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Abstract

The CERN Linear Electron Accelerator for Research
(CLEAR) has been operating as a user facility since 2017,
providing beams for various experiments. This paper de-
scribes a start-to-end optimisation of the CLEAR beamline
as a driver for X-ray generation through inverse Compton
scattering. The novel particle tracking code RF-Track was
used to simulate the electron beam from the bunch genera-
tion at the cathode up to the interaction with a laser beam.
Figures of merit of the scattered photon beam were computed
in RF-Track, and optimised by tuning the beam parameters
at injection and quadrupole strengths across the beamline.
The aim of the optimisation was to maximise the scattered
photon flux, and minimise the effects from static and dy-
namic imperfections. The start-to-end model of the CLEAR
beamline was used to derive the impact of jitter on flux.

INTRODUCTION

Recent advancements in the average power of commercial
lasers have led to a resurgence in the R&D of Inverse Comp-
ton scattering (ICS) sources as a compact alternative to syn-
chrotrons. In particular, the energy tunability of ICS sources
can be exploited to generate high-intensity gamma beams,
which can be used for various applications, including protein
crystallography [1], nuclear resonance fluorescence [2], or
tomography, such as K-edge subtraction [3, 4].

ICS sources based on storage rings have been extensively
used due to their high repetition rate [5—7]. However, besides
a significant footprint, these sources are also limited by a
large emittance, which decreases the average brilliance of the
scattered photon beam. Sources based on linear accelerators
can offer high-quality beams for pulsed operation [8—10] in
considerably smaller facility sizes. The low repetition rate of
linacs can be compensated by using a burst mode-operated
Fabry-Perot cavity, where Joule-level laser effective energies
are stored [11].

Linac-based ICS sources can benefit from developments
in high gradient acceleration and high repetition rate injec-
tors developed, for example, in the context of the Compact
Linear Collider (CLIC) [12].

THE CLEAR BEAMLINE

The CLEAR facility provides high-quality electron beams
for activities comprising R&D on accelerator components for
current and future accelerators, electron-based irradiation,
and novel accelerating technologies [13, 14].
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Electron Beam Parameters

The CLEAR linac accelerates electrons up to 200 MeV.
The facility can provide bunches with a length from 0.1 ps
to 10 ps and charge from 5 pC to 3 nC. The train repetition
rate varies from 0.83 to 10 Hz. The maximum total pulse
charge is 30 nC. The photoinjector laser sets the bunch spac-
ing to 1.5 GHz and can be increased to 3 GHz through an
optical double pulse system. The relative energy spread of
the electron bunch is under 0.2% RMS.

Laser Beam Parameters

In the first phase of the ICS experiment, the photoinjector
would provide the laser beam. This simplifies the temporal
matching with the electron beam. The laser wavelength is
1047 nm, with a pulse length of 4.7 ps, a burst repetition
rate of 10 Hz, and a micropulse repetition rate of 1.5 GHz.
The micropulse energy ranges from 10 pJ to 15uJ. Given
150 incident pulses, the burst energy becomes 2.3 mJ, and
the average power 23 mW.

Interaction Region

Considering the linear Compton regime with round Gaus-
sian laser and electron intensity distributions and neglect-
ing the hourglass effect, the number of photons generated
through ICS in a bunch crossing is

NeNlaser COS(¢/2)

27r0'y\/0'§ cos2(¢/2) + o2 sin’(¢/2) ’

Ny=0'T

ey

where o7 is the Thomson cross section, N, is the number
of electrons in a bunch, Ny, is the number of laser photons
in a pulse, ¢ is the crossing angle between the laser and
electron beam, and o; with i = x, y, z is the convolution of
the electron and laser transverse and longitudinal size at the
interaction point (IP) [15].

To maximise the outgoing flux from Eq. (1), one needs to
design a source with strongly focused head-on collisions of
high-density electron and laser pulses. To achieve this, the
relevant electron beam parameters need to be optimised at
injection, and the quadrupole strengths tuned to allow for
a small waist at the IP. Optimising the CLEAR beamline
required software capable of tracking the electron beam
through a custom set-up and simulating ICS.

