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Photon sources based on inverse Compton scattering, namely, the interaction between relativistic electrons
and laser photons, are emerging as quasimonochromatic energy-tunable sources either as compact alternatives
to synchrotron facilities for the production of low-energy (10–100 keV) x rays or to reach the 1–100 MeV
photon energy range, which is inaccessible at synchrotrons. Different interaction layouts are possible for
electron and laser beams, and several applications are being studied, ranging from fundamental research in
nuclear physics to advanced x-ray imaging in the biomedical field, depending on the radiation energy range,
intensity, and bandwidth. Regardless of the specific application, a reliable tool for the simulation of the
radiation produced is essential for the design, the commissioning, and, subsequently, the study and
optimization of this kind of source. Different computational tools have been developed for this task, based on
both a purely analytical treatment and Monte Carlo simulation codes. Each of these tools has strengths and
weaknesses. Here, we present a novel Monte Carlo code based on GEANT4 for the simulation of inverse
Compton scattering in the linear regime. The code produces results in agreement with CAIN, one of the most
usedMonte Carlo tools, for a wide range of interaction conditions at a computational time reduced by 2 orders
of magnitude. Furthermore, the developed tool can be easily embedded in a GEANT4 user application for the
tracking of photons generated through inverse Compton scattering in a given experimental setup.

DOI: 10.1103/PhysRevAccelBeams.25.084601

I. INTRODUCTION

A. Inverse Compton sources

Inverse Compton scattering (ICS) is the process by which
photons are scattered off relativistic electrons. As a result of
the interaction, the scattered photons boost their energy, and
it turns out to be correlated to the polar scattering angle.
Typically, the colliding photons are those of intense laser
pulses (visible or infrared light), and the electrons are
accelerated in bunches. Since the energy of the backscattered
photons scales linearly with the laser photon energy and
quadratically with the electron energy, the emitted radiation
can approach the x or gamma energy range with electron
beam energies considerably smaller than those involved in
synchrotrons. This feature allows one to design more

compact accelerating machines [1]. Furthermore, the angle-
energy correlation allows one to easily adjust the emitted
radiation bandwidth by collimation. Finally, the intensity of
the emitted radiation within a given collimation angle
depends linearly on the charge of the electron bunches
and the energy of the laser pulses [2]; thus, it can be
improved as laser and acceleration technology advances.
For these reasons, ICS is one of the most promising

methods for the realization of compact quasimonochromatic
and energy-tunable photon sources. Many laboratories and
research institutionsworldwide have active projects for proof
of principles, research, or user facility based on ICS, mainly
for x-ray imaging applications in the 10–100 keV energy
range [3–11] and nuclear physics research in the energy
range 1–100 MeV and above [12–16].
Two different approaches are typically used for the

implementation of an ICS source: an electron storage ring
or an energy-recovery linac coupled to a laser resonator,
such as a Fabry-Peŕot cavity, or a linear accelerator coupled
to a low-repetition-rate high-peak-power laser system.
Optionally, the latter can be equipped with a laser recircu-
lator to match the laser repetition rate at the interaction
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point to that of the linear accelerator. As a result, the
collision rate and, thus, the emitted photon flux can be
increased.
An exhaustive treatment of the physical principles of

ICS can be found in many specialized articles, such as
Refs. [17–21]. As briefly described in the next subsection,
the interaction between the electron and laser beams can
occur at different regimes, depending on the electron
energy and laser intensity. Generally speaking, the features
of the produced radiation are all correlated among each
other and strongly depend on the ones of the colliding
beams and their collision conditions.
A reliable tool for the simulation and prediction of the

emission characteristics is fundamental for the design and
development of this kind of x-ray source, as well as for the
operation diagnostics and optimization of the foreseen
applications.

