitoring tools. The development
of optical synchronization systems makes them even more
attractive, since they can be directly coupled to them by
means of optical synchronization, avoiding any additional
jitter introduced by RF components. They are ideal can-
didates to provide not only detailed information about the
bunch structure online but as well to act as extremely pre-
cise bunch arrival time monitors and time stamp generators
for pump-probe experiments.

COHERENT RADIATION DIAGNOSTICS

The relativistic electrons of the bunches radiate elec-
tromagnetic waves whenever their Coulomb field is sub-
jected to changes: synchrotron radiation due to directional
changes in the bending sections or transition and diffraction
radiation if the field enters regions of changing dielectric

Figure 8: Temporal decoding of the intensity modulation
of the probe pulse by spatial cross correlation in a second
harmonic (SHG) crystal.

Figure 9: Longitudinal bunch profile measured at FLASH
with the electro-optic temporal decoding technique using a
100μm thick GaP crystal [24].

properties. For wavelengths of the radiation longer than the
distance of two electrons, these electrons radiate ’in phase’
or coherently, the intensity of this coherent radiation scales
with the square of the number of contributing electrons and
can be a massive effect. More precisely, the radiated power
per frequency interval can be written as

dU

dω
∝ N2|Flong(ω)|2T (ω, γ, rb,Θ, source) (2)

with

Flong(ω) =
∫ ∞

−∞
ρ(t)exp(−iωt)dt (3)

Flong is the longitudinal form factor of the bunch, the
Fourier transform of the longitudinal charge distribution
and T summarizes all other, potentially complex, proper-
ties of the radiation source.
The most popular application of coherent radiation diag-
nostics is to measure a global intensity of the radiation
integrating over a certain (normally large) range of fre-
quencies and use the signal strength as an index for the
shortness (the ’compression’) of the bunch. It should be
kept in mind that the information on the bunch length
obtained that way is restricted to the wavelength range
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linearized compression

non-linear compression

+ collective effects

Figure 10: Simulated wavelength spectra of coherent
transition radiation for two compression schemes without
space charge and CSR effects and for an example of non-
linear compression including space charge and CSR effect
(data courtesy M. Dohlus).

covered by the radiation detector. If the coherent radiation
intensity is observed spectrally resolved, information
about the longitudinal form factor and thus the charge
distribution can be obtained. For the typical bunch lengths
between 10 fs and 100 fs contributing to the FEL process,
the corresponding range of wavelengths is in the far
infrared from 10 μm to 300 μm. As shown in Fig. 10, the
wavelength spectra of coherent transition radiation from
ideally compressed electron bunches strongly peak in the
region below 200 μm, the position of the intensity maxi-
mum directly reflects the length of the current spike1. If
the bunch is distorted by collective effects, the wavelength
spectrum exhibits characteristic substructures which could
be used to get information on the strength and nature of
the collective phenomena. Despite the fact that a direct
reconstruction of the bunch shape from radiation spectra
is impossible due to the missing phase information, the
wavelength spectra reveal sufficient information to act as
’fingerprints’ of the longitudinal bunch structure.
The wavelength range of interest puts a few stringent
boundary conditions to the experimental set up: con-
ventional crystalline quartz windows are not transparent
for wavelength shorter than about 80 μm and humid air
absorbs below 300 μm even over short distances substan-
tially. In consequence, the radiation has to be coupled out
of the beam pipe by using a CVD diamond window and
the entire coherent radiation set up has to be evacuated
or flushed with a dry gas. Conventional IR spectrometers
used so far in bunch length diagnostics are Michelson type
interferometers measuring the autocorrelation function
of the radiation. This method is intrinsically not single
shot capable and the information has to be derived in a
complex de-convolution process. Recently, a new type of
spectrograph has been proposed[25] and assembled which
is able to measure wavelength spectra over a sufficiently
large range on a single shot basis. The central elements are
gratings as dispersive elements and a multichannel detector
with fast read out. In a first step, a set of reflective blazed

1For a Gaussian bunch, the position of the intensity maximum in wave-
length space depends linearly on the temporal width of the bunch

Figure 11: A set of successively recorded single shot spec-
tra in the wavelength range 16-26 μm from coherent tran-
sition radiation at FLASH. While recording from right to
left, the off-crest phase of the first accelerating module was
scanned from zero to about -8 degrees.

gratings has been used to separate different wave length
bands and to detect them with single element pyro-electric
sensors. Such a device can be used as ’advanced bunch
compression monitor’ which is much more sensitive to
the actually lasing part of the bunch than conventional
integrating devices. It has been tested at the THz beam
line[28] of FLASH using coherent transition radiation and
proven capabilities. More details can be found in ref. [?].
The development of a 30 channel fast read out pyro-electric
sensor at DESY[29] made it possible to record coherent
radiation spectra for single shots online. The device has
a sensitivity of about 300 pJ per channel (5σ noise-level)
and is almost free of disturbing ’etalon’ resonances in the
sensitivity in the interesting wavelength range from 1 μm
to 1mm. For this, newly designed pyro-electric sensors
have been developed together with industry. The device
has been used together with transmission gratings and
reflective gratings for fist online single-shot spectroscopy
at the FLASH THz beamline2. As an example, Fig. 11
shows a set of successively recorded spectra in the range
of 16-26 μm while the phase of the first accelerating
module was scanned over 8 degrees[27]. Radiation in
this wavelength range is produced in two (probably three)
narrow regimes of the off-crest phase. One of them is
usually used for FEL operation. In contrast to this, fig. 12
shows the equivalent scan for very short wavelengths
between 5 μm and 8 μm. No such pronounced bands are
seen, the intensity pattern fluctuates from shot to shot and
the overall intensity increases with larger off-crest phase
angles. This is a very clear indication for micro-bunching
on a few femtosecond scale.

Single shot coherent spectroscopy has made a step
forward but still to prove its benefits for bunch profile
diagnostics and online monitoring. Transmission gratings

2The evacuated beamline images transition or diffraction radiation
from an off-axis screen over a distance of 20m to outside the linac tun-
nel. A fast kicker is used to kick individual bunches to the screen, thus the
measurements can run in parallel to normal FEL operation.
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Figure 12: A set of successively recorded single shot spec-
tra in the wavelength range 5-8 μm from coherent tran-
sition radiation at FLASH. While recording from right to
left, the off-crest phase of the first accelerating module was
scanned from zero to about -8 degrees.

offer a wider spectral range but can not reach the shortest
wavelengths, reflective gratings span only about one octave
in wavelength but have higher efficiency and are available
down to the UV region. The natural next step is to ’stage’
several reflective gratings with a final transmission grating
to span the full range of interest simultaneously. Equipped
with fast read-out, these devices can be used even for fast
feedback systems.

SUMMARY

Diagnostics for XUV and XFEL requires a variety of
new developments on various fields to cope with the very
demanding challenges of these machines. Considerable
progress has been made during the past years for beam
position monitors and especially on the field of longitudi-
nal phase space diagnostics and arrival time monitors. But
most of the new methods are still not mature and more or
less far from being applicable as routine online tool to con-
trol and steer the machine. This is a reach and challenging
field for the next years. On top of this, even more sophis-
ticated techniques like the ”optical replica synthesizer” are
on their way to be explored [30][31].
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Abstract 
The SPring-8 compact SASE source (SCSS) project 

aims at SASE-based FEL at wavelength region of 1 
angstrom. To generate a high quality electron beam, a low 
emittance injector comprising of a 500 kV pulsed electron 
gun, beam deflector and three-stage velocity bunching 
process has been investigated [1, 2]. To confirm beam 
performance of the injector, the SCSS prototype 
accelerator with the identical injector system was 
constructed [3]. Via beam tuning of the prototype 
accelerator over half a year, the first stage beam 
commissioning was completed successfully and SASE at 
wavelength of about 50 nm was observed in June 20th, 
2006 [3]. The analysis of experimental SASE data 
predicts that essential beam quality, i.e., "effective 
electron beam brilliance" reaches to the target value, 200 
A/π2mm2⋅mrad2. In this paper, we describe the injector 
design of the SCSS prototype accelerator and show the 
achieved beam performance. 

