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Abstract
We present considerations of microbunching studies in

the CLARA (Compact Linear Accelerator for Research and
Applications), the proposed UK FEL test facility under
construction at Daresbury Laboratory. CLARA, a high-
brightness electron linac, presents an opportunity to study
the microbunching instability. A number of theoretical mod-
els have been proposed concerning the causes of this insta-
bility, and it has also been observed at various FEL facilities.
We have applied these models to the CLARA FEL, and
propose a suitable laser heater design which will provide
flexibility in terms of the range of modes of operation for
CLARA. We also propose a method for inducing and con-
trolling the microbunching instability via pulse stacking of
the photoinjector laser.

INTRODUCTION

CLARA is a250MeV FEL test facility under construction
at Daresbury Laboratory [1]. A number of FEL schemes will
be tested at CLARA, requiring short electron bunches to be
generated using either velocity bunching or magnetic bunch
compression. The microbunching instability, as observed
at a number of FEL facilities which operate at short wave-
length [2,3], could be studied on CLARA. The instability can
be generated by a number of factors, such as shot noise, vari-
ations in the photoinjector laser pulse profile, or space charge
modulations at low energy, causing small-scale variations
along the longitudinal profile of the bunch, and is amplified
due to collective effects such as longitudinal space-charge
and coherent synchrotron radiation in dispersive regions.
Any density modulation is amplified due to space-charge
effects, and energy modulations are transformed into further
density modulations in a magnetic bunch compressor. We
present some analytical calculations of the microbunching
gain in CLARA, and study the applicability of a laser heater
to damp the instability.

GENERATION AND AMPLIFICATION OF
MICROBUNCHES

Bunches of particles generated at a photocathode will have
a slightly nonuniform current density (mostly due to shot-
noise fluctuations), and certain collective effects can amplify
these variations — the two most significant of which are lon-
gitudinal space-charge (LSC) and coherent synchrotron ra-
diation (CSR). The amplification, or gain, in microbunching
between two points in the machine is given by comparing
the Fourier transform of the current profile of the bunch, or
bunching factor, at these locations [4]:
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with 572, k12 the initial and final locations and modulation
wavelengths, and b the bunching factor. Analysis of the gain
spectrum provides information about the wavelengths at
which the largest density fluctuations will be observed. Fig-
ure | shows the microbunching gain due to CSR in CLARA
(using the method in [4]), for the short pulse FEL mode at
240 MeV. In this operating mode, the gain due to CSR is
around an order of magnitude larger than that due to LSC.
However, the effect of LSC may be more significant in the
velocity bunching mode, where both the bunch energy and
bunch length are relatively short for a longer period.
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Figure 1: Gain due to CSR in CLARA bunch compressor.

INDUCING THE MICROBUNCHING
INSTABILITY

Given that the expected microbunching gain is relatively
small in comparison with higher-energy FEL facilities (see,
e.g., [4,5], where the gain can be up to 2 orders of magni-
tude larger), and that CLARA will provide a test-bed for
future FEL technology in which microbunching may be an
issue, we suggest that inducing the microbunching instability
could provide an opportunity to perform detailed studies on
which beam operation regimes are most likely to give rise
to microbunching gain. There are several ways in which
this could be done. The first is through shot noise ampli-
fication and the second is through a longitudinal density
modulation [6] of the PI laser pulse. The first option seems
difficult to achieve in a reproducible fashion and we therefore
concentrate on the second. There are two known ways of
achieving a longitudinally modulated laser pulse [6-8]. The
first involves chirping the laser pulse by a grating pair and
hence splitting this into two pulses, and the second involves
the use of birefringent crystals.