B. Overview of ICS simulation tools

The radiation emitted in the interaction between particles
and electromagnetic fields has been analytically studied
since the beginning of the last century. Thomson arrived
through a pure classical electrodynamical treatment to the
formulation of the cross section of the process, named the
Thomson scattering cross section, this calculation being
still now at the basis of most theoretical and numerical
analyses [22].
X rays can be produced by taking advantage of the

scattering process of laser photons off accelerated elec-
trons. As mentioned at the beginning of this work, we
generically call this process inverse Compton scattering.
Two important parameters help to classify the process,

the first one being the dimensionless vector potential of the
electromagnetic field a0 ¼ eA=ðmcωLÞ.1 If a0 ≪ 1, the
scattering is linear; i.e., the external electromagnetic field
induces an electron purely harmonic motion. If, instead,
a0 is larger than 1, high harmonic modes develop in the
oscillating trajectory of the electron, strongly affecting the
radiation. The second parameter is the electron Lorentz
factor γ. If the electrons are strongly energetic, quantum
effects produce a recoil of the electrons during the
interaction, shifting the radiation frequency. This is the
Compton regime; otherwise, scattering events are said to
occur in the Thomson regime. The simulation of x-ray
radiation sources in the Thomson regime relies mainly on
semianalytical codes, where the double differential spectral
amplitude of the radiation emitted d2I=ðdΩdωÞ with
respect to frequency ω and solid angle Ω is evaluated

for each electron through an analytical formula developed
for the particular geometry of the system (see, for instance,
Ref. [23]). The electron beam trajectories can be calculated
analytically in the linear regime. In the nonlinear regime,
the trajectories can be calculated numerically by using
internal routines or by means of preexistent transport codes,
such as PARMELA [24] or ELEGANT [25]. The sum over the
electrons of the beam and the integration in angle and
frequency is then done numerically. In this way, several
numerical tools have been constructed. An example is the
code developed for the source Pleiades at Lawrence
Livermore National Laboratory [18,26], which can be used
in the linear Thomson regime. Simulations in the nonlinear
Thomson regime can be carried through ðTSÞ2 [27], which
was used in the commissioning of the Thomson source
SL_Thomson at INFN-LNF [11] or SENSE [28], which
can handle chirped (frequency-modulated) pulses with an
arbitrary envelope shape. In the linear Compton regime,
ICCS [29] or ICARUS [30] can be used, the latter being
based on the formalism introduced by Sun and coauthors
[19,31]. Finally, the code described by Terzić and col-
leagues can be employed in the nonlinear Compton regime
[32]. Codes based on the electrodynamical calculation of
the double differential spectral amplitude permit taking into
account the detailed structure of the electromagnetic
external field (usually a laser), with temporal and transverse
structure, polarization, phase modulations, and angular
momentum [33]. They permit one to calculate not only
the spectrum, but also the three-dimensional pattern of the
complex electric field, allowing one to evaluate also
advanced quantities as the output angular momentum or
longitudinal and transverse coherence.
A different approach is to use the cross section of

the process, that is at the bases of semianalytical or
Monte Carlo codes. Usually, the Klein and Nishina [34]
cross section is considered, permitting the exploration of
the quantum linear or nonlinear regime. Semianalytical
tools useful in the Compton linear regime are the ones
described in Refs. [20,21]. CAIN, written by Yokoya et al.
[35,36], is instead a stand-alone Monte Carlo program
for the simulation of beam-beam interactions involving
high-energy electrons, positrons, and photons. The laser
amplitude is assigned as a Gaussian or doughnut power
distribution, but the interaction is described as the scatter-
ing between particles. The code covers the linear and the
weakly nonlinear regime in the classical and quantum
domain and permits one to take into account features
such as the collision angle, the multiple scattering, and
the polarization of emitted photons. CAIN has been exten-
sively tested and compared to experimental results (e.g.,
Ref. [19]), and it is often taken as a reference when new
simulation codes are developed. Other Monte Carlo codes
have recently become available, such as RF-Track [37], ROSE
[38], or the one described in Ref. [39]. The latter two codes
can be used in a full nonlinear regime. All the codes based