INTRODUCTION 
In order to achieve SASE-based x-ray FEL, normalized 

slice emittance of ~1 πmm.mrad is required with a high 
peak current of a few kA. For this purpose, it has been 
believed that a photo-cathode RF electron gun (RF-gun) 
based system is the most promising. The RF-gun based 
system has been thus adopted as the injector for the LCLS 
[4] and XFEL [5] projects.  

In the SCSS project, we however took a different 
approach to this problem. A conventional technology-
based injector, which comprises of a pulsed electron gun 
with a thermionic-cathode, a beam deflector and three-
stage velocity bunching process was chosen [1, 2]. This 
choice is due to potentiality achieving simultaneously 
high stability and tunability, which are critically 
important for realization of "stable" x-ray FEL. This 
injector system is free from the dark current from the 
cathode, which could be a serious problem in the RF-gun 
based system. 

In the SCSS injector system, basic functions on beam 
handling such as emission of electrons, beam pulse 
processing, beam acceleration and bunch compression are 
separated. Machine parameters in each function are thus 

adjustable independently, which assures wide tunability in 
operation. This is an advantage when compared to the 
RF-gun based system, where these functions are tightly 
coupled. Furthermore, the RF-gun based system has to 
use a state of the art laser system to extract electrons from 
the cathode, which may cause instability in the initial 
beam condition.  

Although the SCSS injector system has an advantage 
on the electron beam stability and operation tunability, 
there remains the question whether "emittance 
conservation" through the injector is a sufficient level or 
not under the practical error condition. To reply this, in 
other words, to confirm beam performance of the injector 
and investigate hidden problems in operation, the SCSS 
prototype accelerator was constructed and has been tested.  

OUTLINE OF INJECTOR SYETEM 
Figure 1 shows the schematic view of the injector 

system of the SCSS prototype accelerator. Since the 
SCSS injector is basically the same as that of the 
prototype accelerator, we explain beam handling over the 
injector by using Fig. 1. 

Electron beams are extracted from the single crystal 
CeB6 cathode by a 500 kV pulse voltage (1 in Fig. 1) [6]. 
The repetition rate is 60 Hz at most and the electron pulse 
width is about 2 µsec. The theoretical thermal emittance 
is 0.4 πmm.mrad. The initial beam energy is 500 keV and 
peak current is 1 A. 

The developed beam deflector (2 in Fig. 1) cuts out 
about 1 nsec short pulse from the extracted beam. Due to 
the fast rising and falling time of the deflector electric 
field, 1 nsec beam pulse has a beam tail of about 100 psec, 
in front of and behind the beam. The deflector has a 
collimator with a hole of which diameter is 5 mm and the 
beam is collimated into a cylindrical shape with a 
transversally hard edge. 

Owing to the high beam energy of 500 keV, a 
conventional solenoid coil, which covers a wide beam 
path, is unnecessary. Instead of the solenoid, a special 
magnetic lens, where the solenoid coil is covered by an 
iron york, has been developed (3 in Fig. 1). This magnetic 
lens has two significant advantages: (1) Due to the 
localized focusing field, three functions, beam focusing, 
beam acceleration and bunch compression can be 
separated. (2) Due to the properly large aperture, 
nonlinear fringe fields are suppressed enough to avoid the 
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emittance growth. The former advantage is quite 
important for precise beam tuning. 

The cylindrical beam with the pulse width of 1 nsec 
receives energy modulation, about 400 keV in a peak-to-
peak value, in the 238 MHz pre-buncher (4 in Fig. 1). The 
energy modulated beam develops the density modulation 
when passing through a 1.6 m drift section. The energy 
filter (5 in Fig. 1) is now not used. In front of the booster, 
the average beam energy is ~0.43 MeV and the peak 
current reaches to 5 A (~200 ps). Then, in the 476 MHz 
booster cavity (6 in Fig. 1), the beam energy is boosted up 
to ~1 MeV to suppress the space charge effect and to 
linearlize the velocity gradient. In the velocity bunching 
process, both the voltage and phase of the two cavities are 
crucial for the bunching performance. Structures of both 
cavities were therefore carefully designed so that the 
frequency and gap-voltage are not sensitive against a 
vibration and temperature change. The peak current 
increases up to 50 A (~10 ps) while the 1 MeV electron 
beam flights over 1.3 m from the booster to the first S-
band acceleration tube (7 in Fig. 1). 

The energy of the electron beam is boosted by the two 
S-band accelerating tubes (7 and 8 in Fig. 1) up to ~41 
MeV with the design bunching phase and up to~50 MeV 
with the crest phase. To suppress the emittance growth 
due to the symmetry-break of the first acceleration tube, 
APS structure was adopted. The velocity bunching 
process completes by the end of the first tube, where the 
peak current reaches to ~80 A (~6 ps).  

Downstream of the first S-band accelerator tube, the 
beam energy is higher than 10 MeV and a quadrupole 
magnet (10 in Fig. 1) is used to focus the beam instead of 
the magnetic lens. 

In the SCSS prototype accelerator, the beam is further 
compressed for SASE experiments by the bunch 
compressor, which comprises of four identical rectangular 
magnets (10 in Fig. 1). The deflecting angle is 0.1 rad and 
the maximum linear dispersion is about 110 mm. After 
the bunch compression, the peak current reaches to ~800 
A (~0.7 ps). 

The injector system is divided into three main parts, the 
electron gun, the beam deflector and three-stage velocity 
bunching process. Details of each part are described in the 
following three sections. 

500 KV PULSED ELECTRON GUN 
To constantly obtain low emittance electron beam with 

high beam current of 1~3 A, the electron gun was 
significantly improved from conventional electron guns. 
Table 1 lists the main electron gun parameters and Fig. 2 
shows the CeB6 cathode assembly (left) and the cathode 
being heated in the test chamber. The major 
improvements are: 

 
• A small sized single crystal CeB6, of which 

diameter is 3mm, was used as a cathode. 
• The control grid was removed from the cathode, 

because the grid increases beam emittance by 
distorting the electric field. 

• The gun voltage was raised up to 500 kV to 
suppress a space charge effect and remove 
troublesome solenoid coils. 

• The cathode was stably heated up to high 
temperature as 1400~1600 deg.C by use of graphite 
heater. 

Table 1: Gun Parameters 
 Beam Energy 500 keV 

Peak Current 1~3A 
Pulse Width (FWHM) 2 µsec 

Repetition Rate  60 Hz 
Cathode Temperature 1400~1600 deg.C  

Cathode Diameter 3mm 
Theoretical Thermal 

Emittance (rms) 
0.4 πmm.mrad 

Measured Normalized 
Emittance (rms, 90% 

particles) 

0.6 πmm.mrad [7] 

 

Fig. 1: Schematic drawing of SCSS injector system. 
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• The graphite sleeve surrounding the cathode was 
adopted to reduce beam halo. 

• The flat Wehnelt was used as the anode to reduce 
emittance growth and to enlarge dynamic range of 
the peak current.  

