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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.!
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FOURIER OPTICSTREATMENT OF CLASSICAL RELATIVISTIC
ELECTRODYNAMICS

G. Geloni*, E. Sadin, 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 paraxia 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 avirtual source,
similar to the waist of a laser-beam, strictly related with
the inverse Fourier transform of the far-field distribution.
The Fresnel formulacan 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,
edgeradiation and transition undulator radiation (TUR). By
solving theinverse problem for the electric field wefind an-
alytical expressions for near-field distributions in terms of
far-field data. A more detailed explanation of this subject
isprovidedin [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 avirtua source producing alaser-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 areal-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
basicaly acts as a spatial Fourier transformation, and the
far-zonefield 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. Oncethefield at thevirtual sourceisknown,
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 wavel ength, can be obtained with the
help of the Fresnel propagation formula. This means that
the near-zone field can be calculated from the knowledge

* gianluca.a do.geloni @desy.de

FEL Theory

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 eguivalent 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 X FEL
projects. A method was also proposed [1] to obtain intense
infrared/visiblelight pulses naturally synchronizedto 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 addressit here.

FAR-FIELD DATA INVERSE PROBLEM

We represent the electric field in time domain E (7, ¢) as
a time-dependent function of an observation point located
at position 7 = 7, + zZ. In free-space, the field E(7, )
satisfies the source-free wave equation. For monochro-
matic waves of angular frquency w the wave amplitude
hastheform El(z, 7,t) = B (2,7L)exp[—iwt]+C.C.,
where the frequency w is related to the wavelength A\ by
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w/c = 2w/ and EL describes the variation of the wave

amplitude in the transverse direction. £, actualy rep-
resents the amplitude of the electric field in the space-
frequency domain. We assume that the ultra-relativistic
approximation is satisfied, that is aways 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“l exp [—iwz/c]. In paraxia approxi-

mation and in free space, E, obeys the paraxial wave
equation along any fixed polarization component, that is
[V 124 (2iw/c)d.]E, = 0, wherederivativesin the Lapla-
cian operator V % are taken with respect to the transverse
coordinates. Solving this equation with given initial condi-
tionsat z gives

2

—
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where the integra is performed over the transverse
plane. A propagation equation for F(z,u) =
fdr_;J_E'J_(z,ﬁJ_)exp [ir’ | -], that is the spatial Fourier
transform of thefield, reads instead:

w

B i / A B\ (2,7) exp

B 2mc(zo — 2)

@

F (2,@) = F (2, @) exp [—M} :

2w

where z, isidentified with the position of avirtual source.
Identification of the position z, = 0 with avirtual source
position is always possible, but not always convenient (al-
though often it is). From Eq. (1) and Eq. (2) arelation
follows between the far-zone field distribution, dependent
on the observation angle g, and the field distribution at the
virtual source position z:

. . N2
zwzi, /dHeXp [—wa' (2o + 25)

E)(25,71) = o

x E (6) exp [%Fl-@q} . ©)

Finally, the transverse components of the envelope of the
far field can be written as[1]:
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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 v, (z’) and v, (z’) are the
horizontal and the vertical components of the transverse
velocity of the electron, whilez’(z”) and y/(2") 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’(2'), 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 ultrarrelativistic approximation is satisfied. Then, once
the far field is known, Eq. (3) can be used to calculate
the field distribution at the virtual source. Finaly, Eq. (1)
solves the propagation problem at any observation position
z,. Note that part of the phasein Eq. (5) compensates with
the phasein |4]2 in Eq. (3) at z, = 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 planeat 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 thisrange. 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 > A. 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 2V2E + w2 E = 4nc*Vp — 47riw;, (T, w)
and j (7, w) being the Fourier transform of the charge den-
sity p(7,t) = —ed(7 — (t)) and of the current density
J(7t) = —ed(t)8(F — 7/(t)). Application of the proper
Green'sfunction yields:

= 1 3 _ 7
E(ry,w) = e dz' b _‘n
¢ Josw  v(2) || — ()
ic z

+<I7’2 ()] ZCZH} 6)

Eg. (6) is an exact solution of Maxwell’s equations with
boundary conditions at infinity. The exactness of Eq. (6)
alows us to control the accuracy of the paraxial approxi-
mation. A conservative estimate shows that whend 2 L ¢
this accuracy is of order ¢/(wL ), but quickly decreases
asL; > d> c/wremaning, at least, of order of ¢/(wd).
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Theintegrandterm scalingas1/R2 (with R = |1, —r/(2')))
can be dropped in Eg. (6) whenever d > A. Thisis 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 additionaly,
Rayleigh-Sommerfeld radiation condition at infinity (sepa
rately for al polarization components). Thisis not enough
to reconstruct the field at any position in space. However,
if the paraxial approximationis applicable, theinversefield
problem has a unique and stable solution. We recognize a
few observation zones of interest. Far zone. d is such
that 77 = const. Formation zone. Defined by d < Ly .
Radiation zone. The field can be interpreted as radiation.
1/R—zone. Thetermin 1/R? can be neglected in Eq.
(6). Reconstruction zone. The inverse problem based on
far-field data can be solved.

Inall generality, from Eq. (6) followsthat the 1/ R—zone
always coincide with the reconstruction zone. Any system
of interest is characterized by a size a, a formation length
Ly and the radiation wavelength A. In the case of ultra-
relativistic systemsa 2 Ly > A. Then, the near zone is
defined by d < a, the formation zoneby d < L ¢, the radi-
ation zone, the reconstruction zone and the 1/ R—zone by
d > (c¢/w). Ultrarelativistic 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:

. _ >~ / ﬁfﬁ
Blfo,w) = e/,oo dt {72(1 it B2R(t)?

B oo+ 5)]

where 3 = ©/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
in1/R%and 1/R in Eq. (7) does not depend on \, while
that of termsin 1/R and 1/ R? in Eq. (6) does. Eq. (6) and
Eq. (7) are equivalent, as can be shown by addition of the
full derivative d®(¢')/dt’ of aproperly chosen ®(¢’) func-
tion to the integrand of Eq. (7) (andusingt’ = 2’ /v.(2")).
Addition of different full derivativesyields an infinite num-
ber of equivalent representationsfor the field, and physical
sense can be ascribed to the integral only. The terms in
1/Randin1/R?in Eq. (6) appear as acombination of the
termsin 1/ R (acceleration term) and 1/ R? (velocity term)
in Eg. (7). They differ from each other. As aresult, there
are contributions to the radiation from the velocity part in

+
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Eqg. (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-termin-
sidethe sign of integral, that isrelated to the 1/ R-zoneand
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. w/(2y%c)(1 + K?/2) =
2w/ \y. Here )\, is the undulator period, and K =
AweH,,/(2mmec?), m. being the electron mass and H,,
being the maximum of the magnetic field produced by the
undulator on the z axis. Position z = 0 isin the undula-
tor center. A well-known, axis-symmetric expression for
the distribution of thefirst harmonicfield F, (z,, ) froma
planar undulator in the far-zone as a function of the obser-
vation angled is

EL __ KOJ@Lw

Ajjexp [iWZ—ZCOHQ} sinc 1

2

: G
207

where the field is polarized in the horizontal direction,
L, = AuwN, is the undulator length, N,, the number
of undulator periods and A;; = J,[K?%/(4+2K?)] —
J1[K?/(4 + 2K?)], J,, 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]:

IC(WAJ, [w — 9Si (“’Tiﬂ . 9

EJ_(O,TJ_) = Lwc
Si(-) being the sin integral function and | the distance
fromthe z axisonthevirtual -source plane. Inlaser 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 sourceisin the center of the undulator and
the Rayleigh lengthisrelated to L ,,. In both cases we have
a plane phase front, and the transverse dimension of the
waist is much larger than A. Also, the phase of the wave-
frontin Eg. (9) isshifted of —7 /2 with respect to the wave-
front in the far zone in analogy with the Guoy phase shift.
Eq. (1) givesthefield at arbitrary observation position z,:

~ KweAJJ

E,=———
C

wWr |

2
jwr? wr
Bi| —t— ) -Ei| —%t— 10
% [ ' <2zoc— Lwc> (2200+ Lu,c)] (19

Ei(-) being the exponential integral function. Thefield sin-
gularity at z, = L,,/2 andr, = 0 isrelated with the use of
the resonant approximation. Introducing normalized units

F = \Jol(LwdFL, 6 = \JoLefchand 2 = z/L,, we

obtain the intensity profile at the virtual source
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Figure 2: Evolution of the intensity profile asin Eq. (12)
(solid lines) compared with far field asymptotic (dashed
lines).

(11)

10,71) = % [r — 281 (#2)]*

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

2202 2202
_ 22 |Ei zAzOH _Ei ZAZOH
22, —1 22, +1

2
, (12)
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Figure 3: Edge radiation geometry.

where § = #, /2,. I at the virtual sourceis plotted in Fig.
1. The evolution of the intensity profile for different =,
Eqg. (12), isgiveninfig. 2. A virtua 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 Eqg. (1) for
free-space propagation. Spontaneous SR from an electron
beam can betreated as an incoherent collection of laser-like
beams with different offsets and deflections (summing up
theintensities), whileif 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
astraight section (segment A B) and exits the setup via an-
other bend. Edge radiation (see referencesin [1]) is col-
lected at a distance z, from the center of the straight sec-
tion. The trgjectory and, therefore, the space integration
in Eq. (4) consists of the two bends b, and b2, and of the
straight section AB. Let L be the length of AB. Points A
and B arethuslocatedat z4 = —L/2and zg = 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
redlizations, 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 electrodynamicsis alinear 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. Thisjustify 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-
giblein our study-case. For L > v2(c/w), the formation
length for the straight section isv2(c/w), while the forma-
tion length for the bend is ((c/w)p?)/3, p being the radius

FEL Theory
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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
bee? = (\./N)?/? < 1,where\. = 47p/(3~?) isthecrit-
ical wavelength for SR and A > )., as we are interested
in edge radiation. The distance d. = ey?(w/c) turns out
to constitute an extra characteristic-length for our system.
When d < d., the straight section contribution dominates
the bending magnet onefor r | > ey(w/c), whilefor other
values of r, the two contributions are comparable. When
d ~ d. the zero-length switcher approximation cannot be
used. When d > d. we the straight section contribution
dominatesfor 0 < r, < ((w/c)?p)'/3, the characteristic
size of the radiation being e((w/c)?p)'/3. Finaly, when
d > v?(w/c), the straight section contribution dominates
for0 < 6 < ((w/c)/p)*/?, the characteristic angle of the
radiation being e((w/c)/p)*/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') = 2/ for za < 2/ < zp. Use of Eq. (4) yields
the field contribution from the straight section AB:

—

= iwel iwb?z, ~ . wL [ 4 1
Eip = .. exp{ 50 ]Gsmc [Z (9 + ?)] .

(13)

Eq. (13) is describes a spherical wave and explicitly de-
pends on L. The formation length L, for the straight sec-
tion AB can be written as Lg ~ min[y?(c/w), L]. The
far-zone asymptotic is independent of such value and al-
ways valid at observation positions z, > L.

Energy spectrum of radiation. With the help of nor-
malized quantities § = \/wL/cf and ¢ = wL/(y2c) we
may write the directivity diagram I of the radiation as
I ~ 6% sinc®[(6? + ¢)/4]. Thisis plotted in Fig. 4 for
several values of ¢ asafunction of the normalized angle 6.
The natural angular unit is evidently (27L/)) /2.
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There are two asymptotic cases for the problem param-
eter ¢ ¢ < 1 and ¢ > 1. The behavior of the far-field
emissioniswell-knownin literature[1]. We takethisasthe
starting point for investigations based on Fourier Optics.

Method of virtual sources

Edgeradiation asafield from asinglevirtual source.
Eq. (3) and Eq. (13) yield the virtual source E(0, 7 ):

2 Lw? [ o L 1 jwl - 7
E=_2 /d%sinc [—w (02—1——2) exp lzw =
4c ¥

2me3 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 sourcefor ¢ < 1 reads:

= 4
B(0,7)) = —<

oo W,
— - T1sinc (E |rl\2) .

c?L (15)

For any vaue of <;5 Eqg. (15) explicitly dependson L, as
the far-field emission does. Using 7 = +/w/(Lc)7. the
intensity pattern of thevirtual sourceis I(#) ~ #2sinc?(#2)
andisplottedin Fig. 5. The Fresnel formulayieldsthefield
in the near and the far zonefor ¢ < 1

—

= 2e 7| ,wrﬁ_ —iwri
E = ——— _—
cr? xp [l 2020] {exp {2020(1 +2z,/L)
: 2
wrq
16
P [2020(—1 n QZO/L)] } ’ (16)
where the singular behavior at 7, = 0 and z, — L/2
cannot be resolved within the paraxial approximation. The
intensity profile associated with Eq. (16) is

—i62, 022,
[eXp (2(1 T 220)> - P <2(—1 T zzo)ﬂ
17

where § = To/%, @nd Z, = z,/L. A comparison between
intensity profiles at different observation points Z,, is plot-
ted in Fig. 6. When condition ¢ < 1, studied until now, is
not satisfied, the integral in Eq. (14) can be calculated nu-
merically. The intensity distribution for the virtual source
ad=0164=1,¢=10and ¢ = 50 are plotted in Fig.
7. An enlarged plot of the case ¢ = 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 ¢, Fourier Optics can be used to
propagate it. However, we prefer to use an aternative way
to solve the field propagation problem for any value of ¢,
capable of giving a better physical insight at ¢ > 1.