1e is the electron charge, m the electron mass, c the speed of
light in vacuum, and A the vector potential of the field, and ωL
represents the field fundamental pulsation. For a laser, a0 is also
known as the strength parameter. A practical expression that
correlates a0 to the laser wavelength λL and intensity I is the
following: a0 ¼ 8.6 × 10−9λLðμmÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
IðWcm−2Þ

p
[17].
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on cross sections provide the power of the output radiation,
without any information on the radiation phase. The
Monte Carlo ones generally pack the electron beam into
macroparticles during the simulation. Each macroparticle is
represented by a certain number of real particles (the total
number of particles in the beam divided by the number of
macroparticles used in the simulation) sharing the same
position, momentum, and energy. As a result, the output
radiation is expressed as an ensemble of macrophotons.
Therefore, the number of real photons emitted can be
calculated only at the end of the process using the so-called
“weight” of the macrophotons. Moreover, the macropar-
ticle approach causes relative errors in the tail of the
distributions much larger than the semianalytical one.
Notwithstanding some limitations, from the output

provided by all the tools mentioned above, it is possible
to obtain the phase space of x-ray emission through a
proper postprocessing. This phase space can then be used
as an input in other simulation codes devoted to radiation
transport in matter, such as GEANT4 [40,41], MCNPX [42],
EGSnrc [43], PENELOPE [44], or FLUKA [45], to carry out
various tasks, such as the design of collimation systems,
shielding, detectors, or to study and optimize the perfor-
mance of various applications as a function of the ICS beam
characteristics. Among these, GEANT4 is emerging as one of
the most used particle-tracking codes in a large spectrum
of research fields, spanning from high-energy physics to
medical science, due to characteristics such as the fact that
it is completely open source and fully exploits the potential
of object-oriented programming, but also for its advanced
geometry modeling, tracking algorithms, and high-accu-
racy physics models.
This work presents a tool that allows a user to include

the generation of primary photons through linear ICS
within a standard GEANT4 application, allowing one to
directly study the source emission characteristics and the
radiation transport in a specific experimental setup. The
code is schematically described, and the comparison of the
emission simulated with this code and the well-established
CAIN tool is reported for three case studies of different ICS
sources.

II. GEANT4 LASER COMPTON SCATTERING CODE

The code presented in this paper is based on the
algorithm described in a previous work by Hajima [46]
to simulate ICS in GEANT4. Such algorithm, referred to as
LCS (which stands for laser Compton scattering), was
developed with the aim of carrying out a specific task,
namely, the optimization of collimators for Compton
sources exploiting an electron beam with asymmetric
emittance in the horizontal and vertical planes, such as
those circulating in electron storage rings. For this reason, it
has some limitations; the most significant is the handling
of head-on beam-beam interactions only, since in a
storage-ring-based ICS source this is the most common

scenario [4,12,47]. Despite the reduction in the emitted
flux, it may be convenient or necessary to consider optical
cavities that foresee a nonzero crossing angle between the
electron and laser beam. Indeed, a scheme with the laser
optics out of the electron beam axis has been recognized as
more convenient from alignment and operation points of
view [48]. Moreover, it can be possible to envisage an
interaction scheme of the electron beam with the laser at
two different angles, so as to obtain a dual-energy beam
[49], which can be exploited in various applications, in
particular, medical ones [50,51]. Furthermore, depending
on the optical cavity configuration, the laser profile at waist
can be noncircular. For instance, a four-mirror (two flat and
two curved) bow-tie cavity in the crossed configuration has
been proposed [52] for the MariX/BriXS x-ray source,
which is currently in the proposal stage [7,53]. Such a
scheme guarantees a very high mechanical stability and
allows one to match the cavity round-trip frequency to that
of the electron beam and, at the same time, to control the
laser beam waist. Because of the incidence angle on the
curved mirrors of the cavity, the laser beam at waist has an
elliptical profile with a priori non-negligible effects on the
x-ray emission. Such a feature cannot be simulated with
the original LCS code, which handles symmetrical laser
beams only. Finally, in the original LCS implementation,
the polarization of scattered photons is not evaluated.
In this work, we extended the original LCS algorithm to