BEAM DEFLECTOR 
Since the control grid was removed from the developed 

electron gun to suppress beam emittance growth, beam 
deflector, which cuts out a 1nsec short pulse from the 
long one, is indispensable for the SCSS injector system. 
Figure 3 shows the principle of the beam deflector. The 
deflector comprises of two parallel electrode plates and 
one steering coil. The coil generates a DC magnetic field 
in the horizontal plane, which deflects the beam vertically 
and dumps it by using the narrow physical aperture as 
shown in the figure. The short pulsed electric field in the 
vertical plane, which cancels out the vertical kick by the 
DC magnetic field, achieves gating of ~1 nsec. The 
driving pulse has a fast rising and falling time, ~200 psec, 
which can generate a well-edged electron beam with a 
short tail. The flatness of the pulsed electric fields at the 
flat top determines the emittance degradation in the 
deflector. Hence, to achieve the sufficient field quality, 
impedance matching was fully considered in the design of 
the electric circuit and the parallel electrode plates 
including the casing chamber. 

THREE-STAGE VELOCITY BUNCHING 
The SCSS injector starts beam compression from the 

low beam energy of a 500 keV and reduces the bunch 

length by a several hundredth as the energy increases up 
to a few tens MeV. In the design of the SCSS injector, it 
is thus important to suppress emittance growth caused by 
a space charge force. On the other hand, the high 
compression ratio, higher than hundred, is required. 
Hence, handling of nonlinearity in the compression 
process is important. 

Suppression of Emittance Growth 
Assuming that the beam transverse shape is round and 

hard-edged and all electro-magnetic potentials are axial-
symmetric, equation of motion under a space charge force 
is described in a cylindrical coordinate by [8] 

 
 (1) 

where r, β, γ, B, pθ, I, IA and rm are the electron radius, 
relative velocity, relative energy, longitudinal magnetic 
field, azimuthal momentum, peak current and Alfven 
current, respectively. The last term in L.H.S. shows the 
space charge force acting on the electron beam, 
suggesting that the guideline on the bunch compression is 
the ratio of γ 3. For example, when γ increases from 1 to 2, 
criterion on the compression ratio is (2/1)3=8. This idea 
was first proposed by T. Shintake [1].  

The bunch compression in the SCSS prototype 
accelerator however, apparently exceeds the above 
guideline and the simulation code, PARMELA predicts 
that the emittance growth is larger than that in 8-GeV 
SCSS. Because the injector parameters of the prototype 
accelerator were optimized not for SASE in wavelength 
region of 1 angstrom, but for in VUV region under the 
limited boundary condition, the peak current rather than 
the slice emittance was pursued. In the 8-GeV SCSS 
design, RF parameters, especially the RF voltage of 238 
MHz pre-buncher will be re-optimized and the use of L-
band accelerators instead of the S-band (7 and 8 in Fig. 1) 
is under investigation.  

Nonlinearity Handling 
To achieve the high compression ratio, suppression of 

nonlinearity in the bunch compression process, which 
originates from a RF voltage and velocity dependence on 
relative energy of the beam, is the key. For the simple 
system comprising of a RF potential, drift space and 
initially mono-energetic beam, the condition achieving 
the linear velocity distribution against time can be easily 
solved by neglecting a space charge force and expressed 
using only three parameters: an initial beam energy, peak 
RF voltage and RF phase. By using 500 keV and 209 kV 
as the initial beam energy and peak RF voltage of the pre-
buncher, respectively, the linear distribution is obtained at 
about -125 deg. from the crest phase. Since the injector of 
the prototype accelerator has the 476 MHz booster cavity 
downstream of the pre-buncher, the condition for the 

Fig. 2: Cathode assembly (left) and heated cathode (right). 

 

Fig. 3: Schematic drawing of beam deflector. 
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linear distribution becomes more complicated at the exit 
of the booster, i.e., it also depends on the booster 
parameters. Figure 4 shows the velocity distribution 
dependence on RF phase of the pre-buncher behind the 
booster, which was calculated with the injector 
parameters of the prototype accelerator. In this case the 
phase between -100 and -120 deg. is found to be optimum. 
In consideration of the experimental results obtained at 
the prototype accelerator, all the parameters relating to the 
three-stage velocity bunching process have been re-
investigated. 

SCSS PROTOTYPE ACCELERATOR 
The SCSS prototype accelerator comprises of the low 

emittance injector, bunch compressor with a magnetic 
chicane, C-band acceleration system, and two in-vacuum 
undulators as shown in Fig. 5. To verify the injector 
capability providing the high quality electron beam, the 
design target of the normalized slice emittance and peak 
current was set at 2 πmm.mrad and 800 A, respectively. 
Attainment of the target confirms that the beam 
performance for x-ray FEL is reachable by smooth 
extension of the prototype accelerator. And also, the 
target performance is enough for SASE lasing at 
wavelength of 40 ~ 60 nm. 

Since both the injector and bunch compressor were 
already described in the previous sections (see Fig. 1), we 
start a brief explanation of the prototype accelerator from 
the C-band acceleration system. The system is divided 
into two acceleration units. Each unit has two 1.8 m-long 
choke-mode type traveling wave acceleration (TWA) 
tubes [9] driven by a 3/4π mode. Each unit has one 
50MW C-band klystron. The RF power from the klystron 
is boosted up by a factor of 3.4 by the RF pulse 
compressor and equally fed to the two acceleration tubes. 
In the prototype accelerator, different compressors, SKIP 
[10] and SLED [11] were adopted for the first and second 

units, respectively, to compare the performance of the two 
compressors. The nominal accelerating field gradient is 
about 30 MV/m when the beam is accelerated at the crest 
phase and in this operating condition RF power fed to 
each acceleration tube is 46 MW on average of 300 nsec 
filling time. 

The undulator part is divided into two identical in-
vacuum undulators of 4.5 m. The permanent magnet 
material is NdFeB and magnet structure is a 45-deg. tilted 
Halbach type [12]. Minimum, nominal and fully opened 
gaps are 2, 3 and 25 mm, respectively. At the minimum 
(nominal) gap K-value reaches to about 1.8 (1.3) and the 
wavelength of the first harmonic is about 80 (60) nm with 
the beam energy of 250 MeV. The period length is 15 mm 
and the number of periods is 300 per undulator. To keep a 
small beam size in the horizontal plane, one focusing 
quadrupole locates between two undulators. In front of 
the first undulator, a magnet chicane is installed to protect 
the undulator permanent magnets from accidental electron 
bombardments and dark currents from the C-band 
accelerators. 

The symbol “M” in Fig. 5 shows a chamber port for a 
usual beam profile measurement with fluorescence and 
optical transition radiation. In the beam tuning, these 
ports are also used to measure a longitudinal beam density 
distribution by using coherent transition radiation because 
evolution of the longitudinal distribution is quite 
important for setting RF parameters in the velocity 
bunching process. The symbol “S” shows a transverse 
beam slit to collimate the beam in energy and transverse 
space.  

TUNING STRATEGY OF SCSS 
PROTOTYPE ACCELERATOR 

In the beam tuning, the following points were well 
considered, because there is no diagnostics to measure the 
slice emittance directly. 

(1) Suppression of slice emittance growth by a space 
charge force: Over-focusing of the beam causes the 
emittance growth by a space charge force and hence, it is 
important to tune the real beam envelope same as the 
calculation. To this end, initial condition of the real beam 
from the electron gun should be fixed. We made series of 
systematic measurements on the beam profiles by 
changing strengths of the plural magnetic lenses one by 
one without RF power of both the 238 MHz pre-buncher 
and 476 MHz booster. By analyzing the data, the virtual 
beam source was thus determined for the prototype 
accelerator. 