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

ten as E(zo, 0) = E1(20,0) + Ea(z,,0), where

2

R
92

)
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0,44

024
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Figure 5: Intensity distribution of the virtual source, 1.

z=2 z=5
Figure 6: Evolution of the intensity profile for edge radi-

ation for ¢ < 1 at different observation distances (solid
lines) compared to the far-zone intensity (dashed lines).
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Figure 7: Intensity profiles of the virtual source for differ-
ent values of ¢ (solid lines) compared with the case ¢ < 1
(dotted lines).
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Figure 8: Intensity pattern at the virtual source for ¢> = 50.
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Figure 9: Edge radiation intensity profile at ¢ = 50 for
different observation distances.
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The two terms E; and E- represent two spherical waves
centered at z,1 = L/2 and 252 = —L/2, corresponding to
two virtual sources. Their field distribution is given by

= L 27 iwl
FE <:l:§,FJ_> = F 126(4) exp |::t i 2:| —Kl (WTL> 5

c?y dey? | ry cy

(19)
where K (-) 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 zonefield and the
field at the virtual sources exhibit dependenceon L through
phase factors only. Application of the Fresnel formula al-
lowsto calculate the field at any distance z,, in frees space.
Using the definition 6 = 7,/%, we obtain I ~ |A; + A2,
where

N 0 22\/éexp {:tzng/él} iézég
A R PICES)
i€2
/ de€ 1 (1) 96)01 _1exp [2(%;%)
(20)

In Fig. 9 we plotted results for the field propagation for the
case ¢ = 50. Radiation profiles are shown as a function of
atz, =052 2 = 06,2 = 1.5and 2, = 100.0. Let
us discuss the two limiting cases for ¢ < 1 and for 6 > 1.
Consider first ¢ < 1. Thefield at any observation distance
isgiven by Eq. (16). There are only two observation zones
of interest. Far zone, in the limit for 2, > 1 and Near
zone, when 2, < 1. From Eq. (16), the total field results
from the interference of the two virtual sources. The trans-
verse size of these sourcesis v(c¢/w), independently of L.
In the center of the setup instead, the virtual source has a
dimension /(¢/w)L (see Eq. (16)). The sourcein 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 ¢ > 1. Let dy o = z, T 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. Whend, » > L wearesumming far field contri-
butionsfrom the two edge sources, see Fig. 9for 2, = 100.
Two-edge radiation. Near zone. When d; 2 ~ L both
contributions from the sources are important, but d 1 and d»
become sensibly different, see Fig. 9 for 2, = 1.5. Single-
edge radiation. Far zone. When v2(c/w) < di < L the
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Screen ‘
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Figure 10: TUR geometry.

contribution due to the near edge is dominant, see Fig. 9
for 2, = 0.6. Single-edge radiation. Near zone. When
0 < di < ~v%(c/w) 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. 9for z2, = 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. Findly, it exits the setup via another bend. TUR (see
referencesin [1]) is collected at a distance z,, from the ori-
gin of the reference system, located in the middle of the
undulator. As before weignorethe 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 £, from the undulator. We assume a
planar undul ator and we introduce the longitudinal Lorentz

factor v, = v/(y/1 + K?/2). Frequencies of interest are
w < 292cky, (with k, = 27/)\,). Asaresult one obtains

= 1 zc
B, = ¢ / d2exp [i®pc] (0.7 + 0,7)  (21)

2
2o Jop

(22)

P, =w

02 + 62 2 (1
z Yy 2 2

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 El from AB and
Ez fromCD:

= ; 2(B,D)
B = e / dz' exp [i@(l 2)] (0.7 + 0,9)
’ CQZ() Z(A,0) ' ) (23)
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where @, 5) in Eq. (23) is given by

62 Ly n L., n Z (1 L2
—Z2p———+ —+ — | = :
2¢ 4ey2  4ey?  2¢ \ 2

(24)

P12 =w

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

iwel o wlL 1
E(l 2) = 7(1 2) C |:74(1 2) (—2 +32):|
con[ 2] [ ()]
4c
L
xexp[ M4(12) < ! + 2)} , (25)

twelqy - . [wLw ( 1 2)} [iw@%o]
sinc +6 exp
d¢ \ 72 2c
(26)
The total field produced by the setup is obtained by sum-

ming up these contributions. The resulting energy density
of radiationisknown in literature [1].

Virtual source specification. Field propagation.

Eqg. (25) and Eq. (26) can be interpreted as far field
radiation from separate virtual sources with plane wave-
fronts, located at 251 = —L4/2 — L1/2, 25, = 0 and

zs2 = Ly /2 + Lo /2 and characterized by

= wQeL(Lg) iw (Ly L)
Eso =——5_3 P F@ <—2 + —zﬂ

o WL(LQ) 2 1 W
x/d96‘51nc [T(G —|—$> exp | —

11>
27)
= w?eLy,
Esu = -
2me3 I . .
x/déésinc Yow 6% + — )| exp Eé'.ﬁ_ .
4c ~2 c
(28)

Ly, Ly and L,, can assume different values. ~ and ~,
are aso different. We prescribe the same normalization

for all quantities 0 = \/wLiot/cl, ¢ = wLie/(v2C)
adr, = = /w/(Lioc)71. Then, we introduce parame-
ters Ll = Ll/Ltota L2 = La/Lioty Ly = L/ Loy and
bw = (v2/72)$. Finally, we define 2, = zé/Ltot One
may check that, in the limit for (z) < 1 and ¢w < 1 one
obtains the same results as for edge radiation from asingle
straight section. A second region of interest in the param-
eter space that can be dealt with analytically is for ¢ < 1
and g?)w > 1. In this limit, the contribution from the un-
dulator can be neglected, because the sinc(-) is strongly
suppressed. Then, E(Z,,,7s) ~ 0, where E = (we/c2)E
The surviving virtual sources are:
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i\(au.)

i\(a.u.)

1 @au) 1 (au)

z 10

d,=127

Figure 11: Evolution of the intensity profile for TUR for
¢ = 127 (solid lines) and comparison with far-zone in-
tensity (dashed lines).

—

” 47:: ZIA/w Aw . = 2 .
Egi,9) = E(I; exp [_ 4¢ ‘| sinc (‘m_‘ /L1> . (29)

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

—

Lot i? ]

2
F—+

1
—5 €Xp P ~
2 4 2(Zo - 23(1,2))

€1

E(LQ) -

A esp il
X — =
2(20 — Zs(1,2))(L1,2) + 220 — 225(1,2))

—exp [2(20 — 22@(1,2))] }

(30)

iLa o™t
— Z501,2))(—L1,2) + 22,

Eq. (30) solves the propagation problem for the near and
the far field when ¢ < 1 and ¢,, > 1. Theintensity pat-
tern is obtained by summing up contributionsin Eq. (30)
and taking square modulus of the sum. To give an example
we study thecase Ly = Ly = L, = Lyot/3. Theintensity
pattern periodically dependson éw > 1 withaperiod 127.
For illustration, in Fig. 11 we plot the intensity profile for
q@w = 127 at different distances Z, and we compare these
profiles with the far field asymptote.

REFERENCES

[1] References and a more detailed description of this subject
are included in: G. Geloni, E. Saldin, E. Schneidmiller
and M. Yurkov, DESY 06-127 (2006), downloadable at
http://arxiv.org/abs/physics/0608145.

[2] Itisnot soif near and formation zone do not coincide.
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A SCALLOPED ELECTRON BEAM FREE-ELECTRON LASER *

D.C. Nguyen”, Los Alamos National Laboratory, Los Alamos, NM 87545, U.SA.
H.P. Freund, Science Applications International Corp., McLean, VA 22102, U.SA.
W.B. Colson, Naval Postgraduate School, Monterey, CA 93943, U.S.A.

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 crucid 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 typica 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 e, 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 periodicaly 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].

Radius
A Wiggler

\/\:Mm/
~—

Electron beam

Wiggler Wiggler
Entrance Exit

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

*Work supported by the Office of Naval Research and the High-Energy
Laser Joint Technology Office. Author email: denguyen@lanl.gov
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The evolution of the rms radius o of a relativistic,
axi-symmetric beam with equal transverse emittance and

equal two-plane focusing can be written as follow

2

:—k§a+72| L @)

}/3|AO- }/20_3

d’c
dz*
where Kz is the betatron wavenumber, | the peak current,
I the Alfven current, ythe relativistic factor, and &, the

normalized rms emittance. Under steady-state condition,
the emittance-dominated rms matched beam radiusis

_ [z, @)
* Vka,

Using a first order perturbation analysis of Eq. (1) we can
show that

0 =0,-0,sn(k;2) ©)

where & = (0p— omin) is the initid deviation from the
matched radius, and k5 , the scalloping wavenumber, as
given by

| 1
ks = 2"/},/1‘?@ ©
A n

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

13
_7 Ia 23 (5)
=—=|———| o”1+A

G \/é(a‘lzvf;kwlj ( 3D)

where fg is the difference in Bessel functions, and Agp is

the three-dimensional effect. Since the electron beam

radius varies slowly with distance, the FEL power gain

length also varies aong the wiggler. The saturated power
scales inversely with electron beam radius.

2/3 1/3

polf s ] Ren (6)

* vl 22ko ) @+A,)
where Ppen 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 isat a minimum [4].
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SIMULATION

Table | 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 10°
W (1 4 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 usua 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 218 cm
Wiggler Peak Magnetic Field 8.247 kG
rms Wiggler Parameter 1.187
Wiggler Length 26m
Matched Beam Radius 0.27 mm
Scalloped Beam Minimum Radius | 0.16 mm
Scalloping Period 2.05m
Wavelength 1.058 u
Peak Injected Power 1MW

I njected Radiation Waist 0.305 mm
Matched Beam Peak Power 0.84 GW
Matched Beam Efficiency 1.0%
Matched Beam Saturation Length 1.96m
Scalloped Beam Peak Power 1.03 GW
Scalloped Beam Efficiency 1.27%
Scalloped Beam Saturation Length | 2.6 m
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10° F 0.1

10° - 0.08

Power(W)
(wo)m

10° - 0.04

Figure 2: FEL power (red), optical beam radius (blue),
and electron beam radius (green) for the matched case.

Power(W)
(wo)m

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, exponentia 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.

FEL Theory
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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. Thisis a result of lower FEL gain
due to the scalloped electron beam, but the FEL saturated
power is higher than the matched beam case.

Ek:8048 MeV aW=1.187 Detuning Curve
12 T T T T T T

—e— Matched
1 | | —&— Scalloped

0.8 -

Power (GW)

04 -

02

0 1 1 1 1 1 1
1.035 1.04 1.045 1.05 1.055 1.06 1.065 1.07

Wavelength (microns)

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

We aso 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 angleisincreased from 0.8 to 1.6 mrad.

Radins
A Stair-step Taper Wiggler

[[[[[[H]]]I[ﬂ FEL

~
~ Electron

» z
) >
Wiggler Wiggler
Entrance Exit

Figure 5: lllustration 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 envel ope 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 dightly 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 aresult 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 aso 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, PALAM/CERCLA, Villeneuve d’Ascq Cedex;
M.-E. Couprie, CEA, Gif-sur-Yvette;
M. Hosaka, M. Katoh, A. Mochihashi, UVSOR, Okazaki;
C. Szwaj, PALAM/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 - 1078 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.

512

FEL Theory



Proceedings of FEL 2006, BESSY, Berlin, Germany

THAAUOS

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, Isradl.

Abstract

The principle of operation of intense radiation devices
such as microwave tubes, free-electron lasers (FELSs) 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. Thetotal electromagnetic field
is presented in the frequency domain as an expansion in
terms of cavity eigen-modes. The mutua 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 anumerical particle code WB3D, simulating wide
band interactionsin free-electronlasersoperating inthelin-
ear and non-linear regimes. The code is used to study the
statistical and spectral characteristics of multimode radia-
tion generation in afree-electron laser, operating in various
operational parameters. Thetheory 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 phenomenaoccurring 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 theradiation modeis equal to the axial velocity
of the electrons, resulting in a wide-band interaction be-
tween the electron beam and the generated radiation.

* e-mail: yosip@eng.tau.ac.il

FEL Theory

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 acomplete set of transverse electric
filed &, (x,y) and magnetic field H,, (z,y) eilgenmodes:

Ei(r,f) = Y Gz e =& (ay) @)
q
Hi(r,f) = Y Cyz, et H, i (z,y) (2
q
here C,(z, f) is amplitude of the mode ¢, that may be
found from the excitation equations:
d
a (27 f) -
ZQ: {VL 5* (i yi) + g; (ﬂfi,yz‘)} elltsi kel

(©)

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

dw(z) _

q

PP RANG} 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:

k(=2 P12, ©)

where f.,, = 5-k1, isthe 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: E=1+-6MeV
Electron beam current: Iy=1A
Electron beam pulse duration:  7'=0.1 pSec
Wiggler
Magnetic induction: B,=2000G
Period: Ap=5cm
Number of periods: N,=20
Waveguide
Rectangular waveguide: 15x7.5mm
mode Cut-off frequency
TEq 20.0GHz
TEz , TMyy 28.3GHz
TE4; , TMy; 447 GHz
TEgs 60.0 GHz
the electron beam is given by
2T
by () = 2L 4k, ®)
V20

where v, is the average velocity of the accelerated elec-
tronsand k,, = 2” (A isthe wiggler's period). The cor-
responding curves S of synchronism frequency vs. beam en-
ergy for the FEM are shown in Fig. 1. Only waveguide
modes which havein their field profile componentsthat 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 E,
can be set to excite two frequencies corresponding to the
“‘dow” (vy, < w.0) and “fast” (v,, > w.0) Synchro-
nism frequencies or to the special case of “grazing”, where
vy, = vzo and asingle synchronism frequency is obtained.
Here p f )
C
U, = 20 = = g ke () @)

is the group velocity of the excited mode g.