RF-TRACK SIMULATION OF ICS

A start-to-end simulation of the CLEAR beamline was
performed using RF-Track [16]. RF-Track is a tracking code
developed at CERN to simulate beam transport under the
simultaneous effect of space-charge forces and wakefields.
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Linear ICS has been recently implemented and benchmarked
against CAIN [17], a standard simulation code of ICS [18].
In RF-Track, the beam can be tracked from the cathode to
the interaction point, where the ICS effect is computed. The
scattered photon beam is then tracked up to the detector’s
location, where its figures of merit are evaluated. The sim-
ulation is performed in one pass from the cathode to the
out-coming X-rays. Such a start-to-end simulation also al-
lowed for studying the flux sensitivity to various sources of
jitter.

The normalised beam emittance and the relative energy
spread of the electron bunch are fixed at injection. Since
these two parameters contribute to the quality of the scat-
tered photon beam, a realistic simulation, based on the field
maps of the CLEAR photoinjector and travelling wave struc-
tures, was implemented in the RF-Track model. At high
bunch charge, beam loading effects in the RF gun and the
linac become relevant. A beam-loading module has been
developed in RF-Track to include these effects [19, 20].

Parameters such as the RF phase, the gradient, and the
laser spot size on the photoinjector cathode were tuned to
minimise emittance and energy spread at the end of the injec-
tor. This allowed for an increase in the average brilliance and
a decrease in the bandwidth of the scattered photon beam.

To optimise the electron beam parameters at the interac-
tion point, a model of the CLEAR optics was implemented
in RF-Track. Using the simplex algorithm with an appropri-
ate merit function, the quadrupole strengths were tuned to
reduce the beam size and obtain a waist at the IP. To avoid
beam loss from the interaction of the electron beam with
the beam pipe walls, additional weighting was introduced to
limit the maximum electron beam size to 10% of the beam
pipe aperture. The limit was applied from the linac exit to
the last dipole, after which the electron beam is separated
from the scattered photon beam, and sent to the beam dump.
The IP coordinates were chosen based on the available focus-
ing power and the impact of the beam jitter on the scattered
photon flux.

BEAM PARAMETERS AT INJECTION

The optimisation of the CLEAR beamline began with the
choice of beam parameters at injection. The optimisation of
the linac parameters allowed for a normalised emittance of
12 mm mrad and an energy spread of 2%o at the start of the
first quadrupole triplet. To maximise the number of electrons
per bunch from Eq. (1), the bunch charge was increased to
I nC. Simulations showed that a further increase in bunch
charge led to a saturation of the photon flux. A larger bunch
charge corresponds to an increase in emittance under space
charge effects. This leads to a weak focusing and a larger spot
size at the IP. Additionally, previous laser wire studies of the
CLEAR injector showed that using a bunch charge over 1 nC
led to a significantly larger background in the ICS photon
detector [21]. Given a total pulse charge of 30 nC at CLEAR,
the number of electron bunches per train was maximised to
30. To match the longitudinal distribution of the incident
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laser pulse, the bunch length was set to 2 ps. The laser
micropulse energy was increased to 15 pJ, which maximised
the number of photons per laser pulse. A summary of the
electron and laser parameters is given in Table 1.

Head-on collisions were implemented by minimising the
crossing angle to 0°. Simulations showed that an increase
in ¢ to 5° leads to a loss in flux of 40%. In linac-based
ICS sources, head-on collisions can be achieved by using
parabolic mirrors with drilled holes to allow for the passage
of the electron beam [8].

Table 1: Parameters of the Electron Beam, Laser, and Scat-
tered Photon Beam Obtained from the Optimisation

Parameter Units Value
Beam energy, E MeV 200
Bunch charge, O nC 1
Number of bunches per train 30
Bunch length, o, ps 2
Energy spread, Yoo 2
Normalised emittance, €, mm mrad 12
Wavelength, A nm 1047
Pulse energy, &g uJ 15
Pulse length ps 4.7
Waist size, wg um 50
Photon energy, E keV 715
Total flux ph/s 9x10°
Flux in a 1.5 mrad cone ph/s 4x10°
Bandwidth in a 1.5 mrad cone %o 9.4
Spot size on detector mm 3

QUADRUPOLE FOCUSING AT THE IP

The tracking of an electron bunch beam size through the
optimised quadrupoles at CLEAR is shown in Fig. 1. The
location of the IP was set after the third quadrupole triplet.
This placement allowed for a strong final focusing and a
minimised impact on the scattered photons flux from the
jitter. The distance from the IP to the detector was minimised
to 3.7 m.

