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Abstract

A high-pulse-current photoinjector followed by a short
high-gradient X-band linac and a Fabry-Pérot enhancement
cavity are considered as a driver for a compact Inverse Comp-
ton Scattering (ICS) source. Using a high-power ultra-short
pulse laser operating in burst mode in a Fabry-Pérot enhance-
ment cavity, we show that outcoming photons with a total
flux over 1 x 10'3 ph/s and energies in the MeV range are
achievable. The resulting high-intensity and high-energy
photons allow various applications, including cancer therapy,
tomography, and nuclear material detection. A preliminary
conceptual design of such a compact ICS source and simu-
lations of the expected performance are presented.

INTRODUCTION

In recent years, research and development of normal-
conductive X-band accelerator technologies have seen
tremendous progress in the context of the next generation of
electron-positron linear colliders, where very high gradients
are required to achieve the multi-TeV beam energy target
for particle physics. The CLIC Study at CERN is the most
notable example, where multi-bunch beams and accelerating
gradients three to five times greater than those in currently
operating linacs have been demonstrated in prototype accel-
erator structures [1].

During the last years, alongside X-band developments,
laser technology has also undergone significant advance-
ments, with high-power lasers becoming more readily avail-
able on the market. At the same time, to generate high-
intensity photons, Fabry-Pérot enhancement cavities (FPCs)
are becoming widely adopted in inverse Compton scattering
sources, as reported in [2, 3].

There has been recent consideration for operating FPCs
in pulsed (or burst) mode. FPCs operated in burst mode can
achieve effective gains 2 to 3 orders of magnitude larger than
in continuous mode, which is the commonly used operation
mode in storage-ring-based sources. The operation of FPCs
in burst mode is particularly well-suited for inverse Compton
scattering sources based on X-band linacs as they have a
lower repetition rate than storage rings or energy-recovery
linacs [4] and allow for multi-bunch acceleration.

This paper presents the conceptual design of an ICS source
based on X-band acceleration and external optical cavity en-
hancement in an optimised FPC operated in burst mode. By
accelerating electrons to 240 MeV energy in less than 10 m,
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our proposed ICS source could generate gamma photons
with energies up to 2 MeV and unprecedented flux and bril-
liance values. High-quality gamma rays in the MeV energy
range can have a wide range of applications in various fields,
including material science [5], medicine [6], nuclear physics
research [7], homeland security by nuclear resonance flu-
orescence inspection [8, 9], and nondestructive testing of
industrial materials [10]. We named this apparatus HPCI-
ICS, which stands for “High Pulse Current Injector driven
Inverse Compton Scattering” source.

FACILITY DESCRIPTION

The High-Pulse-Current Injector consists of an S-band
photoinjector operating at 3 GHz followed by a high-gradient
X-band linac at 12 GHz and a short final focus preparing the
beam for the interaction. The main parameters of the facility
have been optimised along three axes: (1) ensure high RF
power efliciency, (2) maintain beam stability in the linac
by reducing the disruptive effects of wakefields, and (3)
maximise the photon flux at the IP.

The result is a 12 m long setup that accelerates trains of
1000 electron bunches, each with 100 pC bunch charge, up
to 240 MeV with a repetition rate of 100 Hz. These bunches
are then collided with a laser beam stored in a burst-mode
FPC. Table 1 summarises the main parameters of the facility.
A short description of each subsystem is provided in the
following sections.

Injector

The S-band photoinjector is similar to that of the CLEAR
test facility at CERN [11]. The electrons are released from
a photocathode due to the photoelectric effect induced by
a UV laser. The single-bunch charge extracted from the
cathode is 100 pC. A Cs,Te cathode was selected due to the
small spot size and the limited power required on the laser,
thanks to the high quantum efficiency of this semiconductor.
The photocathode is located at the centre of the half-cell
of a 2.5-cell standing-wave electron gun with a cathode
peak gradient of 90 MV/m, immersed in a solenoid field.
The total length of the injector is 1.3 m, which accounts for
diagnostics and trajectory correctors. Table 2 summarises
the main parameters of the injector.