(2) Suppression of slice emittance growth by over-
bunching: RF voltage and phase were calibrated and set 
based on the real beam response for the pre-buncher, 
booster and S-band accelerators. As the beam response, 
dependences of the bunch compression on these two 
parameters were measured. The measurements were 
performed with the developed microwave spectrometer 
and the detection system combining the wide frequency 
band diode detector [13] with a high-pass mesh filter. For 

Fig. 4:  Velocity  distribution  dependence on RF phase of 
the pre-buncher  behind  the  booster  calculated with the 
injector parameters of the prototype accelerator.  
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the crest phase detection, we used the following three 
methods depending on the condition; beam induced field 
method [14], the method based on the maximum beam 
transmission and the method based on the maximum 
displacement at the dispersive section. 

(3) Suppression of slice emittance growth by nonlinear 
fields: Nonlinear fields at both fringes of the magnetic 
lenses and RF cavities increase the slice emittance. To 
suppress this growth, electron beam centering to each 
device is important. We centered the beam on each device 
by dithering, i.e., by observing the beam responses 
against the current and acceleration phase modulation. 

(4) Confirmation of slice emittance: Condition of the 
transverse phase space was indirectly confirmed by 
comparing the measured data with the simulated ones. For 
the comparison, five beam profiles upstream of the C-
band acceleration system and three kinds of projected 
emittance were used. 

EXPERIMENTAL RESULTS OBTAINED 
AT SCSS PROTOTYPE ACCELERATOR 
In this section, we summarize the obtained results, i.e., 

the projected emittance, bunch length, dark current, 
stability and electron beam brilliance. 

Projected emittance 
The projected emittance values were measured under 

the following three conditions: (1) 500 keV beam with the 
pulse-width of 1nsec after the beam deflector (M2 in Fig. 
5), (2) 50 MeV beam accelerated at the crest phase of the 
S-band TWA tube (M6 in Fig. 5), and (3) 250 MeV beam 
accelerated at the bunching phase (crest -30 deg.) of the 
S-band TWA tube and at the crest phase of the C-band 
TWA tubes (M9 in Fig. 5). The emittance of condition (1) 
was estimated from the beam size and angular divergence 
measured by the horizontal slit scan. On the other hand, 
the emittance of the conditions (2) and (3) were estimated 
by a conventional Q-scan method. Table 2 lists the 

estimated emittance values together with the calculated 
ones. The measured emittance of the long pulse beam 
emitted from the electron gun is also shown. Comparing 
the emittance values with and without the deflector, we 
see that the emittance growth by the deflector is not 
significant. We also see that the estimated values have 
good agreement with the calculation at the beam energy 
of 50 and 250 MeV.  

Fig. 6 shows the beam size dependences obtained by 
the Q-scan method at the beam energy of 50 MeV. Each 
point represents the average of 10 data. The solid and 
dashed lines represent the fitting curves of which form is 
determined by linear beam theory. Since scattering of 10 
data is smaller than the radius of the plotted circles, it was 
neglected in the figure. The error bar represents 1σ of a 
fitting error. We see that the all data points over the wide 
range of the focusing strength are well fitted by the 
parabolic curve. These facts show that the electron beam 
is stable enough for this kind of measurement.  

Bunch length 
Bunch length was measured with a femto-second streak 

camera (Hamamatsu Photonics FESCA-200, temporal 
resolution of 200 fs). Cherenkov radiation from conically 
shaped BK7 glass was observed for the 41MeV electron 
beam and optical transition radiation (OTR) from an Au 

Table 2: Estimation of normalized emittance 
 Beam Energy 

[MeV] 
Norm.Emittance 

(εx, εy) 
[πmm.mrad] 

Calculation 
(εx, εy) 

[πmm.mrad] 
0.5(bef.deflector) (0.6, -) - 

0.5(aft.deflector) (1, -) - 
50 (3, 3) (2.8, 2.6) 

250 (4, 2) (2.3, 2.3) 
 

Fig. 5: Schematic drawing of SCSS prototype accelerator. 
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thin film was observed for the 250 MeV electron beam. 
The results are 5 psec (41 MeV) and 2 psec (250 MeV) in 
1σ, which are much larger than the simulated bunch 
length of 1 psec. As causes of this discrepancy, we 
presently predict that the transverse beam size enlarges 
the pulse length of Cherenkov radiation. And also, in 
respect to measurement with OTR, we doubt that the 
optics including streak camera system enlarges the pulse 
length. 

We measured bunch length with another method, where 
the pulse length of beam is converted to a systematic 
energy chirp by using a RF field gradient [15]. In our case, 
the second C-band acceleration unit (C-TWA#2 in Fig. 5) 
is operated at a zero-crossing phase to generate a 
systematic energy chirp. Beam density distribution 

projected to the horizontal plane is then observed with 
OTR from the Au thin film located in the middle of the 
chicane (M8 in Fig. 5). The linear dispersion at the OTR 
screen is about 150 mm. Figure 7 shows the measured 
density profiles under three different operating conditions 
of the second C-band unit, i.e., RF turned off and at the 
crest ± 90 deg. accelerating phase. By using the RF 
parameters and dispersion value, the full pulse width is 
estimated to be about 1.1 ps, which agrees well with the 
simulation.  

Dark current 
When the deflector is switched on, dark current 

downstream of the pre-buncher is invisible on a 
fluorescence screen of M1 in Fig. 5. It is true that the dark 
current from the electron gun is negligible for any beam 
tuning. Quantitative measurements are planned in next 
operation period after the summer shutdown.  

Stability 
Long-term stability of the electron beam or the 

prototype accelerator is the following. The standard 
SASE lasing is basically reproduced by reloading the 
nominal parameter set of the magnets and RF systems. At 
present, the SCSS prototype accelerator has not been 
operated continuously over a long period, but operated 
day by day. In 2 to 3 hr after the operation starts in the 
morning, we suffer the slow drifts of some parameters 
such as the high voltage of the electron gun, etc, which is 
so far adjusted manually. Introduction of slow feedback 
controls is thus under investigation.  

With respect to short-term stability of the electron beam, 
the stability of the beam energy is 0.37 % in full-width 
downstream of the second C-band acceleration unit. This 
was estimated by using the shot-by-shot fluctuation of the 
horizontal position at M8 in Fig. 5. The beam orbit 
stability was measured by using the beam position 
monitor (BPM) [16] at the entrance of the first undulator, 
where no linear dispersion exists in the design. The 
horizontal and vertical orbit stabilities at this position are 
13 and 21 µm in 1σ, respectively. These values are 
smaller than a fifth of the beam size. 

With respect to lasing stability, the peak performance 
has not been achieved routinely. In order to maximize the 
laser amplification, slight tuning is needed for the pre-
buncher phase, S-band TWA phase, position and width of 
the slits, S4 and S6 in Fig. 5. Figure 8 shows the shot-by-
shot lasing stability measured by the photodiode 
(International Radiation Detectors Inc. SXUV100) in the 
VUV beamline [17]. The energy per pulse was measured 
by integrating the photogenerated charge of the 
photodiode. The lasing wavelength is about 60 nm and 
the repetition rate was 5 Hz. The data however were taken 
asynchronously at 3 Hz due to the reading speed of the 
temporary data acquisition system. We see that relatively 
strong lasing occurred in all shots over the period of 
measurement without any feedback correction.  Fig. 7: Measured beam density  profile projected on  the 

horizontal  plane  with  three different operating  condi-
tions. 

Fig. 6: Measured  data  by  the  Q-scan  method  at  the 
beam energy of 50 MeV. 
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Electron beam brilliance 
Effective electron beam brilliance, the ratio of a peak 

current to 4-dimensional transverse phase space volume, 
is estimated by the following two approaches. One is to 
reproduce the measured dependence of the laser 
amplification on the peak current by using the 1-D model 
[18]. The other is to reproduce the measured dependence 
of the laser amplification on the K-value by using the 3-D 
simulation code, SIMPLEX [19]. 