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 freguencies according to Table 2. The waveg-
uide and e-beam dispersion curves when the acceleration
energy is E, = 2 MeV areshown in Fig. 2. In thiscase a
single waveguide mode TEy; 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 fregquen-
cies with main lobe bandwidth of Af; 5 ~ % where

Topro N Ny

ﬁ - ﬁ‘ isthe dlippagetime. Thecor-
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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 dlippage times modulating carriers at their respec-
tive synchronism frequencies. Lowering the beam energy
to B, =~ 1.62 MeV, results in grazing between the e-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
areshowninFig. 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 isincreased.

E,=2.00 MeV
f,=46.1 GHz
6 / £,=1495 GHz

waveguide Y .
grazing

E,=1.62 MeV
fp=69.6 GHz

0 T T T T T T
-5 0 5 10 15 20 25

Figure 2: Dispersion solutions for TEy; transverse mode
for B}, = 2 MeV.
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Table 2: Synchronism frequenciesfor several beam energies.

Beam Energy Synchronism frequencies [GHZ]
[MeV] TEo: TE21,TMy;y TE41, TMy, TEps
1.62 69.6 (grazing) — — —
2.00 46.1,149.5 — — —
244 42.0,230.5 136.2(grazing) — —
3.00 39.8, 3484 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 2175,747.8 —
5.60 37.3,1151.0 73.9, 11145 203.6,984.8  602.6 (grazing)
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Figure 3: Super-radiant emission from an ultra short bunch
when the beam energy is E,=2 MeV and a single TEg;
mode is excited: (@) Energy spectrum, and (b) temporal
wavepacket.
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Figure 4: That of Fig. 3, but at grazing condition for mode
TEp; (thebeam energy is £y, ~ 1.62 MeV).
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Figure 5: Energy spectrafor different acceleration energies: () £, = 2.44 MeV (grazing in the TEy;,TM5; modes); (b)
E, = 3.00 MeV; (c) E, = 4.09 MeV (grazing in the TE4;,TM4; modes); (d) E, = 5.00 MeV.

CONCLUSIONS

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 arole 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 datistical 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
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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.

A =§(1+ a§+;/zz92) (1)

where A is the wavelength of the colliding laser pulse,
¥ the kinetic energy of the electron beam (expressed in
terms of its dimensionless relativistic factor), lR the
wavelength of the forward emitted radiation (within a
small angle ¢} around the electron beam propagation
axis) and a, is the laser parameter (dimensionless
amplitude of the vector potential associated to the laser
field), given by

NP

a,=8.5-10° 23— )

0

where R, 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
R, in the focus position, we can neglect ponderomotive
transverse effects on the electron trajectories[7].

o L

f M"-- .-‘*!\ |‘
Wttt
Ly

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 7) 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

Emittance

& [pum]

Energy Current
y I [A]

Focal spot

0 [um]

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,

B3, . which is defined by the usual relation

o, = g"_’BO (3)
V v

the electron bunch rms length, O, ,

Z

and the electron
. Ay

beam rms relative energy spread ——. 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 Power Pulse Focal Intensity
length spot ripples
Alum/ | P [TW] | ©Ips] | Ry [um] | Ay

Additional parameters for the laser beam are the
Rayleigh range Z, , given by

AR}

Z, 7

4)
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and the laser pulse energy, defined by U = P7 . Note
that the definition of the laser ripple parameter A is

®)

which represents the fluctuations of laser field
amplitude along the pulse, which is assumed to have (at
A =0) an ideal flat-top time profile.

Table 3: FEL radiation parameters

Wavelength Ag [108] FEL parameter p

Additional parameters for the FEL radiation beam are

the gain length, Lg = , and the quantum parameter,

_ A .

p= p% (with 4. =0.024A). As discussed
C

elsewhere[8], as far as ,520.5 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 ( ¥, I, 0, &, 4,
P ,t, Ry ,4,A, p) in order to operate the
Thomson source as a Free Electron Laser.

The FEL resonance condition

A
/1R=W(1+a§) (C.1)
The definition of the FEL parameter
107
p=—AlIXP/c} (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

R, =20, (C.3)

and the second one is to minimize the hour-glass effect
in the collision of the two beams
ct<2Z, (C.4)

Note that we will further check that the condition
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,50 2> Z, 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

cT> 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 A4, /A, =20 . This implies that 3D and
non-uniformity effects must produce bandwidth
broadening smaller than 20 .

For a Fourier trasnform limited laser pulse the spectrum
o ) A, AL A
line width is —— =—, therefore =—=—

cT A A

cT
hence the condition

A
cT>— C.6
> (C.6)

The FEL frequency broadening due to fluctuations in
the undulator field amplitude, in our case represented by

AA 2a,
A, is given by R =20 5 A, which in turns implies
x ltag
1+a
A<p—=° (C.7)
a,

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 2J
in the resonance relationship reported in eq.l, 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

Z, A
g < Zr 2l (C.8)
L; 27
whewre Z, is the Rayleigh range of the emitted FEL
47R,’
radiation, Z, = 0
Ay
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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 A, the
electron beam current I and the laser ripple parameter A.

The electron beam parameters must obey:

g, =0.184 (F1) ; y=0.05 :;/é (F.2)

0,=0214/\JA (F3); f,=0.0091 %/é (F.4)

the ancillary condition ,30 27, , as anticipated, is

respected if 1>576 A* . which is easily satisfied, since
A assumes values definitely lower than 0.1, while the
beam curent [ has expected values in excess of several
hundreds Amps. Note that the additional condition
A}// Y< p has to be satisfied, though it was not
explicitely considered in the derivation.

The laser parameters must obey:

P=0.0018/A (F.5); U=18.64/A* (Fs6) ;
a,=1. ®7) ; t=11-10°4/A Fs3):
Z,=1.64/A (F9)

The FEL radiation is characterized by:

4

A, =2004 §/2-

I2 (F.10) ; p=0.25A (F.11);

5
L,=0.324/A F12); p=10"2 %/?— (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
A=0.8 pm , the formula set (F.1-F.13) reduces to the
following (expressing A in units of %):

1 1.4
e =0.14 =108 i|— : 0, =——
n pm; Yy O Hm
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0.015 |1 0.18
,BOZT 2 [mm] ; P:T [TW]:
0.15 0.85 0.13
U= J1; 7=—— [ps] ; Z,=—— [mm] ;
A [J] A [psl: Z, A [mm]
A = 3436A\/?—t [A]; p=2.5-10"A ;
2
LG:2A—6 [um] ; p:386A%/?—.

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) weset A=0.15 % ; 1=1500 A : we find

g =014 ym; y=44; o0,=3.7 um;

Bo=41mm; P=12 TW;U=6.6 J;
=56 ps: Z,=0.85 mm; A, =2.1 A ;
p=4.-10"; L. =159 um ; p=14 .

2) weset A=0.05 % ; I=2500 A : we find

g =014 ym; y=108; 0,=64 um:
B,=30 mm; P=35 TW ;U=60 J;
=17 ps: Z,=2.5 mm; 4, =035 A ;
p=12-10"; L,=531 um ; p=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 um rms focal spot size, was considered colliding
with a Ti:Sa pulse with @, =0.8, and a 20 um 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
pum, 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 um. The radiation wavelength was 3.64 A.
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 A Sin(k el Ct ) The FEL saturation intensity
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is plotted as a function of (oﬂw / W, (W = 271'6‘/ /1) for
different values of the laser ripple parameter A.

A=0.01

04 %
A7 A=002
0.2-
0.0 : . .
0,00 002, , 004 0,06

fluct” =L

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 A assumes values greater than a few percent, for

almost any value of the modulation scale length k fuct -

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 A when the scale
of the laser modulation gets close to gain length, i.e. when
L/A =@/ r=1/47p = 0.0055 .

REFERENCES

[1]  J. Gea-Banacloche, G.T. Moore, R.R. Schlicher,
M.O. Scully, and H. Walther, IEEE Journ. of Quantum
Electron., QE-23, 1558 (1987).

[2] B.G. Danly, G. Bekefi, R.C. Davidson, R.J.
Temkin, T.M. Tran, and J.S. Wurtele, IEEE Journ. of
Quantum Electron., QE-23, 103(1987).

[3] J.C. Gallardo, R.C. Fernow, R. Palmer, and C.
Pellegrini, IEEE Journ. of Quantum Electron. QE-24,
1557 (1988).

[4] C.B. Schroeder, C. Pellegrini,
Phys. Rev. E 64, 056502 (2001).

[5] R. Bonifacio et al., FEL-2005 Proceedings,
SLAC-R-791, JACoW / eConf C0508213, 71 (2005).

[6] A. Bacci, M.Ferrario, C. Maroli, V. Petrillo, L.
Serafini, PRST-AB 9 (2006) 060704.

[71 L. Serafini, AIP CP 335, 666 (1995).

[8] R. Bonifacio et al., Nucl. Instr. and Methods, A
543, 645 (2005).

[9]  A. Bacci et al., X-Ray Generation with a FEL
based on an Optical Wiggler, this conference.

[10] A.Bacci et al., ”Collective effects in the
Thomson back-scattering between a laser pulse and a
relativistic electron beam” EPJAP (in print).

and P. Chen,

FEL Theory



Proceedings of FEL 2006, BESSY, Berlin, Germany

THBAUO1

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 Inm. 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 Inm.

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
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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 1III 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 1II [7].

- RS gnet
SR

S k.
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S
X ‘“\\\\“\\\'

= N\
\ A .
w‘\\\\\\\\\‘\‘{\{ -

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).

-

field integral / T mm
RO 4
[ 5] - a*™ «®
T T T T

e
T

-0.2
-0.4 1
-0.6 -

0.8

L L L L 2 L
1000 1500 2000 2500 3000 3500
X/ mm

Figure 2: Prediction from single block characterization
(red) and Hall probe measurements (black) of the
BESSY UEA49 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
Detalls 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 10um.
Magnet measurement equipment built at BESSY and
DESY has been shipped to the magnet manufacturer
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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.
3,0
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%,'-110 /-/ ,\ ..
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position inside magnet block [ mm ]

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 <4.0um and a
temperature stability of <0.2° is needed to bring the
electrical noise to this level.

8
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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°.

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 (Ax < 0.1 X
(Geelctrons Ophoton)) 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 can
be tolerated (AE < 0.16 x bandwidth). This defines the
following tolerances: The temperature dependence of the
magnet remanence of 0.0011 / °C requires a temperature
stability AT < +0.1°C. The gap positioning accuracy
must be Agap < +1um and the transverse alignment
tolerance has to be Ax < +40um. The largest
contribution to AK / K is attributed to the transverse
alignment error (see below). The phase error due to
energy spread dominates the total phase error if

Assuming an energy spread of 2 x 10 the tolerance
for the phase error of the magnetic field is A®s < 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 Il design without explicit
phase shimming as demonstrated for the six BESSY
APPLE Il devices. A gap positioning accuracy of
+1.5um 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 Il (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 Il 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 40um more than 2c of the
electron beam are within AK / K <5 x 10™*

3
x 10

vertical direction
antiparallel

/

/ vertical direction
/" max phase

04 -

0.3

021 horizontal direction

max phase
vertical direction

o1r planar undulator

09 002 004 0.06 008 01 0.2 004 016 018 02
z / mm
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 AK / 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 1.1ym/°C for the system
described in [7] and can be ignored if compared to the
thermal variation of the magnet material remanence.

UE49 PGM1, gap=20.421mm, shift=0.0mm, 3th harmonic

ntensity (GaAsP-Diode/200mA)

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 #£lum. The device employs the new
measurement system described in [7].
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In principle an APPLE 11 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 IlI 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 £8um resulting in a gap variation of only
+15um (figure 10). This remaining gap variation can be
reduced to +6um 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.

73
S

height / um
5
T

lower girder

gap variation

. I ! I I I I I
500 05 1 15 2 25 3 35 4

distance / m
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 AK / 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.

3

(e

Figure 11: The vertical location of the IongitUdinaI
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.

Topology optimization with TOSCA

Heidenreich & Harbeck AG

Figure 12: Bionic optimization of the support structure
of the BESSY UE112 undulator (by courtesy of
Heidenreich und Harbeck AG).
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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 £40um 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 10um.

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:

X

2-e? 2 2 °° 2 2
(ymc)2 kx—eff k .2"=1(an + Byn)

TR B K /NHB 7k /1!
ot = Dna B, /nk+B,’ /n!

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.

