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Abstract

Daresbury Laboratory is currently building an Energy
Recovery Linac Prototype (ERLP) that serves as a testbed
for the study of beam dynamics and accelerator technology
important for the design and construction of the proposed
4th Generation Light Source project. Two major objectives
of the ERLP are the demonstration of energy recovery and
of energy recovery from a beam disrupted by an FEL in-
teraction as supplied by an infrared oscillator system. In
this paper we present start-to-end simulations of the ERLP
including such an FEL interaction. The beam dynamics in
the high-brightness injector, which consists of a DC pho-
tocathode gun and a super-conducting booster, have been
modelled using the particle tracking codeASTRA. After
the booster, particles have been tracked with the codeele-
gant. The 3D code GENESIS 1.3 was used to model the
FEL interaction with the electron beam.

INTRODUCTION

The performance of a free-electron laser (FEL) depends
crucially on the electron beam parameters. While analyt-
ical calculations can give an estimate of the expected per-
formance, numerical start-to-end (S2E) simulations are re-
quired to account for various aspects of beam dynamics
during the generation, transport and compression of the
beam [1, 2, 3]. FELs based on the Energy Recovery Linac
(ERL) concept have a distinct advantage in terms of rf
power and beam dump requirements. However, another as-
pect becomes important for S2E simulations: the electron
beam, which may have a large energy spread induced by
the FEL process, needs to be recirculated for deceleration
and then transported into the beam dump [4].

Daresbury Laboratory are currently building an ERL
Prototype [5] which will operate at a beam energy of
35 MeV and drive an infra-red oscillator FEL. In this pa-
per we present the results of the first S2E simulations for
the ERLP including the FEL. To account for space charge
effects,ASTRA [6] wasused for the modelling of the low
energy part (350 keV) of the injector from the cathode to
the booster. The beam was tracked withelegant [7] from
the booster (8.35 MeV) to the main linac (35 MeV) and
then to the FEL. The FEL interaction was modelled with
GENESIS, andelegant was used to transport the beam
back to the linac for energy recovery and then to the beam
dump.

∗c.gerth@dl.ac.uk

INJECTOR

The injector consists of a high-average current DC pho-
tocathode gun, a booster and a transfer line to the main
linac. The DC photocathode gun is a replica of the 500 kV
Jefferson Lab gun [8] and will operate at a nominal ac-
celerating voltage of 350 kV and bunch charge of 80 pC.
Electrons will be generated at a GaAs photocathode by
the frequency-doubled light (532 nm) of a mode-locked
Nd:YVO4 laser with an oscillator frequency of 81.25 MHz.
Two solenoids will be used for transverse focusing and
emittance compensation, and a normal-conducting single-
cell buncher cavity will be utilised to decrease the bunch
length from the GaAs cathode. The buncher cavity will be
operated at 1.3 GHz and is based on the buncher design em-
ployed at the ELBE facility [9]. Electrons are accelerated
to an energy of 8.35 MeV in the booster, which consists of
two super-conducting 9-cell TESLA-type cavities operated
at 1.3 GHz. The cryo-module design is based on the design
of the ELBE linac [10]. The layout of the ERLP injector
is shown in Fig. 1 and a detailed description of the injector
design can be found in Ref. [11].
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Figure 1: Layout of the ERLP injector and evolution of the
beam size, norm. emittance and bunch length (all rms).
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Figure 2: The layout of the ERL Prototype.

To account for space charge effects in the injector the
particle tracking codeASTRA hasbeen used for the mod-
elling of the beam dynamics. The transverse properties of
the electron bunch at the cathode are determined by the
cathode laser parameters whereas the longitudinal profile
is dominated by the GaAs cathode for short laser pulses
due to the rather long response time of GaAs. For the
modelling, a longitudinal Gaussian distribution with an rms
length of 20 ps has been assumed. The transverse distribu-
tion was chosen to be Gaussian with an rms beam sizeσr

= 1.25 mm truncated at±2σr. Results for the evolution of
the rms values of the beam size, normalised emittance and
bunch length are shown in Fig. 1 for a simulation with 250k
macro-particles.