(1) Estimation with 1-D model: The bunch current was 
controlled with the slit S4 in Fig. 5. Through the bunch 
length measurement with a systematic energy chirp, we 
confirmed that the local density peak in the bunch 
depends on the slit width of S4. Figure 9 shows the 
dependence measured by the photodiode in the VUV 
beamline. The filled circles and error bars represent the 
average and 1σ of 100 data, respectively. In this 
measurement, the gaps of both undulators were closed to 
4 mm and the beam energy was accelerated up to the 
nominal energy, 250 MeV. Hence, the lasing wavelength 
is 49nm.  

In the 1-D model, the total radiation intensity I is 
written by the sum of the spontaneous radiation intensity 
IN and coherent radiation intensity IL as 

 

! 

I = IL + IN = IL0 exp z /L1G( ) + IN ,  (2) 
 

where z and L1G represent the total length of the 
undulators and the 1-D gain length, respectively. 
Assuming that the horizontal normalized slice emittance 
is the same as the vertical one, L1G is expressed by using 
the beam parameters as  
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Here, εns and Ip represent the normalized slice emittance 
and peak current, respectively. βx and βy are the 
horizontal and vertical betatron functions, respectively. 
The bracket < > represents the average of the inside 
parameter over the undulator length. First we determined 
the betatron functions experimentally. Then, we fitted the 
experimental data by using H as only a parameter in 
consideration with the dependence of Eq. (2) and (3) on 
the beam charge. The solid line in Fig. 9 shows the result, 
which agrees well with the experimental data. The ratio of 
Ip to εns, namely H is estimated to be 480 A/πmm⋅mrad. 
Assuming that εns is the design value, 2 πmm⋅mrad, the 
electron beam brilliance becomes 240 A/π2mm2⋅mrad2. 

(2) Estimation with 3-D model: Fixing the electron 
beam condition, we measured the dependence of the 
angular photon flux density on the K-value by changing 
the gap of the first undulator only. To extract the core 
photon beam, the horizontal acceptance was limited 
within ±100µm from the beam center by using the 
horizontal slit in the VUV beamline. Then, the 
horizontally narrow beam was monochromatized and 
detected by the CCD camera [17]. We further set a small 
window on the CCD image for limiting the bandwidth 
and the vertical acceptance. The angular photon flux 
density was finally obtained by integrating the intensities 
in the window. Figure 10 shows the measured dependence 
of the angular flux density on the K-value with the filled 
circles. Each data was taken by the integration time of 
10sec, i.e., the integration of 50 data. The vertical axis 
represents the ratio of the flux density to that of the 
spontaneous radiation. The spontaneous radiation data 
were measured for each K-value by operating S-band 
TWA at the de-bunching phase.  

Assuming that the normalized slice emittance and 
momentum spread are the design values, 2 πmm.mrad 
and 0.1 % (1σ), respectively, we simulated the 

Fig. 8: Shot-by-shot stability of lasing. The beam ener-
gy is 250 MeV and the undulator gap is 3 mm. 

Fig. 9: Dependence  of  laser  amplification on  the beam
charge. 

Proceedings of FEL 2006, BESSY, Berlin, Germany THCAU02

FEL Technology 775



dependence on the K-value with SIMPLEX. Here, the 
peak current was used as a parameter. The solid lines in 
Fig. 10 show the results. By comparing the simulation and 
experimental data, we see that the experimental data 
locate between the two lines obtained with 1070A and 
1250A. The electron beam brilliance is estimated to be 
270 ~ 310 A/π2mm2⋅mrad2. 

SUMMARY 
The SCSS injector system was designed to achieve the 

stable and flexible beam operation satisfying the high 
beam quality required for SASE-based x-ray FEL. On the 
other hand, our design needs the bunch compression of 
relatively long electron beam in a low energy regime 
ranging from 500 keV to a few MeV, with suppressing 
the emittance growth due to a space charge force and non-
linearity. This is quite challenging and there remains the 
question whether "emittance conservation" through the 
injector is a sufficient level or not under the practical 
error condition. To confirm beam performance of the 
injector, the SCSS prototype accelerator was constructed. 

Owing to careful beam tuning based on the emittance 
conservation, SASE lasing in the wavelength ranging 
from 40 to 60nm has been stably obtained at the SCSS 
prototype accelerator. We analysed the reproducible 
SASE lasing data by the 1-D model and 3-D simulator. 
As a result, we found that electron beam brilliance is 
estimated to satisfy the design target, 200A/π2mm2⋅mrad2. 

This experimental result shows that PARMELA gives a 
good design guideline in our case and concludes that the 
beam performance for x-ray FEL is reachable by the 
smooth extension of the prototype accelerator. 
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Abstract

We report the operational experience of the movable
emittance meter at SPARC. It is based on the well-known
technique of pepper pot measurements (1-D slits in our
case) but, in addition, it allows moving the measuring de-
vice along the beam line from about 840 mm to 2200
mm from the cathode, following the emittance oscilla-
tions. More than a simple improvement over conventional,
though non-trivial, beam diagnostic tools this device de-
fines a new strategy for the characterization of high perfor-
mance photo-injectors, providing a tool for detailed analy-
sis of the beam dynamics, over a section of the accelerator
where emittance compensation take place. With this device
we planned to perform detailed and systematic studies on
beam dynamics with particular attention to the transverse
parameters as well as longitudinal.

INTRODUCTION

The aim of the SPARC [1] project is to promote R&D
towards high brightness photo-injectors to drive a SASE-
FEL experiment. The 150 MeV SPARC photo-injector
consists of a 1.6 cell RF gun operated at S-band (2.856
GHz, of the BNL/UCLA/SLAC type) and high-peak field
on the cathode incorporated metallic photo-cathode of 120
MV/m, generating a 5.6 MeV, 100 A (1 nC, 10 ps) beam.

The beam is then focused and matched into 3 SLAC-type
accelerating sections, which boost its energy to 150-200
MeV. The first phase of the SPARC Project was dedicated
to the beam RMS emittance measurement along the drift
space following the RF gun, where the emittance compen-
sation process occurs.

The complete characterization of the beam parameters
at different distances from the cathode is important to de-
fine the injector settings optimizing emittance compensa-
tion and for code validation. For this measurement, a ded-
icated moveable (in z, z being the distance from the cath-
ode, measured along the accelerator axis) emittance mea-
surement device [3] (emittance-meter) is used allowing to
measure the RMS emittance in the range from about z=86
cm to z=210 cm.

∗This work has been partially supported by the EU Commission in the
sixth framework program, contract no. 011935 EUROFEL-DS1.

† luciano.catani@roma2.infn.it

1 - upstream long bellow
2 - vertical and horizontal multi-slit masks actuators
3 - intermediate bellow
4 - CCD camera
5 - Ce:YAG screen actuator
6 - downstream long bellow
7 - alignment tool
8 - steering coil holder
9 - leg extender
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Figure 1: 3D mechanical drawing of the SPARC emittance-
meter

The technique to measure the beam emittance and the
phase space, in both the horizontal and vertical planes,
makes use of a double system of horizontal and vertical
slit masks [2]. Each mask consists of a slits array (7 slits,
50 µm width spaced of 500µm, 2 mm thick) and two sin-
gle slits, 50 and 100µm width. The slits are realized by
photo-chemical etching providing, compared to mechani-
cal machining, higher precision and improved smoothness
of slits edges. The multislits are used for single shot mea-
surements, provided the beam size is large enough for an
adequate beam sampling by the slit array. Alternatively,
a single slit can be moved across the beam spot. In this
case the accuracy of transverse sampling can be freely cho-
sen adjusting the step between the different positions of the
slit. This measurement is an integration over many pulses.

Linear actuators with stepper motors are used to control
the insertion of the slits masks into the beamline. A differ-
ential encoder and a reference end switch guarantee repro-
ducibility and accuracy of the movement to better than 2
µm, required for single-slit multi-shots measurements.