Fed
i
G

0225 Planar device

APPLE, phase =0

0175 APPLE, phase =x

beam size / mm
=]
[
T

=

=

n
T

0.125 horizontal plane
0.075
0.05

0.025 -

L R S B TR TR VI TR T

distance / m
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 10C. It is a
reliable system and many interface cards are available on
the market. The user interface does not run on the 10C
but on an independent workstation, which communicates
with the 10C via ethernet. In principle, one 10C 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 10C operates as a
master to synchronize the individual 10Cs.

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

526

Proceedings of FEL 2006, BESSY, Berlin, Germany

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.

ethernet

[ I 1

axis axis
controller controller

axis
controller

limit switch
PLC tilt sensor
air pressure

] CTNetbus || | H
[

CTSync bus

emergency stop, actually point-to-point connections to PLC

CAN bus

CAN bus

uadrupole phase temperature cee temperature
duadrup shifter module module

Figure 15: Control system of the BESSY UE112.

Each motor has its own detached motor controller
which is connected to the 10C 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 I0C 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 Il
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).

10

local demagnet. / %
=)
T

field reduction / %

0 o )
-1000 0 1000
z/ mm z/ mm

.,qj\‘H\‘\H‘H\‘\H‘H\‘H\‘H\‘H\ T

Figure 17: Maximum demagnetization of magnet
segments (left) for 1mrad and 0.1mrad angle of
incidence and field variation (right) for 1mrad.
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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).

iN 02 1.0 mrad § E 1.0 mrad
S o015 Oimrad | 3 150 0.1 mrad
g o1 Z b
~ 0.05 5 55
. e E
% -0 Og E LT S g
= 01F Wiy g0
Eoust B SE
-0.2 = =
025 B Ll A0 T
-1000 -500 0 500 1000 -1000 0 1000
z/ mm z/ mm

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 AE/E=2x10" 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 £30c 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.

Various technological aspects for using APPLE
in HGHG FELs have been discussed.
Experiences gained with APPLE undulators at 3™
generation light sources have been extrapolated and
strategies to meet the tight tolerances of HGHG FEL

undulators

CONCLUSION

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" generation facility.

The author thanks M. Scheer for doing the GEANT
simulations and H.-J. Backer, W. Frentrup, A. Gaupp, S.
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ELECTRON BEAM ALIGNMENT STRATEGY INTHELCLS
UNDULATORS*

H.-D. Nuhn®, PJ. 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.SA.

Abstract

The x-ray FEL process puts very tight tolerances on the
straightness of the electron beam trgjectory (2 pm rms)
through the LCLS undulator system. Tight but less
stringent tolerances of 80 um rms vertical and 140 pm
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 trgjectory based on BPMs
and correctors will increase the time between BBA
applications. Undulator segments will be periodicaly
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 | 4, 15 A
undulator period length A 3.0 cm
nom. undulator parameter K 3.

peak field Bok 1.25 T
undulator segment length Ls 34 5 m
number of segments Ns 33

full undulator length Ls 132 m
nom. undulator full pole gap g 6.8 mm
long break length L 0898 [ m
short break length Ls 0470 | m
number of quadrupoles Ng 33

number of BPMs Nepy | 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 islong. The

" Work by U.S. Department of Energy contract DE-AC02-76SF00515
# nuhn@slac.stanford.edu
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space provided by these breaks is used to place devices
for controlling and monitoring the electron beam. A
parameter summary isgivenin 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

o 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 vaue to
compensate for energy losses during the radiation process
and to optimize the SASE process. The magnetic axis,
i.e, the idea average beam trgectory, 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 Side Supports

Each undulator segment is mounted on two pardlel
horizontal dlides that alow remotely controlled
repositioning of the segment relative to the electron beam
and afull trandation 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
3T 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 quadrupol e 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
0T and 4 T. By varying the gradient, the quadrupoles can
be used to measure the transverse distance of the electron
beam trgectory 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 aso 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 pm 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 horizonta
and vertical position as well as yaw, pitch, and roll of the
girders. The components mounted on each of the 33
identica girders include an upstream Beam Finder Wire
(BFW) device, two horizontal slides supporting one
undul ator 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 fiduciaized in
the MMF. The complete girder assembly will initially be
aligned on the Coordinate Measurement Machine (CMM),
which has been specidly 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
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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 vertica 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 a its up-stream end. After dl
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 a 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 aso provide transverse beam profile and rms size
information. This functionaity 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 um, a
maximum wire diameter of 40 um 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 aso, a sub-micron
resolution but a a slower rate, with the ADS. Loca
BPMs can also be used to measure and compensate for
any shot-by-shot trgjectory jitter during the scan.

Fixed Girder Supports

Each girder is supported by two thermaly isolated,
sand-filled pillars, with manual adjustments at the top
(Figure 4), which alow pre-alignment of the cam movers.

Vacuum chamber

The vacuum chamber of the LCLS undulator system
has a 5mmx12.5mm 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 longitudina and transverse wakefields. The
amplitude of the latter is limited by keeping the beam at
the center of the chamber with a £200 um 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 aignment 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 severa control
points on girder components, at girder supports, and at the
mounting plates of the ADS sensors.

Air Temperature Sabilization

The temperature of the LCLS undulator tunne 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. Asthe air travels through the tunnel it
is expected to pickup heat from the tunnd 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 19.5° C-
20.5°C at al times along the entire undulator system.
The undulator K value has been measured to change by
0.015% over atemperature range of 0.28° C.

TOLERANCESAND 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 isin good
overlap with the radiation field and that the individua
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 trgectory will deviate from a
straight line in the presence of magnetic and electric
fields. The ided 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 idedly zero.
Problems arise from off-axis fields of misaigned
guadrupoles and undulator segments, the earth’s magnetic
field [8], other environmenta 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
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field), and shielding, (for environmental fields as well as
earth’s magnetic field).

The remaning error-fields (off-axis fidds in
guadrupoles 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
guadrupoles, 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 dightly 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 trgectory (beam axis, defined by
BBA) by about 20 pum (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
Horizonta Alignment of Quadrupole 125 | um
and BPM to Segment (rms)
Vertical Alignment of Quadrupole 60 | um
and BPM to Segment (rms)
Horizontal Alignment 100 | pm
of BFW to Segment (rms)
Vertical Alignment of BFW to 55 | um
Segment (rms)

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

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

Value | Unit
Initia rms uncorrelated x/y 125 | pm
guadrupol e alignment tolerance wrt
straight line
Longitudina Girder alignment +1 [ mm
tolerance
Undulator Segment yaw tolerance 240 | prad
(rms)
Undulator Segment pitch tolerance 80 | prad
(rms)
Undulator Segment roll tolerance 1000 | prad
(rms)

The precise aignment of the quadrupoles can only be
achieved using a beam based alignment method (energy
scan) while the relative alignment (see Table 2) of the
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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 conventiona alignment of the girdersin
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 al girders to better than
l1pum [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 um (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 asillustrated 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 um (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 Quadrupole Wire Position Monitor
\
‘ W| rel
- 4 = - - Beam
| Wire 2
Girder Girder
Cross section Front view

Figure 1. Functiona cross section diagram of wire
arrangements for the WPM system

Due to the unavoidable large sag of long wires, the
uncertainty of the wiresin vertical direction will be higher
than one micrometer, which is the required design
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objective for the quadrupoles. Therefore, the vertica
position of both wires will be correlated to the horizonta
plain defined by the Hydrostatic Leveling System.

Hydrostatic Leveling System (HLS)

The HLS system is based on a system of water pipes
al so 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.

Sensing
Electrode Ceramic

~ plate

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 um with an
accuracy of 5um over the 5 mm measurement range. A
disadvantage of this sensor type is that capacitive sensors
drift by about 1-2um per month due to aging of
electronic components. |deally, the determination of the
absol ute 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 (vesse
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 actua height
readings.

Fiducial

Reference
surfaces

Ultrasound
Probe

Figure 3: Functiona 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 um with an accuracy
of 5um over the 5mm 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 conventiona
aignment step. Since the ultrasound sensors provide
actua height differences to the water surface they can be
used to cdibrate 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:

o Hydrostatic Leveling System (HLS)

o monitorsy, pitch, and roll

Wire Position Monitoring System (WPM) [11]

o monitorsx, (y), (pitch), yaw, and roll

Temperature Sensors

o in support of HLS/'WPM readout corrections,
undulator K corrections, and component motion
interpretation

e Beam Position Monitors

o monitors x and y positions of the electron beam

Quadrupol es*

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 aignment of the beamline components of
the LCLS undulator system.
Horizontal Slids

Segment Manual Adjustments

Vacuum
Chamber

s FCTION
EEAM DRECT
——

o

Manual )
Adjustments  Fixed Supports

Figure 4: Undulator segment supports

Local Controls

Alignment of the cam supports is done using the
manua adjustment controls on top of the support

" Transverse Locations Tracked by HLS and WPM
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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
2um. 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 al undulator segments interchangeable with
each other.

Remote Controls

The transverse positions of the girders are (remotely)
controlled based on cam mover technol ogy

e duringinitia conventiona aignment (see above)

o for quadrupole position contral, i.e., beam steering

during BBA.

o for BFW scans

o 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 horizonta and
vertica direction without affecting the adjacent
guadrupoles 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

o field strength adjustment (change of K)

e reduction of radiation exposure  during

commissioning (full roll-out position),

e measurement of FEL gain as function of z (full

roll-out position),

e 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 al 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 isinstalled in the
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middle of the tunnel a 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 um for the distances
and an inverse function of the distance for the two angles
(30 pm and 50 pum at one meter for the horizontal and the
vertical, respectively). The weight of the leveling
observations (green lines) is based on 50 um as a-priori
standard deviations.

/. Wall Monuments /1, Floor Monument
* —htd

e

Quadrupoles " TrackerPositions

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 elipses is below
50 pm.

Figure 5 shows the resulting error elipse at 1 sigmafor
a free-net approach. All semi-major axes are below
50 um. 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 al 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 instaled, a fina
mapping of all monuments and all fiducias is performed.
The scenario for the laser tracker position and
methodology is identical to the one used to derive the
monument network.  The fiducias of the girders,
undul ator 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

534

Proceedings of FEL 2006, BESSY, Berlin, Germany

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

BEAM-BASED ALIGNMENT

The electron beam trgjectory through the FEL undulator
must be straight to a level of about 2 um over one FEL
gainlength (~5m). Thisleve isdifficult to achieve using
standard component survey methods, and therefore
requires a specia 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 tol erance specifications described here.

BBA will use quad motion and dipole trims for beam
corrections. The BBA agorithm uses the off-axis field in
the quadrupoles for trgectory 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 trgectory 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 dight off-center
positioning of the quadrupoles to generate the required
correction field on beam axis. The largest of these
corrections can then be partialy taken over by dipoletrim
correctors, which are integrated in the quadrupol e design.
Their range is equivalent to +100 um of quadrupole
motion. The BPMs must have a relative position
measurement resolution of <2 um rmsin order to achieve
trajectory straightness adequate to support 1.5-A FEL
operations. This resolution definition implies that the
BPM readback offsets (electrical or mechanica) must be
stable to <2 um over the one hour required to accumulate
the BBA data

TOLERANCE ZONES

A systematic plan for trgjectory 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 trgectory feedback systems running at
120 Hz, based on LTU (Linac-To-Undulator transport
line) BPMs, and a 0.1 Hz, based on undulator BPMs,
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USE OF DIAGNOSTICS COMPONENTS
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Figure 6: Alignment Function Diagram.

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 al, 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 origina 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 Hal (UH). Alignment tasks
performed in the MMF include the tuning and
fiducialization of the undulator segments as well as the
fiduciaization 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
inthe 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
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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 digned 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 um over a 1-hour period and to better than 5 um
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 trgectory 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
aignment 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 requiresinterrupting 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 beinstalled 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
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due to the expected continuous ground motion, there will
be a maintenance shutdown for re-baselining, i.
realignment of the cam movers using the manua
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 aignment to the required
tolerances will be achieved through common girder
mounting. Main tasks of the conventional alignment and
motion systems are:

e Component fiducialization and alignment on girder

e Conventiona aignment 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 isin place for using
the monitor systems and the controls in order to establish
and maintain astraight FEL trajectory.
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HOW TO OBTAIN HIGH QUALITY ELECTRON BUNCHESIN PRESENCE
OF NORMAL CONDUCTING LINAC WAKEFIELDS

S. Di Mitri*, ELETTRA, Trieste, Italy

Abstract

The dynamics of electron beams involved in Free
Electron Lasers (FELS) projectsis an interplay between
sources of 6-dimensional emittance dilution and
methods of emittance preservation. Relatively long
bunches are required for harmonic cascade seeded
FELsin 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-dimensona 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] FELSs.

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.

*simone.dimitri @€l ettra.trieste.it
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WAKE FIELDSAFFECTING 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 6,<<a, being o, the
bunch length and a the beam pipe radius, travelling
into periodical structures induce a maximum FWHM
relative energy loss [20]:

Ay _ eWQL )
4 E;

which is valid in the approximation (o, /s5)*? <<1 with
S the characteristic parameter of the structure.