A crystal such as @ — BBO [8] has a large birefringence
over a range of wavelengths from 190 to 3500 mm, and
should be suitable for our purposes. There are many crystals
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which can be used for this and, once we know the power in-
volved, it will be possible to narrow the requirements further.
The crystal is cut in such a way that its extraordinary axis
(e), as opposed to the ordinary one (o) lies on its surface
and is perpendicular to the incident laser pulse. With two
types of initially coinciding polarised light, a retardation ¢
(measured in ps) will develop after a propagation length [
(measured in mm), in the crystal. This propagation length
is given by: [ = ct/An, with ¢ the speed of light and An
the difference in refractive index between the two axes of
the crystal. By utilising a series of these crystals in the pho-
toinjector laser line, a train of pulses can be produced at the
photocathode. Provided that the laser power is not too high,
we can use these or other birefringent crystals to imprint an
initial modulation onto the PI laser pulse, which may then
propagate downstream, although simulations are needed to
confirm this.

CLARA LASER HEATER SYSTEM

The basic elements of the CLARA laser heater system
comprise a laser, an undulator and a magnetic chicane, as
illustrated in Fig. 2 and Table 1. The undulator period and
gap are set to obtain a resonant interaction between the laser
and the electron beam which ‘heats the beam’, imposing
an energy modulation. The chicane provides a physical
offset allowing the laser to be introduced along the electron
trajectory. The second half of the chicane, or the exit dogleg,
is also used to manipulate the electron bunch longitudinal
phase space.
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Figure 2: Schematic of laser heater system.

Gain Suppression with a Laser Heater

A laser heater has been utilised at various FEL facilities
to increase the slice energy spread of the electron beam
and remove microbunches [9, 10]. A resonant laser-electron
interaction in an undulator within a dispersive region pro-
duces longitudinal modulation in the electron beam energy
at the laser frequency, which creates an effective projected
energy spread. Upon leaving the second half of the laser
heater chicane, any structure in the beam is removed via
dispersion, which converts this into an increase in the slice
energy spread. The interaction between the laser and the
electron beam in the laser heater undulator is strongest when
the electron and laser radial rms sizes are similar.
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Undulator and Laser

The laser wavelength is assumed to be 1040 nm and the
beam energy at the laser heater will vary between 100 MeV
and 200 MeV so the undulator must maintain resonance over
this range. For 20 mm internal pipe diameter a conservative
minimum undulator gap is 24 mm. With these constraints,
assuming a planar, pure permanent magnet device with Nd-
FeB blocks and a remenant field of B, = 1.2 T the appropri-
ate undulator period is found to be 1,, = 60 mm, giving an
operating minumum undulator parameter of a,, = 0.57.

An approximation to the on-axis amplitude of the FEL
modulation imposed by the laser is given by [11]:

PL KL, K? K?
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with Py the laser power, Py = (Iamc*)/e = 8.7GW, o,
the rms laser spot size, and Jy,; the Bessel functions of the
first and second kind. Figure 3 shows the calculated energy
modulation induced in a 100 MeV beam, using Eq. (2), for a
range of laser powers and spot sizes, and undulator length
L = 0.48 m, or 6 periods.

Figure 4 shows calculation of the microbunching gain
suppression (without any induced microbunching) due to a
laser heater-induced energy modulation of 30 keV, where the
laser spot size is matched to the electron beam width. From
Fig. 3, assuming for contingency a laser spot size as large as
500 pm, the required laser peak power is 10 MW. The laser
pulse should also completely overlap the electron bunch
longitudinally. The electron bunch length at the laser heater
is o, = 0.5mm giving o; = 1.66 ps and FWHM duration
3.9 ps. For easier longitudinal alignment it is proposed that
the laser pulse length is twice as long as the electron bunch,
giving the requirement A; 55 = 8 ps so the required pulse
energy is P X Ay jager = 80 pl.

Calculated o (keV), for L =0.48, a, =0.57, v =195
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Figure 3: Left: calculated energy modulation induced in a
100 MeV beam, using Eq. (2), for a range of laser powers and
spot sizes, and undulator length L = 0.48 m, or 6 periods.

Chicane, Beam Transport and Matching

The undulator was modelled in MADS [12] using a hard
edge model to achieve the correct focusing in the horizontal
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Figure 4: Comparison of microbunching gain with and with-

out a laser heater.