The projected cross-section of beamlets emerging from
the slit-mask are measured by means of a downstream
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Ce:YAG radiator. Because beam size and divergence de-
pend on the longitudinal position, the slit to screen distance
must be properly adjusted in order to optimize the accuracy
of the beamlets profile measurement as the movable device
is placed at different z. A bellow is therefore interposed
between the slit mask and the screen, allowing their rela-
tive distance to be changed while keeping the masks at a
fixed position with respect to the gun. This solution allows
to set the length of drift between slit mask and the screen
that best fits the different scenarios: converging beam, di-
verging beam, single or multi-slits. Refer to Fig.1 for a
schematic drawing of the emittance meter.

Radiation emitted in the forward direction from the
Ce:YAG crystal is collected by a 45 degrees mirror down-
stream from the radiator. The back face of the transparent
crystal radiator is observed, thus minimizing degradation of
the spatial resolution due to the depth of field of the optics.

Beam images are acquired using digital CCD cameras
equipped with a 105mm ”macro” type objective. The mag-
nification of 0.66 gives a resolution of 15.4µm per pixel.

Beam charge is measured by means of a Faraday cup,
placed in a cross together with a chrome-oxide screen to
image the beam at 60 cm from the cathode. This screen
is also used to monitor the position of the laser spot on
the cathode. The emittance-meter is followed by a mag-
netic spectrometer measuring the beam energy and energy
spread

DETAILS ON MEASUREMENTS WITH
THE MOVABLE EMITTANCE-METER

The movable emittance-meter was built to perform a de-
tailed characterization of the SPARC photo-injector study-
ing the beam dynamics as function of relevant parameters
such as the solenoid field, the beam charge and size, the
laser pulse length and its shape. Refer to [4] for more de-
tails.

Beam Envelope

Evolution of the bunch transverse size along the photo-
injector is a important, though simple, measurement we
regularly perform with the emittance-meter. It takes less
than 5 minutes to complete the measurement consisting of
continuously changing the z-position of the movable sys-
tem between the upper and lower ends to grabb beam im-
ages at various position. These images are on-line pro-
cessed to filter out the background noise and to calculate
the RMS value of the beam size. In Fig.2 are shown results
of measurements of the RMS beam size vs z for different
values of the solenoid field at the gun. The measurement
procedure is a completely automatic one-click operation of
the control system.

At a glance we can guess the solenoid current that gives
the waist in the required z position or, by comparing x and
y envelopes curves, check for the causes that might pro-
duce beam envelope irregularities, laser or solenoid mis-
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Figure 2: Envelope of the beam (x-plane) along z for dif-
ferent solenoid currents

alignment for instance. The different curves in Fig.2 show
how the beam waist and its position in z are changed as
consequence of the different solenoid currents.

Emittance

The emittance can be measured, in both x and y planes,
at different positions along the emittance-meter. The beam
size and its divergence are expected to change as the dis-
tance from the cathode changes: the beam is converging
at the beginning of the emittance-meter and diverging in
the second half. Different measurement strategies are then
implemented to achieve the best accuracy of the emittance
calculation algorithm.

When the beam is close to the waist, its size is small
and the multi-slits mask is not suited because it produces
a limited number of beamlets. The single-slits multi-shot
measurement is also preferable in the region close to the
end of the emittance-meter where the beam size is typically
larger than the part of the mask covered by the slit-array
and when the beam is strongly converging because profiles
of beamlets produced by the multi-slits mask might over-
lap. Typical values of the sampling distance between the
slit positions ranges from 110µm to 380µm. At least nine
beamlets are always collected with the single slit. In all
of the other conditions the multi-slits mask provides fast
single-shot measurements, while the single-slit is preferred
for accurate analysis.

It’s worth mentioning that, for given beam conditions,
results produced by both single-slit and multi-slit mea-
surement have always been fully consistent. A simple
check of results produced by the emittance calculation al-
gorithm consists in comparing the RMS beam size at the
slit-mask (measured by moving the screen at the longitu-
dinal position of the slit-mask during emittance measure-
ment) against the value of beam size estimated by the emit-
tance calculation algorithm. We always obtained an excel-
lent agreement between the two results.

THCAU03 Proceedings of FEL 2006, BESSY, Berlin, Germany

778 FEL Technology



Fig.3 shows an example of emittance measurements at
different positions along the emittance-meter. In this case
the beam charge was 700 pC and the energy 5.14 MeV with
a longitudinal profileσ= 4.35 psec.

A typical emittance measurement with the single-slit
mask consists of collecting 15 beam images for each slit
position. The center of mass and RMS size of beamlets are
calculated for each image and averaged. We verified that
larger statistic doesn’t significantly improve the accuracy
of results. In details, from each beamlets image we calcu-
late the projection on the axis, subtract the baseline, try a
gaussian fit to find the best position for the center of inten-
sity distribution, reduce the number of the relevant points
skipping these that are outside the 3 standard deviations
from the centre and only on the remaining points we calcu-
late the RMS parameters.

1

2

3

4

5

6

40 60 80 100 120 140 160 180 200

(m
m
-m

ra
d)

Z(cm)

EmittXn - computed
EmittYn - computed
EmittXn - measured
EmittYn - measured

Figure 3: Emittance measurements along the e-meter

The high magnification optical system, the high effi-
ciency YAG screen and a CCD with a remotely controlled
gain always provide a good signal to noise ratio and large
number of sampling point for every beamlet in all the con-
ditions.

Transverse phase space

The measurement of RMS Twiss parameters and emit-
tance with the single-slit mask allow, as a side-product, the
reconstruction of the beam transverse phase space [5]. For
each slit position, the beamlet profile on the screen yelds
the divergence distribution of particles at the given x posi-
tion, i.e. those emerging from the slit-mask. Interpolation
of the different profiles produces the two dimensional x -
x’ distribution.

In Fig.4 we show the phase-space measured at different
positions along the emittance-meter for a low charge (100
pC) beam. Clearly the beam is going through a focus evolv-
ing from convergent to divergent. On the other hand, as the
photoinjector theory predicts, the evolution has many dif-

ferences from that in a linear optics crossover. In a ”stan-
dard” drift the particles being on the left (negative x) move
to the right crossing the origin thus following the lines of
motion of constant x. Here the particles that are on left at
the beginning of the beamline stay on the left. They get
close to the origin (both in x and x’) without crossing it and
after the laminar space charge dominated waist they move
back (still negative x) changing the sign of their divergence.

Figure 4: Phase space measure along the e-meter

subsectionBeam energy and energy spread
The e-meter gives also the possibility to investigate the

longitudinal dynamics and correlation between transverse
and longitudinal planes.
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Figure 5: Beamlet energy vs transverse position

Moving the x or y single-slit across the beam and mea-
suring the energy at the spectrometer gives evidence of a
possible correlation between particles transverse position
and their energy. The measurements in Fig.5 show a varia-
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tion of beamlets mean energy when the position of the ver-
tical single-slit is changed moving it across the beam in the
horizontal direction. The correlation, clearly stronger in the
x-direction, suggest as possible cause the non-normal inci-
dence of the laser beam on the cathode in the y=0 plane.

As a final example of the extended diagnostic capabili-
ties of the emittance-meter we report in Fig.6 the evolution
of the energy spread measured for the central beamlet (i.e.
with the vertical single-slit centered on the beam center of
mass) as function of the position along z of the slit mask.