Assuming alinear 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, longitudina 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,
residua higher order energy chirps affect the final
beam quality. A quadratic chirp D(2)=d?E/d?z
increases the correlated energy spread, thus reducing
the SASE FEL gain. It aso enlarges the bandwidth of a
High Gain Harmonic Generation (HGHG) FEL to
unwanted levels, corrupting the goal of producing a
Fourier transform limited signa with narrow
bandwidth of the order of few meV [23-25]. Figures
14 illustrate this topic comparing two cases with
different values of the quadratic energy chirp.
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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.
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generated by the electron bunch in Figure 3 through
FERMI HGHG with fresh bunch technique at 10 nm.

538

Proceedings of FEL 2006, BESSY, Berlin, Germany

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 generaly require a high peak current
(kAs) in the bunch core, while HGHG FELSs desire a
uniform current distribution along the whole bunch,
especialy 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
D(3) =d°E/d®z is useful to maximize the current

along the bunch and to avoid current spikes at the
bunch edges. In fact, they are related to severa
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 (uBI) [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 dlices lateral offset can be
cancelled through a - 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]:

2
_ Ame M, L1
Vila
It multiplies the resonant term acting on the transverse

motion of the dices 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,

@

r
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according to the present simulations, it is aways
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.rt 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.
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Figure 5. Longitudinal phase space (left) and current
profile (right) at the end of the FERMI Linac. Cubic
chirp at the Pl is =3.9x10* mm™at top and 8.1x10™
mmat 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=241 is the RF wave number and A is the RF
wavelength; Uy is the voltage amplitude of afirst linac
accelerating on-crest; U; is the amplitude of a second
linac with off-crest acceleration at phase ¢, (referred to
the crest of the RF wave); U, and ¢, are the amplitude
and phase of the 4-th harmonic cavity. Thus, the third
derivative of the energy gainis:

” , 15
ULy =-KU( g+ 7 k®(U, +U, codg))tan(g,) (3)

The quadratic chirp is cancelled if:
U :_U0+U1005(¢1) ()
) 16coslg, )

(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 3" 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
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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 al 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 aflat current profile and a linear phase
space corresponds to an initial beam with a ramped
current profile (see, Figure 6).

og Erbion Gev, N=0.625x10" =0.200
‘ Il o W
0.05 o) [T~ pAp T o
g <
g9 0 &
5 =02
< 005
R Y S Y e 0 o2
7 fmm 2 fmm
(Ey-0.0990 GeV, N=0.625x10'" 5=0.913 mm

=
(5

(=1

=

5
(=]
o
th

\
!

AEKE) Mo
k"
A

(=1

=i
=
1
o
&
B
)
=]
%
9
o

=
L]
™

z /mm z /mm

Figure 6. Top, electron beam desired at the undulators
entrance. Bottom, electron beam required at the Pl 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.
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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 SHAPINGAT 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.
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Figure 8. Ramped current distribution just after the
cathode (left) and at the injector exit (right) for a 0.8
nC bunch.

2.5+ - 20
. % o7.0-
= = 5 ¥
E 204 (5 oon] 4
E = e '%—15 w
= & g55-] | =
E '“ ——— T o
— 1.5 @
@ - ]
(] <
= =]
E 1.0+ =]
@ @
% 0.5 =
Jr =

0.0+

Slice position along the bunch (ps)
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the bunch at the exit of the injector. ey,g0 = 1.2 mm
mrad. Inside plot: longitudina phase space including
longitudinal wake fields. Head is on the left.
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Since each longitudinal dlice 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
dlice 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
trgjectory 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.
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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
um 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].

5 - - 4.4
power
4.5 phase 7 4 &z
4 -
14
385
= 3 4 38
L
-g 25 1 36
o =i { 34
1.5
1 32
1
o5} 7 =
0 L . L . . L : 58
o} 50 100 150 200 250 300 350 400
init offset (micron)

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 um.

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 weake 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 trgjectory jitters has to be checked and made
sufficiently small [59].

Reducing the average B-function along the linac is
aso 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/ and the trajectory affected by errors ugr ~ kVP.
Thus, lowering the B-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 curvesin 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
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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 aways suffers from a minor
energy loss w.r.t. the higher charge option (look at the
height of the yellow and orange bars). Obvioudly, for a
fixed peak current a shorter bunch is required from the
Pl and will be provided at the end of the accelerator.
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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 ingtability; in the steady state
approximation the induced rms energy spread G5 csr ~
I/c,*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 aso
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 dlice 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.
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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 (uBl)
has been extensively studied and recently observed in
experiments. The gain of the instability was calculated
analytically in the 2-dimensiona 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 uBI: it transforms al 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 afactor 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
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applying the reverse tracking to the single compression
scheme [67].
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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. uBI starts from realistic shot noise.

A 2-stage magnetic compression is generaly
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. Thisis 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. uBI 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
gpace. 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 till in progress; the preliminary results indicate
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Figure 15. Rms dlice energy spread in the final bunch
for FERMI vs. the rms energy spread added by the
laser heater at 100 MeV. Dots are the anaytica
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.

that the final prediction can often depend on details of
the calculation.

CONCLUSIONS

The main effects on the electron beam quality by
accelerating structures wake fields, CSR and L SC 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, longitudina 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. Pl 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 generad prescription of low charge beam
generation was investigated. Simulations demonstrate
thatit brings several advantages in achieving a high
beam quality; essentialy, it reduces the effects of the
accelerating structures wake fields, alows a
compromise between dlice 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-
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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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STAIR-STEP TAPERED WIGGLER FOR HIGH-EFFICIENCY FEL *

D.C. Nguyen”, Los Alamos National Laboratory, Los Alamos, NM 87545, U.S.A.
H.P. Freund, Science Applications International Corp., McLean, VA 22102, U.S.A.

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
a,). 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 (A4,) or dimensionless field (a,) decreases
continuously to maintain the resonance condition,

A >
=.—2\l+a; 1
7e=y5gl+al), (1)
where 7 is the resonance Lorentz factor; and A 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

*Work supported by the Office of Naval Research and the High-Energy
Laser Joint Technology Office. Author email: decnguyen @lanl.gov
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electrons as they execute synchrotron oscillations inside
the ponderomotive potentials.
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Figure 1: Plot of wiggler period versus z in a stair-step
tapered wiggler with taper in wiggler period.
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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 (7).) and the height of
the bucket, as given by [4]

aa, @
1+a

w

n=27.

where the term in the radical denotes the half-height of
the bucket, and a, the dimensionless optical field, is
proportional to the square root of the optical intensity, /;

eAJ2Z,1,
a,=— S
27mmc
where e is electronic charge, Z; impedance of free space,
m electron mass, and ¢ 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 4,, and a,
(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.

4,295, (@)

1+al,

a,a,
n= 277c1 1 +la21 + 277C2

wl
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Gamma

Phase

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° W (1 zJ 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 a,. 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
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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 p
First wiggler segment a,, 1.187
First wiggler segment length 1.831m
Second wiggler segment a,, 1.159
Second wiggler segment length 0.698 m
Third wiggler segment a,, 1.116
Third wiggler segment length 0.567 m
Fourth wiggler segment a,, 1.058
Fourth wiggler segment length 0.523 m
Fifth wiggler segment a,, 1.007
Fifth wiggler segment length 0.654 m
Linear taper segment length 244 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) 3.5GW
Linear taper efficiency 4.4%

8.4

82 \ 4

76

Bpeak (kG)

74

B stairstep

72

6.8 1 1 1 1

z (m)
Figure 4: Plots of magnetic field versus distance along the
wiggler for the linear (red) and stair-step (blue) tapered
wigglers.
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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.

410°

3510°

310°

Stair-step
-— Linear

Power (W)
n
_o:o
T

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.

ACKNOWLEDGMENT

We thank Luca Giannessi for valuable assistance in
programming a one-dimensional FEL code.

REFERENCES

[1] D. Feldman et al., Nucl. Instrum. Meth. A285 (1989)
11-16.

[2] R.W. Warren and D. Piovella, Nucl. Instrum. Meth.
A304 (1991) 696.

[3] J. Blau et al., Nucl. Instrum. Meth. A483 (2002) 148.

[4] C.A. Brau, Free Electron Lasers, Academic Press,
Oxford (1990).

[5] D.C. Nguyen, H.P. Freund, and W. Colson, Phys.
Rev. ST-AB 9 (2006) 050703.

[6] H.P. Freund, S.G. Biedron, and S.V. Milton, IEEE J.
Quantum Electron. 36 (2000) 275.

[71 H.P. Freund, Phys. Rev. ST-AB 8 (2005) 110701.

[8] L. Merminga, D.R. Douglas and G.A. Krafft, Annu.
Rev. Nucl. Part. Sci., 53 (2003) 387-429.

547



THBAUOS

Proceedings of FEL 2006, BESSY, Berlin, Germany
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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 A, the relative precision of K must satisfy
(AK/K)pms < 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 AK/K = 40.2% (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, AK/K. Figure 2
shows the high-energy edge of the angle-integrated spec-
trum of two undulators for two cases: identical K, and
AK/K = 40.2%. As clearly shown, the slope of the high-
energy edge of the spectrum is sensitive to the relative &'
differences of two adjacent undulators (phase errors will
be addressed below). In this figure the left-right spectrum

shift, —%(AK /K), has been subtracted off to allow
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more convenient comparison of the slopes at Aw/w = 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 AK/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 1purad. 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 pm 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 < 1urad, 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.!

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 Az = 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

Electron 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.
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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 27 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-pm rms single-pulse po-
sition resolution, the relative electron energy resolution is
(5 um) /(125 mm)/v/2 =~ 3 x 10~°, and the corresponding
photon energy resolution is twice this, or 6 x 107>,

Since the spectrum shifts towards Aw/w > 0 for
AK/K < 0 (see Fig. 3), the data tends to be poorly
centered on the spectrum edge for AK/K # 0. To im-
prove resolution, we adjust the mean electron energy by
— % (AK/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 Ax 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 AK/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 (Aw/w = 2AE/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 x 1075 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 0.5urad 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 10° 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 Ey 13.6 GeV
bunch charge q 1.0 nC
undulator parameter Ky 3.50
fund. wavelength Ar 1.5 A
Bragg spacing (111) d 3.14 A
Bragg angle (111) 0 13.8 deg
rel. e~ energy jitter | (AE/E)pms | 0.1 %
e~ energy meas. res. | (AE/E)..s | 0.003 %
bunch charge jitter (AG/q)rms 2 %
charge meas. res. (AQ/q)res 0.5 %
e~ angle jitter 0rims 0.5 prad
detector noise level N;wise 100 | photons
peak signal NP* 105 | photons
2
£
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Figure 3: High-energy spectrum edge for each of nine val-
ues of AK/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 AK/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 AK/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 = Ny + a(Aw/w) + b(Aw/w)? + c(Aw/w)?. (1)
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Figure 4: Maximum negative slope vs. AK/K. Any
AK/K error is resolved to within £0.004%. The goal of
|AK/K| < 0.015% is shown as vert. green lines.

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

curve is then
dN b2
_— =—a— —. 2
(Aw/w)mm “ 3c @)

The nine determined steepest slopes of Eq. (2) are then
plotted versus AK /K, which is taken from the deliberate
undulator displacements, Az, 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 AK /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 AK /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 AK /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 AK /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) urad ver-
tical(horizontal) acceptance, assuming a perfect chamber
and a perfectly aligned beam.” 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 £6.7urad. 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 prad will result in scraping ofthe core x-rays
by the vacuum chamber. However, this situation will result
in an error in the AK /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 1urad or less. In addition, we plan to check
where the central ray is by scanning a 1 mm? ‘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.
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Figure 6: The ‘core’ synchtrotron radiation will start to
scrape off on the vacuum chamber if the central angle is
greater than 8§ prad.

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 v/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.’

REFERENCES
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is over 15 urad then a difference in the integration angle of 1purad for
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or three segments.
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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:

e Up to 50 pJ 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 p =~ 0.1 — 1% quantum efficiency
(QE) (as in the case of the most commonly used semi-
conductor C'soT'e). 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.

e 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.
T david.garzella@cea.fr
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e 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 pJ 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(w, ¢) can be described in terms
of the spectral components of amplitude £y(w) and phase

p(w):
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B(w, ¢) = Eo(w) - el@ot+6() "
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.ot T . (sw—n . (2)

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 E(wq) 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

29

laser pulse will be stretched by a factor < 55| . Higher

Wi
order terms account for symetric and antisymetroic 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 T'eO4 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(w> ¢) = Ein(wy d)) ) g(wa ¢)

where S(w, ¢) 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:

®)
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1. The user builds the target amplitude and phase terms.
2. Amplitude loop:

o Initial filter amplitude.
e spectrum measurement.

o Modification of the filter by dividing the "target”
amplitude by the measured amplitude.

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

Soectral 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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= / \ [ 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
i ' \ ' | reconstruction process. In practice the difficulty is to iso-
4510 e 0 i 10" 151072 late the secondary lobe without information losses when
the contrast is not very high. Also, to correctly recover the
. . o . spectrum, a great care should be taken with the spectrom-
!:lgure 2: Blue curve : Fourier Limited I:clser pulse taking eter calibration, and the signal processing to convert from
into account only the target spectral amplitude; Red curve: the wavelength to the frequency space.
target temporal shape taking into account the target spectral
phase. 10

0.5

Amplitude (arb. un.)

