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ZAbstract
=
£ We present recent developments in the accelerator

2 design of CLARA (Compact Linear Accelerator for
£ Research and Applications), the proposed UK FEL test
2 facility at Daresbury Laboratory. Updates on the electron
Ebeam simulations and code comparisons including
Z wakefields are described. Simulations of the effects of
% geometric wakefields in the small-aperture FEL undulator
£ are shown, as well as further simulations on potential FEL
£ experiments using chirped beams. We also present the
é results of simulations on post-FEL diagnostics.

THE CLARA ACCELERATOR

CLARA (Compact Linear Accelerator for Research and
2 Applications) is a proposed 250 MeV, 100-400 nm FEL
;5 test facility at Daresbury Laboratory [1]. The purpose of
g CLARA is to test and validate new FEL schemes in areas
£ such as ultra-short pulse generation, temporal coherence
‘2 and pulse-tailoring. The accelerator will comprise 4 S-
%Band, normal-conducting linacs with a medium-energy,
zvariable bunch-compression scheme, feeding into a
< flexible arrangement of FEL modulators and radiators.
< For seeding the accelerator includes a pre-FEL dogleg
& where laser light can be introduced. The accelerator will
©be driven by a high rep-rate RF photocathode S-Band
%:3 gun, operating in single bunch mode at up to 100 Hz, and
8 with bunch charges up to 250 pC. Peak currents at the
o FEL are expected to be in the 500 A range, with increased

work must

; currents possible through the use of velocity-bunching.

m

% SIMULATION PLANS

f Previous simulation work on the CLARA accelerator

¢ has relied on the ASTRA[2] code to simulate the injector
gup to the exit of the 1% linac ( or the 2™ linac for velocity
o bunching schemes), feeding into elegant [3] for
f simulation of the rest of the machine. Elegant includes
-°§ longitudinal space-charge forces, but not transverse
= space-charge. At the low energy of CLARA, the
%transverse beam dynamics are not adequately represented
2 using elegant alone. There is an ongoing effort to remodel
zthe design, up to the FEL section, in ASTRA. Simulation
Eof the variable bunch compressor will still be performed
gin elegant, cross-checked with CSRTrack, so that CSR
w effects can be included. Design of the accelerator will
Salso continue using elegant, due to the flexibility and
grapid—prototyping inherent in the code. Additionally,
L'éwakeﬁelds from the 1*' and 2™ injector linacs have not
£ been previously included in the ASTRA simulations. For
o}
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the velocity bunching scheme, these wakefields become
more important due to the short bunch lengths involved.

INJECTOR WAKEFIELDS

To check the validity of the wakefield calculations in
ASTRA, benchmarking was done using elegant for a
simplified case, using the bunch properties given in Table
1, and tracking through 9 cells of an RF cavity.

Table 1: Beam Parameters for Wakefield Benchmarks

Initial energy (MeV) 160
Beam size (um) 100
Bunch length (ps) 03&3

Transverse emittance (imm — mrad) 1
Bunch charge (pC) 100

Number of macro-particles 1000
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Figure 1: Comparison of longitudinal phase space for a
300fs 100 pC bunch between ASTRA and ELEGANT.

The results for the 3 ps bunch show a negligible
difference between the two codes. When the wakes are
included for the 0.3 ps bunch (Fig. 1) there is a slight
difference of a few hundred eV. The tail of the bunch is
accelerated slightly more when simulated with ASTRA.
However, these discrepancies have a very small effect on
the final bunch properties of CLARA in the normal long
bunch mode.

VACUUM VESSEL WAKEFIELDS

Simulation studies have been made of the effect of
vacuum vessel wakefields on the performance of the FEL.
This was done for two different operating modes, in order
to confirm the previous estimates that a minimum
undulator gap of 8 mm, corresponding to an internal
vacuum vessel aperture of 6 mm, is acceptable.
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Seeding Mode is intended for FEL schemes in which a
seed laser modulates the electron bunch energy. For this
mode the electron bunch, of charge 230 pC, is optimised
to have a 250 fs flat-top region of constant 400 A peak
current to accommodate up to +100 fs jitter between
electron bunch and seed laser. An elliptical vacuum vessel
shape with small semi-axis b =3 mm and large semi-axis
a = 3b was used for the calculations of the wake potential.
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Figure 2: Seeding Mode: FEL power vs distance through
undulator z, with and without wakefields included.

The material was copper at 273 K and the method for
wake calculation given in [4]. The wake potential was
imported into Genesis 1.3 to model the induced energy
loss through the undulator. The simulation case was
SASE at 100 nm output, with the same shot noise seed
used for simulations with and without wakefields. The
growth of the FEL power is shown for the two cases in
Fig. 2. The effect of the wake potential is a reduction in
output power of 8% with no change in the 14m saturation
length. The wake potential was also artificially amplified
by a factor of 10, giving a 25% reduction in output power
compared to the case without wakefields.
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Figure 3: Short Pulse Mode: Peak power vs z, with and
without wakefield included.

In Short Pulse mode a 100 pC bunch is compressed to a
peak current of ~1500 A to obtain a bunch length of the
order of the FEL cooperation length so the FEL can
operate in weak super-radiant mode to generate a single
SASE spike. The simulation results (Fig. 3) show the FEL
peak power is enhanced by the presence of the wake
potential. This can be understood by examining the
longitudinal phase space of the electron bunch which has
a strong intrinsic energy chirp which would normally
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degrade the FEL interaction. The wake potential has the
opposite sign and so acts to reduce the energy chirp.