Note that all the points in the graph, except the last one
representing the energy spread of the whole beam obtained
removing the slit-mask from the beam path, correspond
to positions within the high impedance bellows. Inside
the long bellows the wakefields contribution to the energy
spread adds to the longitudinal space charge effect and the
energy spread grows faster. These effects significantly con-
tribute to the energy spread up to the slit-mask while for the
low charge beamlet the wakefields and space charge effect
are practically negligible. As consequence an increasing
energy spread is expected as the distance of the slit-mask
from the cathode became larger. It is clearly confirmed by
the measurements.

Figure 6: Contribution of bellows to energy spread is evi-
denced selecting a small portion of the beam with the singl-
slit mask and moving it at different Z.

CONCLUSION

The final task of the SPARC photo-injector commission-
ing is to provide a complete sets of measurements (includ-
ing transverse and longitudinal profiles of the laser) allow-
ing a complete characterization of the beam dynamics by
following the evolution of all the beam parameters.
As it appears from the previous paragraphs, beam dynam-
ics in a photo-injector is a non trivial problem that critically
depends on many variables. In systems equipped with a
single (at a given longitudinal position) emittance diagnos-
tic station, beamline parameters like solenoid strength or
laser launching phase are varied to obtain emittance values

that can be checked against those predicted by simulation
codes. Unfortunately, the changing of a set-point is often
hindering a cross-talk between different simulation param-
eters which so far has been taken into account somewhat
externally (for example varying the gun phase affects the
extracted charge, and varying the solenoid strength changes
the quadrupole component effect).
The clear advantage in characterizing a photo-injector with
the SPARC movable emittance-meter is that once the work-
ing point is set, a single simulation run generates results
which reproduce the evolution of the experimental data
(beamsize, emittance, energy spread) taken with the mov-
able measurement device at the different positions along
the beamline. In other words a single simulation run can be
checked against a number of experimental points, not just
a single one, all representing, or measured with, the same
identical photo-injector working point.
Further work, more detailed and accurate measurements,
is foreseen in order to approach such ambitious goal, fully
understand the system, and validate the prediction capabil-
ities of the modeling codes.
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Abstract 
In order to find electron sources with low intrinsic 

emittance (< 5.10-8 m.rad) and high brigthness (B > 
5.1013A.m-2.rad-2), single tip field emitter as well as Field 
Emitter Arrays (FEAs) are investigated. By field emission 
very high current densities can be obtained (up to 
1012A.m-2) from extremely small source sizes. 
Illumination of such field emitting sources by laser pulses 
(photo-field emission) gives in addition the possibility to 
pre-bunch the emission to very short pulse lengths. 
Maximum peak currents, measured from single tips of 
ZrC with a typical apex radius around one micrometer are 
presented. Voltage pulses of two nanoseconds duration 
and up to 50 kilovolts amplitude lead to field emission 
currents of several hundreds of milliamperes. By 
combining these electrical pulses with laser pulses, peak 
currents of several amperes were extracted from the tip 
apex. This high current emission mode is different from 
field emission or photo-field emission and has many 
similarities with the so-called explosive electron 
emission.  

INTRODUCTION 
Reducing the beam emittance while keeping high 

brightness is the most direct way to reduce cost and size 
of Free Electron Lasers (FELs). In linear accelerators, the 
parameters of the accelerated beam depend strongly on 
the performances of the electron gun. The beam emittance 
in the electron gun is ultimately limited by the intrinsic 
emittance at the electron source which can be expressed 
as follow [1,2]: 

2, 3
2

2 mc
ER kin

rmsn =ε
   (1) 

where R is the beam radius in the case of a uniform radial 
distribution and Ekin is the mean transverse kinetic energy 
of emitted electrons (Maxwell energy distribution), m is 
the electron mass and c the speed of light. In order to 
reduce the thermal emittance one can either reduce the 
beam size (R) and/or the mean transverse kinetic energies 
(Ekin) of produced electrons. Field emitter arrays should 
be capable of producing electron beams with extremely 
low transverse kinetic energy due to a focusing electrode 
positioned just one micrometer after the emitting point [3-
5]. A single tip electron source should also produce low 
emittance beam because of the extremely small emitting 
area (<1μm2) [6]. Indeed, current densities as high as 1012 
A.m-2 can be achieved by field emission [7]. In practice, 
the strong dependence of the field emitted current on the 
local field enhancement factor (down to nanometric scale) 
and on the local work function (which depends on 

contaminants, crystal orientation) makes this emission 
very difficult to control (breakdowns) and to stabilize 
(fluctuations). Laser illumination of field emission 
electron sources gave encouraging results in stabilising 
and increasing the total current emission [8]. If the regime 
of emission is dominated by photo-field emission, it 
should become possible to pre-bunch the emission down 
to 10-30ps with picosecond lasers while keeping high 
current densities.  

LOW EMITTANCE GUN PROJECT 
The goal of the Low Emittance Gun (LEG) Project [9] 

at Paul Scherrer Institute (PSI) is to produce electron 
bunches of 15ps rms duration with a normalized 
transverse emittance of 5.10-8m.rad and a minimum peak 
current of 5.5A at an energy of 4 MeV (see also 
companion paper [10]). The requirement in peak current 
is already quite challenging for both FEAs and single tip 
cathodes. Furthermore, if the electron source is capable of 
reaching the targeted emittance then the acceleration of 
such a beam into the relativistic regime without emittance 
blow up remains very difficult. The LEG concept will 
combine diode and RF acceleration. A few millimeters 
gap will separate the electron source from the first radio 
frequency (RF) cavity. Voltage pulses of 0.5MV and 
250ns duration will be applied across this diode gap at a 
repetition rate of 10Hz. The resulting high accelerating 
gradient should minimize the emittance growth caused by 
space charge forces. Comissioning of this high voltage 
pulser is under way at PSI [9]. After the diode gap the 
electron beam will enter the RF cavities. A two-
frequencies RF cavity (1.5GHz and 4.5GHz) has been 
designed in order to obtain flat top acceleration waves 
which minimize the emittance dilution due to RF 
acceleration [11].  

 

 

Figure 1: Field Emitter Array produced at PSI and 
single tip of ZrC from AP Tech Inc. . 
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The maximum peak current reached with commercial 
FEAs [12] was around 120 mA [8] for a one millimeter 
diameter array with 50000 tips. The main limitation 
comes from the non uniformity of the emission from tip 
to tip. The intrisic emittance of the same commercial 
single gated FEAs (no focusing grid) has recently been 
measured to be around 2.10-6m.rad [13] for a one 
millimeter diameter cathode. Performances achieved with 
commercially available FEAs enabled us to better define 
the ideal FEA for LEG. PSI is currently developping an 
own production of FEAs based on a self aligned moulding 
technique. With this technology, pyramid shaped tips can 
be produced (see Fig. 1) which should better dissipate the 
heat and thus be able to carry more current. Since FEAs 
are still under development at PSI the rest of the paper 
will focus on single tip electron sources.  

Single tips are produced by etching a wire which is 
then inserted in a so called Vogel mounting (see Fig. 1). 
This mounting allows current circulation and thus tip 
flash heating as well as field forming [14] of the apex. 
Metal carbides, like ZrC, are conductors with lower work 
functions (~ 3.5 eV) than commonly used W or Mo 
surfaces [15]. ZrC surfaces are also known to be more 
resistant against sputter damage and the threshold 
temperature for surface migration (~ 1500 K) is higher 
than for W or Mo surfaces [16]. We used commercially 
available ZrC tips from APTech Inc. [17] (McMinnville, 
USA). Field emission is always localised to small surface 
imperfections which have a smaller work function and / 
or a more favorable geometry for field enhancement so 
that current density goes rapidly to values as high as 1012 
A/m2 [7]. The consequence is a fast local heat up with an 
increased risk for a vacuum arc. The best way  to limit the 
heat up is to emit during very short pulses and at low 
repetition rates. Nanosecond voltage pulses were applied 
to a ZrC tip in order to increase the emission current.  