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

spectral interferometry. g
£
i s
/IM M\M Amplitude & Phase Targeted :§ 0.5
TF =
Q
/l . A Corrections
TE A _ﬂ/‘
\ ﬂ"” Amplitude & Phase Observed
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Figure 3: Layout of the Interferogram retrieving protocol. 740 760 TBOM ac;u 820 840
nm
Experimental Setup Figure 5: Typical interferogram acquired on the spectrom-

eter.
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Figure 4: Experimental set-up for spectral interferometry. ) ) )
The red line shows the path for the two arms of the inter- ~ Figure 6: Retrieved Spectral Amplitude (blue curve) and
ferometer. 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 uJ) 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 FW H M, 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, upto 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 pJ.
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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 vibrationsin the cryostat result in microphonic detun-
ing of the cavity resonance. These microphonics have been
characterized, and their sourcesanalyzed, including theim-
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
Af = w/Qr, according to the equation

(6£)
(Af)?

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

Pol+ 1)

MICROPHONICSMEASUREMENTS

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 piezoel ectric 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 alinear 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 Af/AV = 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, al voltages could be easily interpreted as frequen-
cies. Thisprocedureisonly possible because aleveled 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. Animmediately identifiable featureis the
constant signal of aturbo 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 isa 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 awide 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 Qp, are plotted. It can be
seen that in general the RM S value of the microphonicsin-
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Figure 2: Microphonics in cavity measured open loop at
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Figure 3: Integrated microphonicsfrequency spectraat dif-
ferent cavity bandwidths. The main contributions to the
overall RM S 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 wordsthe cavity be-
comes less susceptible towards microphonicswith increas-
ing QL. It can aso be seen that the largest contributions to
the RM S-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 aso 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 microphonicswas found to be
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Figure 4: Microphonics and He-pressure difference.
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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 thereis some pe-
riodicity within the microphonics.

fromwithin the cooling mediumitself. A changein 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 microphonicsrecorded over a
period of 30 secondsin 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
afeed 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 asoinvestigated. In Figure 6 microphonicshave 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

Asthe RF-system hasto belaid 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
kpr = 1.42 Hz/(MV/m)?, see Figure 8, which is within
the range of values of 1-2 Hz/(MV /m)? gained at DESY
[2].
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Figure 9: Transfer function of the cavity-tank-tuner system
recorded over afrequency range of 0-400 Hz.

Transfer function

Thereaction 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 contributionto the
detuning of the cavity.

Influence of passive cavity stabilizers

Titanium fixtures that can be attached between the
cavity’s dtiffening rings and the helium tank have been
developed by FZ Rossendorf and manufactured at AC-

FEL Technology



Proceedings of FEL 2006, BESSY, Berlin, Germany

N
N
\

—o-thumper response without fixtures
-=thumper response with fixtures installed

:

208 n !
s ‘ ‘
I:qﬂ’ 2 I
X 06 ‘
=]

£ 04

£

<

o
N

rw ““f %/\ A hﬁ\

0 50 100 150 200 250 300
thumper frequency (Hz)

J\'F-J

1 /I-'@ VEE—mO

o

Figure 10: Integrated frequency response signal of cavity
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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). Theresponse was measured with KeBeinductiveve-
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
fixturesis 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|ower 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 areinvestigating 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)
anew 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 53MV/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 3%-cell
photoinjector gun cavity at FZR in 2007. Initialy, this
gun will accelerate 1nC, but schemes have been
identified and investigated that are capable of achieving
slice emittances in the order of 1.5 = 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

* This work has partly been supported by the European Community,
contract numbers RII3-CT-2004-506008 (IA-SFS) and 011935
(EUROFEL) and by the “Impuls- und Venetzungsfonds’ of the
Helmholtz Association, contract number VH-FZ-005

# corresponding author: marhauser@bessy.de
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(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%
cells) characterized at the PITZ facility [3]. So far a
minimum  projected emittance of 1.6 m 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 operationa a 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
E. =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
E. = 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
valuesto be achieved aslisted in Table 1.

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

European BESSY

Parameter XFEL  FEL
Fregquency / GHz 13
Number of cells (copper) 1%
Bunch charge/ nC 1 25
Single bunch rep. rate/ MHz 5 1/3
RF pulserep. rate/ Hz 10 1000
Peak field / (MV/m) 60 40
Peak power” / MW ~6.5 ~3
Beam pulselength™ / ps 650 (max.) 6
Duty factor / % ~0.67 ~25
Average power / kKW ~44 ~75
Beam parametersat undulator
Trans. norm. slice emittance / 14 15
7 mm mrad
Max. beam energy / GeV 20 2.3

" depending on Qo (~23000), " excluding RF rise/fall time (~20 us)

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¥2-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 atotal 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 befoundin[8].

iris meanders

Figure 1: The copper 1 ¥2-cell BESSY Gun (photo |eft)
with the outer water connections and the corresponding
CAD model (right) revealing the inner water circuits.

temperature (°C)
—
50 60 70 80 90 100

Figure 2: Temperature distribution in the BESSY Gun
calculated at Py = 75 kW with T;, = 42°C for a quarter
symmetric ANSY S model.
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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 Pye=75kW, 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 T;, = 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 vyielding the maximum loca
temperatures. Mechanical stresses however are not an

issue[10Q].
As a feature the BESSY Gun was equipped with a
small pickup port (@=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 107 mbar- a peak power of
Poeesk = 2.9 MW a tgg=100ps was  reached
(Pave=2.9kW) corresponding to a peak field of
E. =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. Degspite the constraints of the RF-system,
conditioning could be carried out successfully to a
maximum operable peak power of Ppey =5MW with
tre =540 us corresponding to an electric field of
E.=53MV/m. The maximum average power of
Pave = 47 KW was reached at the maximum pulse length of
tre = 1 Ms with Ppey = 4.7 MW (E; =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 resultsat PITZ
Achieved at limit

Parameter of RF system Desired  Unit
Pave 47 75 KW
Pocck 4.7 3 MW

E. 51 40 MV/m
tre 1000 25 us
frep 10 1000 Hz
df. 1 2.5 %

" max. Ppe = 5 MW corresponding to Ec = 53 MV/m at tre = 540 s
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Figure 4: Measured (top) and simulated (bottom) gun

temperatures when operating at Pae=40kW and
Tin=27°C (Ppeak = 4 MW, frp = 10 HZ, tre = 1 ms).
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Fig. 4 (top) depicts a screen shot of the measured gun
cavity temperatures using external PT100 sensors at
digtinctive locations (green dots). Here the temperatures
are shown when operating a a therma load of
Pae=40kW with an inlet water temperature of
Tin=27°C. At the bottom corresponding numerical
results using ANSY S are plotted in good agreement with
the monitored data. This is aso 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 Af 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 Af 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 Af ~-10 kHz/kW over the
observed power regime at T;,=27°C was obtained,
consistent with the simulations.

average power (kW)
0 10 20 30 40 50 60

0.0

measured (-9.4 kHz/kW)

e

frequency shift (MHz) (reference: resonant frequency at 20°C)

Figure 5: Thermal frequency drift in dependence on the
average power as measured (red dots, fr =10 Hz,
tre = 1 ms) and calculated (blueline) both at T, = 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
dice 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 longitudina phase
space serving the needs of the subsequent first bunch
compressor. A thermal energy of 0.55eV for electrons
emitted from a Cs,Te 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 E. =40 MV/m has been presumed, which
aready has been exceeded by the BESSY Gun during the
high power tests. As mentioned above this value however
israther constrained by thermal considerations.
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Figure 6: Evolution of the normalized transverse rms
emittance €, (100% and 95% core emittance) and beam
size oy, for a bunch charge of 2.5 nC up to the exit of
the 2™ linac module.

For a bunch charge of 2.5 nC the normalized projected
transverse emittance “frozen” at the exit of the second
linac module (Ex,=223MeV) is 1.8nmmmrad
(L.2mmmmrad for the 95% core emittance). At this
point the slice emittance averaged over the whole bunch
amounts to 1.5« mm mrad fulfilling the design goa of
the BESSY FEL.
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Figure 7: Evolution of the longitudinal rms emittance e,
and average beam energy Ey, for a bunch charge of
2.5 nC up to the exit of the 2™ linac module.
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The rms bunch length is 35mm and a projected
longitudinal rms emittance of 65m 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 75kW 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.

REFERENCES

[1] D.Krémer et al. (editors), “The BESSY Soft X-Ray Free
Electron Laser”, Technical Design Report, ISBN 3-
9809534-0-8, BESSY, Berlin, 2004.

[2] D.Janssen at. a., “Progress of the Rossendorf SRF Gun
Project”, Proc. of the 2006 Europ. Acc. Conf., Edinburgh,
Scotland, 2469.

[3] A.Oppelt et. d., “Tuning, Conditioning, and Dark Current
Measurements of a New Gun Cavity at PITZ", these
proceedings.

[4] F. Stephan, “Status and Perspectives of Photo Injector
Developments for High Brightness Beams’, Conf. on the
Physics and Applications of High Brightness Beams, Erice,
Italy, 2005.

[5] A.Oppdt et. a.,”Status of the PITZ Facility Upgrade”,
Proc. of the 2006 Lin. Acc. Conf., Knoxville, USA.

[6] M. Altarelli et a. (editors.), “The European X-Ray Free
Electron Laser”, Technica Design Report, ISBN 3-
935702-17-5, DESY, Hamburg, July 2006.

[71 E.Vogd at. a.,” FPGA Based RF Field Control at the
Photo Cathode RF Gun of the DESY Vacuum Ultraviolet
Free Electron Laser”, Proc. of the 2006 Europ. Acc. Conf.,
Edinburgh, Scotland, 1456.

[8] F.Marhauser, “High Power Tests of a High Duty Cycle,
High Repetition Rate RF Photoinjector Gun for the BESSY
FEL”, Proc. of the 2006 Europ. Acc. Conf., Edinburgh,
Scotland, 68.

[9] www.ansys.com.

[10] F. Marhauser, “Photoinjector Studies for the BESSY Soft
X-Ray FEL”, Proc. of the 2004 Europ. Acc. Conf.,
Lucerne, Switzerland, 315.

[11] K. Halbach, R.F.Holsinger, Poisson Superfish, Particle
Accelerators 7 (1976), page 213, distributed by the Los
Alamos Accelerator Code Group (LAACG).

[12] F. Marhauser, “Finite Element Analyses for Photoinjector
Gun Cavities’, DESY Hamburg, January 2006, TESLA
FEL-Report 2006-02.

[13] K. Fléttmann, http://www.desy.de/~mpyflo/.

[14] N. Solyak et. a, ,The Progress in Developing Super-
conducting Third Harmonic Cavities’, Proc. of the 2006
Europ. Acc. Conf., Edinburgh, Scotland, 804.

563



THPPHO006

Proceedings of FEL 2006, BESSY, Berlin, Germany

PHOTOCATHODE LASER FOR THE SUPERCONDUCTING
PHOTO INJECTOR AT THE FORSCHUNGSZENTRUM ROSSENDORF

Ingo Will*, Guido Klemz, Max-Born-Institute Berlin, Germany
Friedrich Staufenbiel, Jochen Teichert, Forschungszentrum Rossendorf, Germany.

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 wJ 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 uJ. 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:
e thelaser oscillator,
e apulsepicker,
e aregenerative amplifier,
e awavelength conversion stage.

The laser oscillator generates the initial picosecond
seed pulses. Its Nd: Y LF 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

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

phase modulator
(f = 1300 MHz) 5 pulse
selector
=

500 kHz

pump
diode

pump

fiber diode

acousto-optical
modelocker
(f = 27 MHz)

actively-modelocked
oscillator

E=0.05pJ V
A =1053 nm f

switch-in
Pockels cell

fiber-coupled
pump diode

E=8.5pJ

A =1053 nm
t=16 ps

fiber-coupled
pump diode

Nd:YLF
laser rod

switch-out
Pockels cell

regenerative amplifier
(G =170)

E=25uJ
=526 nm
t=14 ps

E=0.8 pJ
A =263 nm
1=12ps

_(]._:p__o._g__l)__>
LBO BBO
to

photo-
cathode

wavelength conversion stage
n =3...9%)

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 pJ. 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.
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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 tripsin
the resonator and is thereby amplified to an energy of

8.5 .

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 0.83uJ is achieved for the
strongest focusing down to a diameter of 260 um, 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

Strong focussing into BBO crystal:
+ Highest UV yield
— Non-circular UV beam

beam @ = 260 um

¥
e e e
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obtained when the beam diameter in the BBO crystal is
larger. The optimum in this respect amounts to 703 um.
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 pJ.

Table 1: Dependence of the resulting UV pulse energy
on the focussing condition at the BBO crystal

Diameter of thebeam | Measured output energy
waist [um] inthe BBO [uJ] of the UV pulses
crysta
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.

Week focussing into BBO:
— Low UV yield
+ Nice, circular UV beam

beam @ =703 um

LBO BBO

energy of the UV pulses

o ¥ [wJ]

0,8

0,6 +

0,4
0,2 -

0,0

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 um).

FEL Technology

565



THPPHO006

In order to till 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.