Linac

The X-band linac starts 1.3 m downstream of the cathode
and operates at a repetition rate of 100 Hz with an average
gradient of 35 MV/m. The linac consists of three X-band
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Table 1: Main Parameters of the Proposed Facility

Electron Beam Value Unit
Energy 240 MeV
Single-bunch charge, 0 100 pC
Nb of bunches per train 1000

Repetition rate, f 100 Hz
Bunch length, o <300 pum/c
Bunch spacing 1/3 ns
Normalized transverse

emittance, e y <3 mm mrad
Colliding Laser

Wavelength 515 nm
Pulse energy 10 wJ
Crossing angle 2 °
Outcoming Photons

Compton edge 2.1 MeV
Total flux, ¥ 2.2x 103 ph/s
Bandwidth (0.5 mrad) 2.0 %o
Flux (0.5 mrad) 1.6 x 10'>  ph/s
Average Brilliance, 8 44x108 O
Peak Brilliance, 8 3.9%x10% O

M ph/(s mm? mrad? 0.19%BW)

Table 2: Main Parameters of the HPCI Photoinjector

Parameter Value Unit
Gun gradient 90 MV/m
RF pulse length 1.5 us
Electron energy 6.5 MeV
Norm. transv. emittance <4  mm.mrad
Bunch energy spread 0.5 %o
Bunch length 1 ps
Total length 1.3 m

modules, each comprising four 0.5 m long structures and
powered by an RF unit consisting of one single klystron
and a pulse compressor. The RF pulse delivered by each
unit allows the acceleration of trains up to 1000 bunches per
train, with a bunch spacing of 1/3 ns. The three modules
are distributed with spacing 70 cm, each space including a
quadrupole doublet, one beam position monitor, and two
trajectory correctors.

Building on the experience made in the context of CLIC,
the single-bunch charge and the iris aperture of the X-band
structures were carefully tuned to optimise the RF effi-
ciency while controlling and limiting the impact of both
short- and long-range wakefields using quadrupole focusing,
BNS damping, and strong damping of the high-order-modes
(HOM), like envisioned for the CLIC main linac acceler-
ating structures [1, 12, 13]. Table 3 summarises the main
parameters of the linac.
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Table 3: Main Parameters of the HPCI Linac

Parameter Value Unit
Number of modules 3

Nb of structures per module 4

Average gradient 35 MV/m
Structure length 0.5 m
Energy gain per module ~ 80 MeV
Final norm. transv. emittance =~ <3  mm.mrad
Final bunch energy spread 0.3 %
Total length 8.3 m

Beam Delivery

A short beam delivery section (BDS), de-magnifying and
preparing the beam for the collision, was designed using
three quadrupole magnets within a total length of 2.7m
starting from the linac end. Upstream the interaction point
(IP), a space L* = 0.6 m was considered to accommodate
the interaction chamber (IC) and some diagnostics. A dipole
downstream of the IC, necessary to dump the electrons after
the collision, could be used for energy measurement.

The optics of the beam delivery system was determined
through a numerical optimisation of the quadrupoles’ posi-
tion and strength, aiming at maximising the simulated flux
using a realistic 6D phase space from the linac and a realistic
simulation of the ICS process obtained with RF-Track [14].
Compared with a simplistic optimisation solely based on
minimising the RMS beam size at the IP, our method brought
a factor 2.5 increase in the outcoming photon flux. Table 4
summarises the main parameters of the BDS.