A horizontal and vertical electron beam size of 86 um and
26 um was obtained at the interaction point. The electron
beam size was kept to a value lower than 10% of the beam
pipe radius, except at the exit of the quadrupole doublet. This
might lead to the production of secondary radiation, which
can be mitigated by either scraping the electron beam with
a set of collimators or installing polyethylene boards around
the X-ray beamline, attenuating the secondary neutron radia-
tion and enabling a clear path for the scattered photons [10].
A summary of the gamma-ray parameters is given in Table 1.
The ICS photon spectrum through a 1.5 mrad aperture was
computed in Fig. 2, with the Compton edge at 715 keV.
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Figure 1: Tracking of the electron beam size (sigma) along
the CLEAR beamline. The position of the quadrupoles is
marked in green. The interaction point is circled in black.
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Figure 2: Scattered photon spectrum in a 1.5 mrad cone.
Here, *bx’ denotes bunch crossing. The Compton edge is
715 keV.

IMPACT OF BEAM JITTER ON FLUX

The RF-Track model of CLEAR was used to evaluate the
impact of beamline jitter on the scattered photon flux in a
1.5 mrad cone. The jitter amplitudes reported at CLEAR
comprise an energy jitter of 1%, a timing jitter of 300 fs, a
position (angle) jitter of 10% of the beam size (divergence),
a magnet displacement jitter of 1 um, and a bunch charge
jitter of 1%. A realistic estimate of the scattered photon flux
was obtained by implementing all the sources of jitter into
the RF-Track model. This was done by randomly varying
the quantity of jitter from each source with respect to its am-
plitude and tracking an electron bunch through the modified
beamline.

After a thousand runs, where each run is equivalent to
one bunch crossing, the distribution of the change in flux
through a 1.5 mrad cone due to jitter was calculated with
respect to the nominal value, as shown in Fig. 3. These sim-
ulations showed that jitter in the beam energy has the most
significant impact on flux. This is likely due to chromatic
effects introduced by the quadrupoles preceding the IP. The
simulations also showed that an energy jitter with an am-
plitude less than 0.25% would be required to keep changes
in flux under 10%. A gamma distribution was used to fit
the histogram in Fig. 3, and the mean and o of the flux in a
1.5 mrad cone were determined to be 4 x 103 + 5% ph/s.
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Figure 3: Histograms of the flux sensitivity for the total,
beam energy, and magnet displacement jitter. Counts were
normalised to the maximum bin height. The fractional
change in flux was defined relative to the nominal value.

FURTHER WORK

The optimisation of the CLEAR beamline was performed
as a prerequisite for an eventual ICS experiment at the user
facility. Most of the results obtained, including the photon
spectrum and flux sensitivity to jitter, can be experimentally
determined and benchmarked against the RF-Track simula-
tion.

This paper was focused on the optimisation of the electron
beam for ICS, however, later stages of the experiment will
require the design of a burst mode-operated Fabry-Perot
cavity, which will allow for a significant increase in flux. A
preliminary study indicated that increasing the number of
electron bunches per train to 150 will produce a maximum
effective gain in the cavity of 116, maximising the effective
laser energy and scattered photon flux.

The experimental apparatus will comprise an inorganic
scintillator, which will detect the outgoing photons, and an
interaction chamber housing the alignment equipment and
optical mirrors, which will focus the laser beam at the IP. A
GEANT4 [22] simulation of the detector is being developed
to determine the expected signal produced by the on-detector
gamma beam. This result will be used to identify background
sources of radiation and reduce the detector signal-to-noise
ratio.

CONCLUSION

An optimisation of the electron beamline at the CLEAR
user facility was computed in RF-Track for an inverse Comp-
ton scattering experiment. The electron and laser beam
parameters were chosen to maximise the scattered photon
flux. The magnetic strength of the quadrupoles was tuned
to ensure a small beam size at the IP and avoid scraping
of the beam pipe walls. A bunch satisfying the required
conditions was tracked through the set-up, and figures of
merit were determined for the scattered photon beam. The
implementation of the full beamline in RF-Track allowed for
determining the impact of jitter on the scattered photon flux.
The sensitivity study performed showed that a photon flux
in a 1.5 mrad cone of 4 x 10° + 5% ph/s can be obtained.
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