Table 2: Comparison of the pulse parameters of the
photocathode lasers at FLASH/PITZ and at the FZ
Rossendorf

ELBE ELBE
FIEIATS?' (=05 | (f=13
MH2) MH2)
pulses per s 0.008:10° | 0.5.10° 13-10°
?8'3‘)9 energy 20 1J 1w | 008w
pulse duration 20 ps 20 ps 4ps
average UV | g15w | osw | 1w
power
E’Si‘/k)' ntensity 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 exigt, 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 devel opment
and the setup of the 2™ 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 cdl and full cdls). The optima antenna
length of the main coupler and both fundamenta pickups
were determined by practicad externa Q studies.
Furthermore the characterigtic 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
accderators a high current eectron gun with high
brilliance is absolutely essentiad. 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.

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 deds 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 detal
in[2].

\\‘:;.-.—==/ e Sl
Fig. 1: cross section of the cavity design.
CAVITY WARM TUNING

In order to get the right fidd 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
Table 1: rf cavity parameters ca culated with MWSO cool down shrinking (measured @ ELBE) - 1.97 MHz
normalized to 50MV/m peak axisfield 50um BCP @ DESY (simulated) + 0.55 MHz
stored energy U 32517 pre-stressing half cell (measured) + 0.10 MHz
quality factor Qo 1x10™ pre-stressing three TESLA cells (measured) | + 0.22 MHz
dissipated power P 258 W required frequency @ 300K 1298.9 MHz
geometry factor G 241909 .
accel eration voltage V e 9.4 MV The correct frequency at_ room tempgrature mal_nly
accel eration gradient En 18.8 MV/m depends on cool down_ shrinking, adqm ona chemical
X RVE 172x102 Q0 treatment anq prestrng of both cavity tuners. These
shunt impedance R, =V, / 2F, tuners permit an axiad deformation of +400um and
R/Qo 166.6 Q +500um for the half cel and the three TESLA cdls,
Epeak/ Ecce 266 respectively. The induced frequency shifts have been
Boeek/ Eocc 6.1 mT/(MV/m) taken into account. Thus, the estimated tuning frequency

This gun alows continuous wave operation a 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

#a.arnold@fz-rossendorf.de
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follows from Table 2.

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

GuncCdl | TESLAL | TESLA2 | End Cdl
detuning | 7300 | 180 | +14% | +31%
axisfield
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A non-negligible detuning of the w-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 theright field profile in the cryostat.

10,0k
8,0k
6,0k
4.0k

in vim (vA) )
n & ny
[
|
| | |
"“'-Q-r.__,‘_'ﬁ‘_
| %
1
,__rﬁ“u
|
\

/
e
=== -measured n-mode before tuning@1298,54MHz

| measured n-mode after tuning@1298,8MHz (with pre-stressing)
-------- CST MWS simulation (normalized to dissipated power)

-14,0k T T T T T T T T T T T T 1
-5 0 5 10 15 20 25 30 35 40 45 50 55
sin[cm]

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

EZ
o & N
(=]
=

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

EXT. Q STUDY MAIN-COUPLER

In order to maximize the rf power transfer from
klystron to the electron beam, it is absolutel y 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:

Q

— _ 7
Qecl = m = 27’10 (1)
beem/ C
T T T T T
--m-- MWS simulation .
. —e— measurement ./
10 / pad
o ,"
’
Ly
Qex( ,/
10 optimal distance |
/ to axis = 46.4 mm
P /
.’
e
106 l,
30 35 40 45 50 55

distance antenna tip to axis of rotation in mm

Fig. 3: externa quality factor vs. antennalength.
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
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room temperature. As shown in equation 2 one has to
measure incident and reflected power at the input port, the
trangmitted power at the main coupler as well as the
unloaded quality factor of the cavity.

_ D -
Qeq - with ﬂexl - _ R (2)

ﬁed R_

-U|-0

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 MWSO-
simulations with different boundary conditions as shown
in [4], givesasimilar performance.

TUNING HOM-COUPLER

We use the welded DESY TTF Il 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
externa quality factor at the w-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
externa quality factor than Qu=10". In that case less
than 10% of the dissipated power is transmitted out of
each HOM-coupler.

displacement from optimum in mm
-0,09 -0,06 -003 0,00 0,03 0,06 0,09 0,12

[ reachable tuning precision |
1E11 ¢ pulling
Q. | X
10 f% N
1E9; g //A ~
S S

20 -15 -10 -5 0 5 10 15 20 25
frequency shift in MHz

Fig. 4: externa quality factor vs. detuning from best n-
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 |eakage of
RF power through the coaxial line out of the cavity which
is caused by the cathode and its coupling to the gun cell.
Thefilter isdesigned as a coaxial trap filter. Its band pass
frequency will be adjusted during the assembling of the
cryostat. To estimate the tranamitted power, we measured

FEL Technology



Proceedings of FEL 2006, BESSY, Berlin, Germany

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 origina
cathode was used. Thus the power behind the choke filter
depending on the dissipated power through the walls can
be measured (Fig. 5).

50 Ohm port with
antenna probe

\

-l
N e
ey

choke filter cavity
Fig. 5: assembly to measure 7-mode suppression.

As a result one gets a tuning curve shown in Fig. 6.
Because of mechanical tolerances during the assembling
of the cryodtat, it is hard to improve the accuracy better
than £100 microns. Within thisrange, the external quality
factor is better than Qu=10" and the transmitted power
behind the choke is less than 1% of the dissipated power.
An additiond MWS simulation yielded comparable
results.

displacement from optimum in mm =

10 -08 -06 -04 -02 00 02 04 06 08 10
1E14 T . T T
‘reachame tuning premsmn‘
1
Qext %
1E13 icrushing (g\ }stretching %A
1E12 /fV/s' \
1E11 ///( 7 7 E\_\
<1 T
A

-10 -8 -6 -4 -2 0 2 4 6 8 10
frequency shift from optimum in MHz ®

Fig. 6: externa quality factor vs. choke filter detuning
measured by frequency shift and deformation.

15" VERTICAL COLD TEST

Following the tuning procedures the cavity was
prepared at DESY Hamburg by buffered chemical
polishing (40um 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
eg. 3 and thenumerical calculated geometry factor G.
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R, = g with G =241.90Q 3

0

e
R = As-a)zo?le WT+R, fur T<T./2 4)

Based on the BCS-theory the surface resistance can
also be calculated analytically. Fitting the measured data
points by using eg. 4 leads to the following material
parameters.

_ 15 Q°K . _ . _
A =24210%2" 2 1 A=153meV ; R, =343nQ
HZ —
TinK
5,0 45 4,0 35 3,0 25 2,0 15 1,0
a F T T T T T T 1E11
< f —k=—Q, vs. Temp.
c F o
o [ %}. —a—surface resistance R;=G/Q0 /*
& - = - - exponential fit based on BCS /
L \ )(*
u10 “\ f - 1E10
R
LI
J
N\ 4
/ Q
| K
*/
10 k *]
E */*/( \
o SO S SO0 A0S RIS SORIPS SO RO shod £ E X S
res
1E8
2 3 4 5 6 7 8
TJT

Fig. 7: surface resistance and unloaded quality factor
versus temperature.

In view of the measured, unloaded high quality factor
Qo(@1.8K)=3x10" and the calculated low residual
resistance of R=3.4nQ the preparation of the cavity
proceeded well.
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Fig. 8: Qo Vvs. peak axis field Epex @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, Q, is plotted
versus peak axis field in the TESLA cells (design value
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Epek=50MV/m). Furthermore the radiation caused by
field emittersisincluded 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 therma 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 cdll, direct cleaning of the
filter cdl 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 fidd. Neverthdess the reached fidd of
Epea=39MV/m and the high quality factor of Qu=1.5x10"
demonstrates first of all the proper design of the gun
cavity.
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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 3%>-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 = mm mrad. In the following we will discuss
the design of a 1%-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 1% 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

FTM _ EZrTmix(r = 0) ,FTE _ BZ(Tn?lx(r = O)
S =TT B I P
FTM[MV/m] m=1 m=2 m=3
o mT
=0 0.587 0.587 0.587
=1 0.351 0.502 0.543

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 modefor R=1L

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

FEL Technology

difference between a pillbox and a redlistic 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
RL > 377l /(34 (0p) Un)+ I () =0

m=1 m=2 m=3

TE
Fom
=1 2.48 3.33 4.00

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 | = O 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

2

(Bz"+ a)2 Bz") 2
c :[qmj (1)

Bz' R
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 r” in the equation of motion for an

electron in the RF field of the TE mode the following
equations are obtained:
2
R L @
2my 4y 7
These are the same equations as in the static magnetic
field. Assuming S =1 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.

1o ¢ Teiw. B -b@sn@iig) O
f o amPc?y? ) ° ’ c

In this case the focal distance is a function of the phase
@, of the TE mode. For the case of a pillbox cavity we
obtain:

2
i=—ze2 - ZLBO2 £+sin(aﬂ)—cos(a”;2(p°)
f  4m°c*py° @ 4 doa(a®-1)
[qujz 4)
o = _R +l
r

Fora =23, ... thefoca distanceisindependent of ¢,and
for o« =1/2 , 3/2, .... we have the maximal phase
dependence. These limiting cases can be redized
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 1Y2-cell cavity with
Epea = 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
BZax(r=0)/Bsma is 2.69. Furthermore, the integer value of
the TE/TM frequency ratio alows the operation of the RF
gun with the same TE - phase ¢, for each bunch. In this

r (cm)

7

frequency = 519.98785 MHz

19.951

14.964

9.8757

4.9878

o H
08 9,96

20.72 31.48 42.24

z (cm)

Figure 1: Cavity shape and electric field distribution of
the TM mode.
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Figure 2: Cavity shape and magnetic field distribution of
the TE mode.

case it is meaningful to minimize the emittance with
respect to this phase. The cell geometry and the field
digtribution of the gun are given in Fig.1l and Fig. 2
respectively.

Fig. 3 shows the fields on the cavity axis.

Ez (MV/m) Bz (T)
60 06
40 05
20 0.4
0 0.3
-20 0.2
.40 0.1
605 10 20 30 40 50 500

z (cm)

Figure 3: Axisfields 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
EZax MV/m 57
BZax mT 363
BSnax(TM) mT 130
BSmx(TE) mT 118
BSmax mT 130

FEL Technology
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Figure 4: Magnetic surface fields in dependence on the
surface coordinate s, 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
atemporal flat top laser pulse profile up to L; = 40 ps and
a rise and fall time of 2 ps have been used. The radia
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 L, and the
operational parameters of the RF gun (TM and TE mode)
and booster cavities with E,. =20 MV/m in maximum
for the latter. To reduce the computation time four
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TESLA-cavities have been combined to one section.
Typically for 1nC bunch charge the reasonable laser
pulse length is in the order of L; =20 ps regarding space
charge effects arising just at the cathode. To mitigate the
enhanced space charge at 2.5nC the laser pulse length
could be further increased sacrificing some longitudinal
emittance. First without the booster linac we have studied
the behaviour for L;=20ps resulting in a minimum
transverse emittance of ~1.8 = mm mrad at a distance of
~5.3 m behind the photocathode for Bz, = 363 mT as
shown in Fig. 5.

€n rms (T mm mrad)
50 : . . . : :
451 I S I I ]
407
354
3.0
25
204

154 I i | I I I i
0.10 0.15 0.20 025 0.30 0.35 0.40
Bzmax (r=0) (T)

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.

€n,rms (T MM mrad)
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o = N W
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Figure 6: Evolution of the projected transverse rms
emittance (top) and rms beam size (bottom) through the
linac for L, = 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 L; = 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
amountsto only 1.1 = mm mrad in average.

We then tried to match the beam to the booster by
following more closely the |.E.. This necessitates to adjust
the electric field of the gun according to Bz, to balance
the repelling and focussing forces. Thus a typica
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 L; =20 ps however is rather large (~4 © mm
mrad). Moreover the accelerating fields in the first
TESLA-cavities would be in the order of E,.. =40 MV/m.
However, the situation relaxes once the pulse length is
further increased. This has been done using Ly =40 psin a
next step as shown in Fig. 6 as well. Here a projected
transverse emittance of only 1.5z mm mrad is achieved.
As more particles follow the I.E., the average dlice
emittance is ~1.4 7 mm mrad only marginaly below the
projected emittance.

Table 4 and 5 summarizes the optimized parameter
settings and achieved results at the booster exit (z = 24m)
for Ly = 20ps and L, = 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
riseffall time ps 2 2
spot radius mm 12 135
thermal energy ev 1 1
thermal emittance ammmrad 0.69 0.77
RF gun
gun TM field (max.) MV/m 548 54.6
beam energy MeV 98 97
magnetic TE field (max.) mT 354 360
peak surface field mT 128 127
booster cavities
acc. field (cavities #1-4) MV/m 105 75
acc. field (cavities #5-8) MV/m 199 20
acc. field (cavities #9-12) MV/m 176 174
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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 pulselength (z=0) ps 20 40
normalized transverse
7 mm mrad 2 15

projected rms emitttance

aver age dice emittance ammmrad 11 135
trans. rms beam size mm 145 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 1Y>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
aTESLA cavity. For cavity frequenciesin 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 Cs,Te cathode into
the superconducting cavity. For this material and Az =
260 nm a quantum efficiency of 5% is redligtic. In this
case the bunch charge of 2.5 nC demands a laser pulse
energy of 0.24 pJ.
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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 lossis 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
aready 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 a 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

* We acknowledge the support of the European Community-Research
Infrastructure Activity under the FP6 “ Structuring the European
Research Area” programme (CARE, contract number RI13-CT-2003-
506395) and the support of the German Federal Ministry of Education
and Research grant 05 ESABR1/8.