The booster is followed by a transfer line which trans-
ports the beam to the straight of the main linac where it
is merged with the full energy (35 MeV) single-pass recir-
culated beam. The transfer line employs four quadrupoles
to match the beam into a double-bend achromat which is
followed by a 2-dipole achromatic dog-leg. Tracking the
beam from the booster to the main linac was carried out by
the codeelegant. This code does not include space charge
effects and so the resulting emittance degradation, as stud-
ied in [12], have been simulated further upstream by using
appropriate rf phase and sextupole settings.

BEAM TRANSPORT SYSTEM

The layout of the ERLP is shown in Fig. 2. Electrons
from the injector are accelerated to 35 MeV in the super-
conducting main linac, which is identical to the booster and
composed of two 9-cell TESLA-type cavities. Two 180◦

triple-bend achromat (TBA) arcs [13] are used to recircu-
late the beam to the main linac where the electrons are de-
celerated to their injection energy. The electrons are sepa-
rated from the full energy beam (35 MeV) by an extraction
chicane and then dumped in the beam dump. A 4-dipole
chicane provides bunch compression upstream of the wig-
gler and bypasses one of the FEL mirrors.

The minimum bunch length is required within the wig-

gler. The compression chicane has a staticRC
56 of 0.28 m

(positive in our sign convention) [14]. For optimum bunch
compression, the main linac needs to be operated at an off-
crest phase of aboutϕrf � 9◦. The TBA arcs are able to
provide a large negativeR56. In nominal setup, the first
arc is set toRA1

56 = 0 whereas the second arc is tuned to
RA2

56 = −RC
56 in order to decompress the bunch. The sex-

tupoles in the first arc can be used to linearise the lowest-
order curvature induced by the sinusoidal rf during accel-
eration by varyingT566. The effect of the sextupoles on the
longitudinal phase space is demonstrated in Figure 3. Two
cases are compared: all sextupoles turned off and all sex-
tupoles excited to 100 m−3. The sextupoles in the second
arc can be used to minimise the energy spread after decel-
eration for optimised energy recovery and extraction to the
beam dump.
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Figure 3: Comparison of longitudinal phase space after the
compressor chicane with sextupoles turned on and off.
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Figure 4: Longitudinal phase space and bunch profile at different locations in the ERLP: (a) after off-crest acceleration
by ϕrf = 7.8◦ in the main linac; (b) after the compressor chicane with the sextupoles set to 120 m−3; (c) after FEL
interaction; (d) after energy recovery in the main linac.

Results of the S2E simulations for the longitudinal phase
space and bunch profile at 4 different locations in the ERLP
are shown in Fig. 4: (a) after acceleration in the main linac,
(b) after the compression chicane, (c) after the FEL, and (d)
after deceleration. TheASTRA particle distribution from
the injector modelling was used as an input forelegant, and
the beam was tracked from the exit of the booster to the
wiggler; the program MAD8 was used to match the lattice
functions. The bunch was not fully compressed in the S2E
simulation (Fig. 4(b)). The rf phaseϕrf and sextupole set-
tings have been chosen to approximate the expected beam
parameters at the wiggler enterance, thus simulating the ef-
fects of the neglected space charge in the injector to linac
beamline. The FEL interaction, which induces a large en-
ergy spread as can be seen in Fig. 4(c), was modelled with
GENESIS 1.3 and is described in more detail in the next
section. The particle distribution was then converted back
to elegant and tracked to the beam dump. When the sec-
ond arc is set toRA2

56 = −RC
56, the deceleration phase is

given byϕrf + π. In order to achieve exactly the injection
energy during deceleration, the deceleration phase needs to
be reduced slightly to account for the mean energy loss of
about 0.8% in the FEL process. Apertures were included in
theelegant tracking, which were chosen to be 10% smaller
than the envisaged vacuum chamber dimensions to approx-
imately account for the effect of misalignment. No parti-
cles were lost during the recirculation even with the sex-
tupoles turned off in the second arc.

FEL

The wiggler has been supplied on loan from Jefferson
Laboratory, and is a planar device with 40 periods of length
27 mm. The magnet arrays are vertical giving focussing
in the horizontal plane. The matched beam conditions in

transverse phase space are therefore a waist in the horizon-
tal plane at the entrance to the wiggler and a waist in the
vertical plane at the centre of the wiggler. The desiredβ-
function at the wiggler entrance in the horizontal plane is
0.5 m. In the vertical plane theα andβ values are set to
give a waist in the centre of the wiggler with the minimal
vertical beam radius averaged along the wiggler. The op-
timum matched beam parameters at the wiggler entrance
were found to beαy = 1.75 andβy = 1.25 m.