Table 4: Main Parameters of the HPCI Beam Delivery

Parameter Value Unit
Number of quadrupoles 3

Distance to IP, L* 0.6 m
Beam size at IP, o}, 0'; 23,47  um
Total length 2.7 m

Fabry-Pérot in Burst Mode

A four-mirror Fabry-Pérot cavity was considered with
a bow-tie geometry. An optimisation of the burst mode
parameters and the geometry was performed following the
procedure presented in [15], where a detailed description of
the FPC parameters is given. Burst mode parameters were
obtained by maximising the effective energy in the structure,
Ewt = €U, where €. is the cavity effective gain, and U
is the laser macropulse energy. The cavity roundtrip length
of 1 m was set to a sub-harmonic of the laser repetition
rate, which matches the electron bunch spacing in the linac.
The FPC optimisation showed that an effective energy of
6] could be achieved using GHz-repetition-rate high-power
lasers, such as kW-Flexiburst [16].
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Table 5: Main Parameters of the HPCI Fabry-Pérot Cavity

Parameter Value Unit
Round-trip length 1 m
2dy,2dp, hy R 21.43,28.54,1.16,21.46 cm
N, No, F 2292, 1298, 1000

W()S/WU, 8.6/13.4 um
Effective gain 264

Effective energy 6 J

Start-to-End Simulation

Beam evolution simulations from the cathode to the inter-
action point were performed using RF-track [14], a CERN-
developed tracking code that can simulate beam transport
under the simultaneous effect of space-charge forces, beam
loading, and short- and long-range wakefields. The simu-
lation was performed using 1D field maps of the gun, the
solenoid, and the linac structures.

The evolution of kinetic energy, normalised transverse
emittance, and beam size along the HPCI injector are shown
in Fig. 1. As visible, an energy of approximately 240 MeV
could be attained in less than 10 m from the cathode.
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Figure 1: Evolution of the kinetic energy, the normalised
transverse emittance, and the beam size along the HPCI
facility, from the cathode to the linac end. The total length
is 9.6 m.

The decrease of the transverse normalised emittance along
the linac is related to an increase in the longitudinal emit-
tance (not shown) due to the coupling between transverse
and longitudinal planes in the accelerating structures. De-
spite the increase in longitudinal emittance, the projected
energy spread of the bunch remained below 1%, limiting
the chromatic effects in the beam delivery system and still
producing ICS photons with a bandwidth under 5%.

Factors such as the amplification of single-bunch jitter
due to short-range wakefields and multi-bunch jitter due to
HOM in the structures were computed, indicating that the
beam is largely unaffected. A value of 1.0034 was obtained
for the current set-up.
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ICS PHOTON PERFORMANCE

Start-to-end simulations of the setup, including photon
generation, were enabled by the recent integration into RF-
Track of a module simulating the ICS process directly [17].
A benchmark against the established ICS code CAIN [18]
was presented in [19]. The photon performance of the HPCI-
ICS source is summarised in Table 1.

The flux of the scattered photons was maximised by op-
timising both the electron and laser beamline. The elec-
tron gun and linac parameters from Table 2 and Table 3
were tuned to provide a 240 MeV beam with low emittance
and low energy spread. The final focusing consisting of a
quadrupole triplet was optimised to provide the maximum
number of scattered photons per bunch. By maximising
the effective energy provided by an FPC with a finesse of
1000, and tuning the FPC’s geometry to allow for a high
macropulse energy, a total flux of 2.2 x 10'3 ph/s was ob-
tained. The low electron beam emittance allowed for an
equivalently large brilliance.

Since the ICS photon energy depends on the emission
angle, the scattered photon beam is typically collimated un-
der a collection angle to achieve a small bandwidth. For
a 240 MeV electron beam, the photon beam has a natural
emission angle of around 2 mrad. To achieve a photon band-
width of 2%, the emission angle was reduced to 0.5 mrad,
as shown in Fig. 2.
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Figure 2: Scattered photon spectra from RF-Track, gener-
ated by the HPCI-ICS source. The 0.5 mrad spectrum corre-
sponds to an energy bandwidth of 2%.
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CONCLUSIONS

This paper presents HPCI-ICS, an advanced conceptual
design of a compact ICS source based on an S-band photoin-
jector, an X-band linac, a short final focus, and a Fabry-Pérot
cavity operating in burst mode, complemented by realistic
beam dynamics and Compton scattering simulations. This
ICS source has the potential to produce 2 MeV gamma rays
with a flux of 2.2 x 1013 ph/s in less than 15 m, setting it
among the most compact, high energy, and high flux source
in the landscape of existing and designed ICS sources.
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