CHIRP + TAPER SCHEMES

One of the seeded short-pulse FEL schemes that
CLARA aims to demonstrate is the tapered undulator
with energy-chirped electron beam, proposed by Saldin et
al [5]. Preliminary studies in the A, = 266-400 nm range
showed the facility design was well-suited, with the only
issue likely to be generating a large enough energy
modulation in the electron beam with the anticipated seed
laser parameters (10 pJ, Ay =40-50 um, 500 fs) .

Recent studies have focussed on combining two
methods to increase the amplitude of energy modulation.
The first step was to lower the beam energy from
228 MeV to 150 MeV, increasing the relative modulation
amplitude without harming the ability to lase in the target
wavelength range. The second step was to increase the
peak current from 125 A to 400 A and to add a small
chicane after the modulator. Tuning the Rs¢ of the chicane
allows the duration and gradient of the energy chirp to be
controlled. As such, the part of the electron bunch with
the correct chirp can be re-matched to the new FEL
cooperation length, allowing a single SASE radiation
spike to grow. Genesis 1.3 simulations show ‘clean’ FEL
pulses of 280 MW peak power, 31fs FWHM and
excellent temporal coherence, as shown in Fig. 4.
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Figure 4: FEL pulse profile after 3 radiator modules over
50 shot-noise seeds for the tapered undulator short pulse
scheme.
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POST-FEL DIAGNOSTICS

Some advanced schemes depend on a manipulation of
the electron beam properties with characteristic scales of
several coherence lengths and shorter than the electron
bunch [6,7,8]. To test mode locking and femto-slicing for
the production of trains of short pulses [9,10,11] requires
a 30 - 50 um modulation of the beam energy, created via
interaction with an IR laser beam in a short undulator.

The performances of these schemes depend on this
energy modulation, so monitoring the longitudinal phase
space is important. A transverse deflecting cavity (TDC)
[13] installed in the last part of the FEL beam line allows
the longitudinal beam distribution to be observed on a
screen placed after the dipole leading to the beam dump.
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el
5 Fig. 5 shows a possible layout of this diagnostic system,
E:with a vertical TDC shown. This deflection maps the
Zelectron beam longitudinal coordinate to the vertical
£O . .
g coordinate on a screen after the spectrometer dipole
+whilst the dipole converts energy to the horizontal
g € coordinate.
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EF igure 5: Layout of the phase space diagnostics (top) and
£ potential optics solution (bottom) with transverse
G
° deflector and energy spectrometer.
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5 The longitudinal resolution of the screen image can be
£ .
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S Here k =27/ and o0y, is the screen resolution. V) is the
 deflecting voltage, By an p, sare vertical beta functions at
> the deflector and screen. AY is the vertical phase advance
%between the deflector and screen, and A = 10.01cm for a
£2.998 GHz S-band cavity. The energy resolution of the
< spectrometer can be written as [13]:

% Of _\/ ﬂx (O-screer)z +(eoVk)2 ﬂyg” (2)
© 7y y
=

& Here # is the horizontal dispersion at the screen. The first
«two terms represent the resolution of an energy
& spectrometer while the third term is the energy spread
2 induced by the deflector [14].

The optimum phase advance between deflector and the
2 screen is Ay =90°. Large values of V and §, 5 give good
< 1ongitudinal resolution but decrease the energy resolution
5 via the induced energy spread. A small value of f,sand
8 a large value of # are required for good energy resolution.
zFig. 5 also shows a possible optical solution from the
Emodulator’s exit to the screen. The radiators are at
S maximum gap and the intra-undulator quadrupoles are
z used along with those shown in Fig.5 to give the required
< resolution. The optics shown is for a beam energy of
g 150 MeV and gives a longitudinal resolution of 6.5 pm
“Hand an energy resolution of 50 keV with a deflecting
S voltage of 5 MV, calculated using Eq. 1 & 2. The vertical
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rms beam size on the screen is 1.8 mm. With a beam
energy of 250 MeV, similar resolution can be achieved
with similar optics but with a deflecting voltage of
7.5 MV. Simulations have been performed with the code
elegant to test the analytic results. An example of the
simulated phase space imaged on the screen is shown in
Fig. 6 - this is from a beam modulated with a few
(FWHM 500 fs) cycle 50 um laser with a peak power of
30 MW. Two million particles were used in this
simulation. The screen image clearly shows energy
modulations as predicted by the analytical equations
above.
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Figure 6: Beam imaged on the spectrometer screen.

CONCLUSION

Updates on CLARA beam simulation work presented
here will enable a more accurate and consistent model for
the future design work, and the more systematic inclusion
of accelerating structure wakefields should provide
improved confidence in the future results. Updates on the
FEL side of the machine have concentrated on the
undulator wakefields, where we have concluded that a
minimum gap of 8mm is acceptable - for seeded mode
bunches the wake potential has only a small detrimental
impact on the FEL power and for low charge, short pulse
operation, the wake potential reduces the energy chirp and
improves the FEL performance. Work on several
potential FEL seeding schemes has also continued with
new work demonstrating the applicability of the Chirp +
Taper schemes on CLARA shown here. Finally we have
presented new results on the viability of post-FEL
diagnostics on CLARA, and their expected performance.
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