The shortest possible length of the optical cavity, defined
by the bunch repetition frequency and layout constraints, is
D = 9.22 m. The wiggler is positioned slightly off-centre
within the cavity, and the mirror radii of curvatureR1 and
R2 are chosen to give a near-concentric cavity with an op-
tical waist in the centre of the wiggler. The Rayleigh length
is 0.75 m compared to a wiggler length of 1.08 m – the opti-
mum Rayleigh length for FEL coupling would be less than
this but would drive the cavity towards instability. The cav-
ity stability is given byg1 · g2 = 0.9, with g1 = 1−D/R1

andg2 = 1−D/R2.

The FEL process was modelled with GENESIS as fol-
lows: first, the projected rms values of the tracked particle
distribution were calculated, and the predicted performance
of the FEL was estimated with analytical formulae and
GENESIS in steady-state mode (FEL wavelength, intra-
cavity power, etc.). These results and the SDDS toolkit
programelegant2genesis were then used to generate the
input files for GENESIS, which was run in time-dependent
mode with a seed power given by the analytic estimate of
the intra-cavity peak power at saturation of≈80 MW. This
seed power is approximated by a uniform intensity over
the entire electron bunch. Although this is not an exact
representation of the pulse structure in a cavity it should
approximate reasonably well the energy spread induced by
the FEL interaction.
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Figure 5: Results of GENESIS simulation: energy spread
induced by the FEL interaction with 80 MW seed beam
(data taken from Figs. 4(b) and (c)).

The utility codeelegant2genesis discretises theelegant
supplied macro-particle distribution into radiation wave-
length slices (here 4.4µm) and calculates the relevant
GENESIS input parameters. The charge of each slice is
proportional to the number of macro particles it contains.
These parameters are then applied to form a GENESIS
macro-particle distribution with a constant number of par-
ticles for each slice (typically 8192). To convert the GEN-
ESIS output file back to anelegant input file, the number
of particles in each slice should again be made proportional
to the slice charge. This is achieved by randomly sampling
the GENESIS particles to give the required number ofele-
gant macro particles.

Care should be taken when converting complex particle
distributions usingelegant2genesis. Inhomogeneous distri-
butions may be inadvertently simplified aselegant2genesis
only calculates the mean and rms values for each slice. For
instance, in the ‘sextupoles-off’ particle distribution of Fig.
3, the tail of the distribution comprises two energy bands
each of which has a relatively small energy spread. The
calculation of the slice values byelegant2genesis results
in a mean energy in the centre with a rather large energy
spread. This situation does not arise for the ‘sextupoles-
on’ particle distribution used here in the S2E simulation.

The energy profiles of the electron bunch before and af-
ter the FEL process are compared in Fig. 5 for a seed power
of 80 MW. The mean energy loss in the simulation is 0.8%
which is in good agreement with analytical predictions.
The return arc must have an energy acceptance sufficient
to transport all the electrons. Assuming a Gaussian dis-
tribution, a range of±3σE represents 99.7% of the elec-
trons, so an estimate of the full FEL exhaust energy spread
is given by6σE . A full energy spread of≈ 4% is pre-
dicted by one-dimensional steady-state codes for the given
parameters which is in good agreement with the GENESIS
result shown in Fig. 5.

SUMMARY AND OUTLOOK

First S2E simulations of an ERL including both an FEL
interaction and energy recovery have been performed. The
particle tracking codesASTRA andelegant were used for
particle transport. The FEL oscillator was modelled as
a seeded single pass amplifier configuration with a seed
power equivalent to the estimated intra-cavity peak power
at saturation.

There is ongoing work to improve the S2E simulations.
Space charge effects will be included in the modelling
of the transfer line from the booster to the main linac at
8.35 MeV. To improve the modelling of the FEL process,
a Gaussian seed pulse of variable length will be imple-
mented. The implementation of cavity feedback effects by
feeding the output radiation back into the wiggler and in-
cluding cavity parameters and slippage effects are also en-
visaged.
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