# teichert@fz-rossendorf.de
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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 us
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 (eg. FLASH a 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 cryomodul e contains one 3%
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 axia peak field of 50 MV/m in the TESLA
cells. The geometry constant is 240 Q and R/Q is 165 Q.
For Qo = 1x10™ 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 | high charge | BESSY -
mode mode FEL
RF frequency 1.3 GHz
beam energy 9.5 MeV
Operation CW
drive laser 262 nm
Photocathode Cs,Te
guantum efficiency >1 % >2.5%
average current 1mA 25 pA
pulse length 5 ps 20 ps 50 ps
Repetition rate 13 MHz [IMHz 1kHz
bunch charge 77pC 1nC 25nC
transverse emittance 1.5um 2.5um 3.0um

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 N, 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 N,. The liquid N, tank in the upper part of the
module must be refilled after about 5 h from an outside
dewar. The liquid N, is also used for the cooling of the
photo cathode stem. The photo emission layer, which is
Cs;Te, and the Cu cathode stem are norma conducting.
The heat load from the RF field into these parts, estimated
to be between 10 and 20 W, burdens the liquid N, bath.

The cavity is passively protected against ambient
magnetic fields by means of a p-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 uT 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
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ELBE module. It contains a conical cold ceramic window
at 70K inits coaxial part. The warm REXOLITE window
isin the waveguide.

Figure 1: Cut drawing of the SRF gun cryostat.

outside cryotank
inside the cryotank
100/ @ j-metal shielding
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position of the cavity
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Figure 2. Measurement of the earth magnet field
suppression by the p-metal shield.

From outside it is aso 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 beinstalled 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 al
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 redize 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.
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Figure 3: The cathode alignment system.
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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 essentidly 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 cellsin 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
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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 longitudina motion performing the
length variation of the half-cell and the TESLA cdls,
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
flexiblelinks asit 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 cdls. To alow 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 Af/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 &t
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 9KkN. 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° half-cell TESLA cell
Lever range tuner tuner
without preload 436 um 450 um
D =0 N/mm 416 kHz 247 kHz
with 5000 N preload 218 um 223 um
D = 9000 N/mm 208 kHz 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 isgivenin 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 3% 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 paralle
the treatment and measurement of the niobium cavity is
carried out, following by the He tank welding. The
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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 TESLA
tuner cell tuner
lever length 630.6 mm 570.2 mm
leverage 50.4 44.2
lever range 33 mm 30 mm
3.0° 3.0°
tuning range 0.7 mm 0.7 mm
204 kHz 404 kHz
cavity frequency 178 kHz/mm | 283 kHz/mm
constants Af/dL
mechanical drive step | 0.70 nm/step | 0.62 nnm/step
frequency drive step 0.23 Hz/step | 0.28 Hz/step
mechanical resolution 3nm
frequency resolution 1Hz
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 Fléttmann, 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 Cs, Te 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 us 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
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dark current seems to come from the boarder of the Cs,Te
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-

0 10 20 30 40 50 60
X (mm)

(a) Dark current image and simulation
for the dark current from the cathode.

w
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U N O w g s
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0 10 20 30 40 50 60
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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 -y 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 ps 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 Cs,Te cathode has been measured in laboratory con-
dition with a very low electric field at cathode [8].

In a high rf field, a CsoTe 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-

----- beam size for type #1
H o o beam size for type #2 -
— emittance for type #1
63  — emittance for type #2 s

OO0 PRk
oOhvhoopivho

emittance (mm mrad)
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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 electrons®
transverse? 0.45 mm rms 0.55 mm rms
temporal (flat-top) 2 ps rise/fall and 20 ps fwhm
thermal € © 0.37 mmmrad 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 0.222T 0226 T

at0.28 m at0.29 m

Accelerator ¢
max rf field 20 MV/m 20 MV/m
start of 1st module 3.43m 4.05m
Simulation result®
bunch charge 1nC 1nC
trans. projectede  0.60 mmmrad 0.64 mm mrad
trans. slice ¢ / 0.47 mmmrad 0.56 mm mrad
bunch length 2.05 mm 1.95 mm
mean energy 90.1 MeV 90.4 MeV
energy spread 1.19MeV 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.

¢ Assuming the kinetic energy of emitted electrons to be
0.55eV.

d Simulations include the acceleration with 8 x 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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main
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rf cavity
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Figure 5: Schematic of gun section. The light blue line shows the reference path of beams. The circular shape collimator
chops the dark current with larger transverse size. The elliptical shape collimator uses a difference in the momentum
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/e,
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 Cs,Te 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
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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
z = hcos(kx) , 1)
where 2h is the roughness depth and A = 27z /K 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

*mikhail.krasilnikov@desy.de
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thermal emittance from the non-perturbed (no roughness)
cathode.

z/h _
Al el
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Figure 1: Periodic roughness, 2D (a) and 3D (b) models.
Transverse component of the electron velocity is
&sin(kx)
Vx = 0 2 . o '
\/1+§ sin®(kx)
where &=Kkh, V, 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

20 _ . 2\ o eEo . _;, (3)
g =0, <px> ZJX\/mCZh[l \/“?J

where o, is an rms electron beam size at the cathode,

@

v /c

Pe= J1-vZic?

and E,, is the electric field at the cathode at the moment
of the emission.

is the normalized transverse momentum

3D model, normal emission only
A cathode surface with periodic roughness is given

z = hcos(kx) cos(ky) , 4
where X — VY isotropy is assumed (Figure 1b). Transverse
component of the electron emission velocity:

v &sin(kx) cos(ky) .(5)
o \/1+ fz(sinz(kx) cos’ (ky) + cosz(kx)sinz(ky))
Transverse emittance induced by 3D rough cathode
surface (4) is

3D 2 E,
g, =0, -mzZUxmx

where (6)
g sin? X cos®Y
1(&)= dX dy
(©) 4r? _-,[ _£1+§2(sin2 X cos®Y + cos® XsinzY)
One can show, that for the for same roughness parameters
the emittance EED is in a factor ~+/2 smaller than 2D
one, because the effective roughness depth (~ hi(¢)) in

Vv
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3

the 3D case is smaller. A ratio ng /ng is shown in

Figure 2 as a function of the roughness parameter & .

¢%Ple
0.75
0.74 |
0.73
0.72 |
0.71 |
0.7

Figure 2: Emittance from 3D surface (4) compared to 2D
case (1) vs. roughness parameter & = 27h/ A1 .

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

@,, = arccos,/E,/E, with respect to the local surface
normal, where E, is the electron affinity of the emitting
material and E, is the electron kinetic energy. For the
Cs2Te photo cathode E, ~0.2eV , by a applying driving
laser with 262 nm wavelength E, ~ 0.75eV . This model

yields a formula for the thermal emittance of the smooth
cathode (no roughness assumed) [2]:

L0 _ [2E, |2+cos’ p, —3c0s g, . @)
X “\' me? 6(1-cosg,)
Within an applied roughness model (1) a transverse

momentum of the electron emitted at angle ¢ to the local
normal is given

p, = E; -(singcos@cosa +cosgsina). (8)
mc

where 6 is a local azimuth angle, «(x) is a rough
surface slope obtained from (1):

tana =-&sinkx. 9)

Applying triple integration to p’ over ¢ €[0;¢,],

6 €[0; 7] and over the roughness period [3] yields a

formula for the thermal emittance from the periodic rough
surface:
2E,

=0y mc2 x (10)

&

th,rough
X

y (2+cos® ¢, —3cos @, )cosa,, +2(L—cos® ¢, )(L-cose,,)
6(1-cosg,) '

where cosa,, :1/,/1+ &% . Obviously, that in the absence
of the roughness («,, = 0) the formula (10) is reduced to
the expression (7).
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Thermal emittance growth (¢=" / ;"° _1) due to the

cathode roughness is shown in Figure 3. From this plot
thermal emittance growth <30% corresponds to the
cathode roughness with 1 > 5h, for 10% growth A >12h
is required. Preliminary cathode plug roughness
measurements performed at INFN LASA (Milano) [4]
showed that photo cathodes presently used at PITZ have
roughness with o ~10nm. In order to keep the thermal
emittance growth under 10% it is necessary to provide a
roughness period over 100 nm.

80

thermal emittance
growth, %

N B %]
o o o o
I I I

8 10 12 14 16 18 20
&=2n*h/)

Figure 3: Thermal emittance growth vs. roughness
parameter £ =27h/ A . ldeal Cs2Te cathode parameters

E, =0.2eV, E, =0.75eV 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]:

el
Exr=xEq0 4 EﬂphEO ! (11)
0

where x is responsible for the increase with a time of the
initial affinity £, , B, 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.

Figure 4: Thermal emittance growth (g;hvmugh /&m0 _1)

given in % as a function of roughness period and electron
affinity. For this plot h=10nm, E, = 0.75eV is assumed.
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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]:

z a’

—=,1+
b b? + x?
where parameters @ and b are constants depending on
roughness depth and width. Typical bump shapes are
shown in Figure 5.

-1, (12)

z/z(0)

—a/b=0.01
—a/b=10
—a/b=100

10 -8 »é -;1 2 6 2 1‘1 é g xb
Figure 5: Rough cathode surface: single bump model
(10). Upper curve corresponds to a/b =100.

The choice of equation (12) for the rough cathode surface
is motivated by the simple conformal transformation

C=u+iw=+/(x+iz+ibf+a?—ib,  (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

£ +iE, = B [xZily+b)].
[x—i(y+b)f +a°

(14)

The electric field lines are shown in Figure 6.

15

10 B

z,au.

X. a.u.

Figure 6: Electric field lines of the bump (10).
Once the electric field magnitude E; and the bump
parameters & and b are specified, the field profile is
determined from (14) and particle position (X,z) and

momentum (P,, P,) can be numerically integrated in
time according to
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_d (p/(me))_ e (E,
d(ct)\ p,/(mc)) mc?(E,

(15)
Gty
detlz) i pz+pzip,)
with initial conditions:
X,(t=0)=X,; Z,(t=0)=12,; (16)
p,t=0)=0; p,({t=0)=0.

Parameter U from (13) characterizes the location on the
surface from which an electron is emitted (w=0):

o = Uyb ; U, =n-uy/N; n=1.N
Zn+b (17)
\/az+b2—u§+\/(u§—a2—b2)+4u§a2
Z,,=—b+ 5 .

The last emission location U, can be defined from the
condition:

z, =0.01-z(0) =O.01~(\/a2 +Db? —b) (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 p, /(mc) as a function of the

emission parameter u/u, 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.

———20MV/m
—24MV/m
—36MV/m
—42MV/m
—46MV/m
| == =bump profile

0 01 02 03 04 05 06 07 08 09 u/uN

Figure 7: Local divergence as a function of u/u, for
various E, . Roughness parameters: depth h =~ 20nm,
width 4 =10nm (a =21.52nm;b=1.57nm).

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
E, =24MV /m is shown in Figure 8. Relative emittance

growth for various bump widths A has a slope of about
2%/(MV /m), so field increase up to 42MV /m results in

a ~30% emittance growth.
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Figure 8: Emittance growth as a function of the electric
field, compared to the emittance at E; = 24MV /m ..

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
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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 FLASH?! 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 ps. 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.
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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 ps
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¢ = 700 ps, a part of one single bunch
is lost. The losses visible from 690-820 s 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 ps.

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-
torsfor 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.
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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 ps. 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 beammodesas
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, short
D1IDUMP off

Analysis  gun valve open, ACC1 valve closed, long
D1IDUMP on

Bypass all valves open, D1BYP on, DIDUMP  long
on, D6DUMP off

FEL all valves open, D1BYP off, DIECOL long

on, D6DUMP on

Table 2: List of beam modes with the maximum allowed
number of bunches per macropulse.

beammode 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
MACROPUL SES

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 s
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 uJ 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

FEL Technology

THPPHO16

= 50

3

5, 40 S

o 30 g 5

1S o

2 20 s

o o

< 10

. o > o

g 0 o 000%000%\ %0<§> %MK?&
01/05 05/05 09/05 01/06 05/06 09/06

date

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 ps 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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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. D O
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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. Figure 1: Schematic overview of the laser system.
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INTRODUCTION crest. High gradient on the cathode surface is required to

FLASH is a free electron laser user facility at DESY pro_pres:erve excellent beam quality. The cathode exhibit a high

1Cl I 0,
viding laser-like radiation from the VUV to the soft X-ray quantum efficiency in the range between 1 and 5% for UV

wavelength regime.[1, 2] SASE free electron lasers requirlc"iIser “ght'. The charge per bunch required is 1nC which
translates into a laser pulse energy of not more thepD.5

an excellent beam quality, which is achieved with an injec . pulse. The design of the laser accounted for a QE of

tor based on a laser driven rf gun.[3] The electron beam '59% only, a bunch frequency of 9 MHz within the train

accelerated with TESLA superconducting modules. and an overhead by a factor of 4. With a conversion effi-

A high quantum efficiency photocathode [4] togethe{:iency of 15 % from the IR to UV this asks for an average

with a synchronized mode-locked laser system is used Qwer of 2W in the infrared.
generate the electron beam structure typical for supercon-
ducting accelerators: some thousan