EXPERIMENTAL SETUP 

Fig. 2 represents the experimental setup used to 
measure the emitted current from single tips of ZrC [17]. 
A fast pulser from the company FID GmbH delivering 
pulses up to 100 kV in amplitude and with 2ns duration 
(FWHM) at 10 Hz was connected to the tip. A special 
broad bandwidth (up to 1 GHz) coaxial vacuum 
feedthrough has been designed to feed the ZrC tip. The tip 
has a fairly large apex radius (r ~ 1 μm) and is positioned 
1 mm behind an aluminium gate electrode (see inset in 
Fig. 2). The gate has a 2 mm diameter hole and is 
grounded. The faraday cup is also grounded and about 5 
mm away from the tip apex on the same axis.  

FIELD EMISSION FROM SINGLE TIPS 

Fig. 3 represents the current pulses collected by the 
faraday cup when voltage pulses of amplitude VTip were 
applied to the tip.  

 
Figure 2: Experimental setup for pulsed field emission 

and photo-field emission tests. 

 Field emitted current starts to be detected at voltages 
around 20 kV (Fig. 3); peak currents as high as 460 mA 
were measured for applied voltages around 50kV. At this 
level of current, amplitude fluctuations became relevant 
(as illustrated by the two pulses at 51kV on Fig.3, left 
graph) and a monotonic decay of the amplitude was 
observed. Fluctuations usually indicate that the surface 
temperature became high enough to activate surface 
migration of contaminants which in turn change the field 
emission properties. At lower currents (Fig. 3, right 
graph), the emission was more stable and the current - 
voltage characteristics could be measured. These 
measurements are also represented in a Fowler-Nordheim 
(F-N) plot (Fig. 4, right graph). From the F-N plots, one 
can estimate the field enhancement factor β as well as the 
emitting area [18,19]. The local electric field Floc at the tip 
apex is then defined as Floc= β.VTip. A linear fit (see Fig. 
4) of measured values gives β ~2.105 m-1 and an emitting 
area around S ~104 nm2 (assuming a work function of 
3.5eV for ZrC). This is consistent with a tip radius of 1 
μm. With such a small emitting area and if we assume a 
divergence of sixty degrees [20] a rough estimate gives a 
normalized emittance less than 5.10-8m.rad and a beam 
brightness around: B ~1013 A.m-2.rad-2.  

 

 
Figure 3: Current pulses collected on the faraday cup 

for different voltage pulse amplitudes VTip. 
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Figure 4: Current voltage characteristics acquired at 5 

min interval (left) and Fowler-Nordheim representation of 
the same curves (right).  

With the use of short (2ns) high voltage pulses at low 
repetition rate, it has been possible to limit the heat up of 
the tip and to increase the current that can be extracted 
from a ZrC tip up to 470 mA. For comparison, with a DC 
electric field, only currents below 10 μA could be safely 
extracted. However, these high current field emitted 
pulses revealed strong fluctuations in amplitude. The 
illumination of the tip with picosecond laser pulses should 
help to increase the stability and to reach higher peak 
currents. 

LASER ASSISTED ELECTRON EMISSION 

Laser assisted field emission [21] [22] is an interesting 
approach to combine the advantage of field emission 
(high brigthness) and laser photo-emission (stability, short 
time modulation). In the photo-field emission regime, the 
high electric field around the apex lowers the potential 
barrier of the crystal so that photoemission with large 
wavelength (λ>532nm) becomes possible and efficient. In 
previous experiments, similar ZrC tips were illuminated 
by laser pulses while a DC electric field was applied [8]. 
Peak currents as high as 580 mA were reached with 10ns 
long laser pulses of 532nm wavelength. Shorter laser 
pulses of 1ns (FWHM) at 1064nm produced photo-field 
current pulses of similar duration [23] suggesting the 
possibilty to pre-bunch the emission to even shorter 
levels. In consequence, we recently combined the voltage 
pulser presented in the first part of the paper with a 
picosecond laser from the company Time Bandwith 
Products (see Fig. 2).  

The laser system provides 30 ps long laser pulses at 
532 nm with a maximum energy per pulse of 40 μJ. The 
laser was focused on the tip apex with a lens positioned at 
the focal distance (200 mm) from the tip outside the 
vacuum chamber. Nanosecond voltage pulses were 
applied to a ZrC tip while laser pulses were illuminating 
the tip apex at a repetition rate of 10Hz. If emission is 
dominated by photo-field emission then the expected 
current pulse should be as short as 30 ps (FWHM). 
Unfortunately the bandwidth of our faraday cup (< 1GHz) 

limits the detection of such short current pulses. The 
incident laser energy per pulse can be varied between 1 
and 40μJ. At low laser energy (<5 μJ/pulse) no change 
from the pure field emission mode was observed. Above 
5 μJ, the current increased suddenly by one order of 
magnitude leading to the current pulses shown on Fig. 5. 

Figure 5 represents the current pulses measured by the 
faraday cup when laser pulses (532 nm, 20 μJ, 108-109 

W.cm-2) were synchronised with the high voltage pulses 
for different voltage amplitude VTip. The collected peak 
current was as high as 5.5 A at a repetition rate of 10 Hz. 
The shape of the current pulse follows the applied voltage 
pulse (the satellite peak at t=3ns corresponds to a similar 
reflexion in the applied voltage). No significant jitter or 
amplitude variations were observed as it would be the 
case for vacuum breakdowns. No decay of the amplitude 
was observed after several hours of 10 Hz operation and 
pressure was stable around 10-8 mbar. This electron 
emission was probably not resulting from photo-field 
emission since it was lasting several nanoseconds. The 
dependence of the extracted current on laser energy (step 
like dependence) indicates that there is a threshold above 
which this large current emission is detected. This has 
much in common with the so called explosive electron 
emission (EEE) which is a kind of stable vacuum arc 
regime. EEE has been largely described by Mesyats [24] 
and Fursey [7,25]. EEE takes place when a large amount 
of energy is concentrated into a small volume (by joule 
effect or laser heating) which eventually explodes and 
generates a large flow of electrons together with other 
particles. The difference between this regime of EEE and 
normal vacuum arcs is the very good reproducibility and 
stability of the process. The quasi-stationary behaviour is 
based on the fact that at each explosion the surounding 
surface melts and some new micro protrusions (and 
nearly identical) arise which serve as new emitting 
centers.  

 

 
Figure 5: Current collected on the faraday cup when 

picosecond laser pulses were synchronised (at t ~ -4ns) 
with high voltage electrical pulses. One example of the 
voltage applied to the tip is also represented. 
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The current density during EEE can be extremely high 
usually above 1012 A.m-2 so that the size of the emitting 
center is small (around 1 μm). Further tests are required to 
better understand and estimate the interest of these large 
current pulses for a low emittance gun application. 

CONCLUSION 
Field emission naturally produces very large current 
density beam so that good performances in terms of beam 
emittance and beam brightness can be expected from a 
single tip. The consequence of large current density 
emission is a high risk of overheating with generation of 
vacuum arcs. For accelerator application field emission 
sources must provide a minimum peak current of several 
amperes. Pulsed field emission at low repetition rate 
showed that larger peak currents (from 10 μA in DC to 
almost 500 mA in pulsed mode) can be extracted from a 
single tip of ZrC. In order to reach LEG goals, photo-field 
emission is an attractive mechanism which allows time 
modulation with fast lasers. Preliminary tests of 
illumination of a tip with picosecond laser pulses while 
nanosecond voltage pulses are applied have been made. 
An interesting regime of electron emission (similar to 
explosive electron emission) delivering stable current 
pulses of several amperes has been observed. Further tests 
are still required to see if it has some relevance for a low 
emittance gun application.  
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