Table 1: Laser Heater System Parameters

BEAM TRANSPORT
Chicane magnet Length 10cm
Chicane magnet bend angle 0-5°
Beam energy 100 — 200 MeV

Emittance 0.5 mm-mrad
UNDULATOR

Period 60 mm

Number of full periods 8

Total Length inc. end terminations 585 mm

Minimum undulator gap 24 mm

Undulator parameter 0.8-3.0

LASER

Wavelength 1040 nm

Spot size 014q at undulator centre < 500 um

Pulse energy 80w

plane. For the purposes of the modelling, it is assumed that
the magnetic field inside the wiggler is given by:

B.(s) = Bysin(kps). 3)
where By is the peak field and is given by

0.1438 at 100 MeV,
0.4069 at 150 MeV, 4)
0.53 at 200 MeV,

By= K
0~ 9341~

Here k, = 2r/A = 104.72,K = \/an and s is the longitudi-
nal coordinate. Clearly, the different energies and undulator
gaps mean that a whole range of K values and hence By and
magnetic fields By (s) need to be considered. However, we
will show that the worst case, the case where the bend angle
of all the dipoles in the undulator of total length L is greatest,
still gives roughly the same amount of focusing present in
a drift. This gives the following integrals which have to be
the same in the model:

L
/ By (s)ds = 0 Tm, 5
0
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L
/ B2(s)ds = 0.0397269 T?m, (6)
0

and which were found to be identical. This was achieved by
choosing the dipoles to be of length /4;, = A1/4 and hence
the drift lengths between dipoles was lg,irr = (A — 2lgip)/2
which gives the bend angle for each dipole to be 0.0125
rad so each dipole in the model of the wiggler bends by
approximately half a degree. For the purposes of the plots,
the initial Twiss parameters were taken to be 8, = 5, = 10m
and oy = @, = 0. We compared the results of matching
with the undulator modelled properly to matching the same
section of beamline with a drift instead of the undulator.
Simulations show that the match can be done with a drift as
the strengths are comparable. However, for a correct model,
the proper undulator model should be implemented.

Further, because there is some uncertainty as to the ini-
tial Twiss parameters, these were varied over a range up to
1000 m for B, and By and [-50 : 50] for a, and @,. All
were varied both independently and together so as to cover
all possible settings over the ranges described. This was
done with sufficient resolution to ensure all matches could
be achieved. The strengths of the quadrupoles were within
the prescribed ranges set by the specifications. Whilst the
match was shown to be achievable for all ranges considered,
the middle of the chicane does behave very much like a drift.
Therefore, the higher 8, and 3y, are at the start of the consid-
ered section, the higher they will be at the exit of this section.
Moreover, the higher the values of the Twiss parameters at
the start are, the less precise the waist at the centre of the
undulator is and the larger the beam is at the entrance and
exit of the undulator due to the g functions having parabola-
type shapes throughout the centre of the chicane. This is
almost entirely independent of the choice of « functions at
the entrance of the line.

CONCLUSION

Based on the analytical calculations given in [4, 11],
we have estimated the microbunching gain for one of the
CLARA modes of operation. Given the relatively low maxi-
mum energy of CLARA as compared with larger FEL facil-
ities, and our single-chicane compression, it is not expected
that the microbunching instability will have a great detrimen-
tal effect on the quality of the electron bunch at the entrance
to the FEL. However, as CLARA is a test-bed for future
FEL technology in the UK, valuable experience would be
gained from operating a laser heater, and so it may be bene-
ficial to install one. Investigations of alternative methods of
damping microbunching to replace the laser heater are also
in progress, such as reversible heating using bending mag-
nets [13] or a transverse gradient undulator [14], as these
may be more suitable for the low slice energy spread require-
ments of FEL seeding schemes. We have also proposed a
method of inducing the microbunching instability, in order
to control it, and to learn how it develops under different
conditions.
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