overcome its limitations and gain generality, so as to be able
to simulate a variety of ICS sources in GEANT4. Here, we
schematically describe the extended LCS code, highlight-
ing the newly implemented features and the current
limitations. In the next sections, we present three case
studies used to compare the results provided by our code to
those obtained with CAIN.
The original LCS algorithm was developed bearing in

mind that the generation of primary photons in GEANT4

must be as simple and fast as possible, compatibly with the
primary goal of catching the significant intrinsic properties
of a Compton radiation source. Indeed, millions up to
billions of primary photons are usually required in a
realistic simulation. This principle inspired also this work;
thus, we checked that the changes made did not signifi-
cantly slow down the code. The code is based on the
following assumptions on the colliding beams. (i) The
incident beams have Gaussian distribution in their six-
dimensional phase space of motion, but no correlation
between the energy and the longitudinal coordinate.
(ii) The laser is monochromatic. (iii) The laser is unpolar-
ized or linearly polarized. (iv) The laser intensity is small,
and nonlinear Compton scattering never occurs. (v) The
incident beams collide so that the centers of pulses overlap
at the design interaction point (IP) without any position or
timing jitters.
The above assumptions are valid for a wide range of

Compton radiation facilities, spanning from those based on
electron storage rings such as high intensity gamma-ray
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source [54] and NewSUBARU [15,55] to those based on
electron linacs like BriXS [56], Southern Europe Thomoson
back scattering source [8], BoCXS [5], or the Gamma beam
system designed by EuroGammaS association for the
extreme light infrastructure–nuclear physics facility [16].
Under these assumptions, ICS photons are generated as
follows. (1)Apoint P is randomly sampled along the electron
beam axis as the real interaction point. Point P is located
within a range that includes the design collision point and is
determined by the duration of the pulses and the envelopes of
the colliding beams. (2) An electron is sampled from the six-
dimensional electron beam phase space and transported to
point P. (3) The product of the electron and laser photon
density at point P is calculated considering that, in the case of
non-head-on collisions, the nominal laser beam direction is
tilted with respect to that of the electron beam. (4) A random
sampling through the acceptance-rejection method accord-
ing to the calculated density product, normalized by its
maximum value, is carried out. (5) If the sampling is
accepted, go to the next step. Otherwise, return to the first
step. (6) The laser photon momentum is sampled taking into
account the actual angle between the laser and the electron
beam axis. (7) The sampled laser photon momentum is
transformed so that it and the polarization vector are in the
x-z plane of the laboratory frame with the electron moving
along the z direction. (8) The laser photon momentum is
transformed into the electron rest frame. (9) A scattered
photon is generated at the electron rest frame, from the
sampled electron and laser photon, according to the differ-
ential cross section ofCompton scattering. (10) The scattered
photon is transformed into the laboratory frame. (11) The
scattered photon is accepted, provided that its momentum is
within the collimator acceptance. (12) The polarization of the
scattered photon is evaluated.
The sampling of scattered photons at the electron rest

frame (step 9) is carried out by following the approach
presented in detail in Ref. [19] and briefly in Ref. [46]; here,
we describe it again in a more schematic way, which tightly
represents the actual implementation of the algorithm.
The differential cross section of the Compton scattering

process with respect to the energy of the scattered photon
can be written as

dσ
dE0

g
¼ πr2e

mc2

E02
p

�
2þ 2E0

p

mc2

�
fðE0

gÞ; ð1Þ

where m is the electron mass, c the speed of light in
vacuum, E0

p the laser photon energy, E0
g the scattered

photon energy, and
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It holds that 0 ≤ fðE0
gÞ ≤ 1 for any E0

g. The scattered
photon energy can then be sampled by uniformly generat-
ing a random value of E0

g in the range

E0
p

1þ 2E0
p=mc2

≤ E0
g ≤ E0

p ð3Þ

and a uniform random number r within the range from
0 to 1. If r ≤ fðE0

gÞ, E0
g is accepted; otherwise, it is

discarded, and the sampling process is repeated.
Once the scattered photon energy has been determined,

the polar scattering angle in the electron rest frame θ0 can be
calculated by solving the following equation:

1

E0
g
¼ 1

E0
p
þ 1

mc2
ð1 − cos θ0Þ: ð4Þ

Finally, the azimuthal scattering angle in the electron rest
frame ϕ0 can be sampled according to the following double
differential cross section [19] through the rejection method:

d2σ
dE0

gdϕ0 ¼
mc2r2e
2E02

p

�
½1þ Pt cosð2τ0 − 2ϕ0Þ�

×
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g
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where τ0 is the azimuthal angle of the linear polarization
direction of the incident photon defined in the electron
rest frame. Note that the quantity Pt, the degree of linear
polarization of the incident photon beam, is invariant under
Lorentz transformations.
The scattered photon generated through the described

procedure is then transformed into the laboratory frame,
and a check is carried out to select only photons with polar
angles in the laboratory frame θ within the collimator
angular aperture. It is worth noting that no variance
reduction techniques are adopted. As a consequence, each
generated photon has unitary weight.
The final step of the extended algorithm is to evaluate the

scattered photon polarization. In the current version of our
code, this goal is achieved only approximately. In particu-
lar, based on the results shown in Ref. [57], the polarization
of the laser photon is transferred to the scatter photon for
scattering angles smaller than 1=γ, where γ is the Lorentz
factor of the electron beam. This, of course, is a rough
approximation, but it is a simple method to account for
polarization within an angular range that is significant for
applications, avoiding dealing with complex calculations
involving Stokes parameters.
The LCS algorithm described here was implemented in

GEANT4, version 11.0. Three classes LCSGammaSource,
LCSGammaSourceData, andLCSGammaSourceMessenger
allow the user to define a Compton radiation source as a
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primary particle source similarly to the built-in method of
GEANT4. Indeed, provided that these classes have been
included within the files of a custom application, the user
has to create an instance of LCSGammaSource in the
PrimaryGeneratorAction and call the LCSGammaSource::
GeneratePrimaryVertex method to generate photons through
inverse Compton scattering. The LCSGammaSourceData,
which contains most of the data and methods required
for the photon sampling, is created as a singleton when
LCSGammaSource is instantiated. The LCSGammaSource-
Messenger class allows the user to set the parameters of the
colliding beams, and, thus, of the radiation source, from a
command line or a macro file. A further feature of the new
code is the estimation of the expected photon flux (photons
per second), which is carried out by using the analytical
expressions reported inRef. [2], independently of thenumber
of generated photons. To obtain the flux estimate, theuser has
to set the collision rate, electron bunch charge, and laser pulse
energy. The implementation of LCS takes advantage of the
extended version of the CLHEP library [58,59], the latest
version of which has to be separately installed and linked
during GEANT4 installation. This extension makes it possible
to take advantage of GEANT4 well-established particle-
tracking capabilities in complex geometries for the simu-
lation of heterogeneous experimental setup and applications,
without the need of additional software to generate the

primary photon beam. The implemented code is fully
compatible with the multithread environment supported by
GEANT4. As discussed in Sec. V, the generation of primary
photons through LCS is about 200 times faster than
using CAIN.
An application, called simply ICS, that embeds LCS

classes was developed to produce the phase space of a
given radiation source in a format that corresponds to that
of CAIN. In such a way, it was possible to directly compare
the results provided by the two codes. In Fig. 1, an example
of a macro file for the ICS application is shown. It is
possible to notice that the user can define the feature of the
colliding beams, the collimation angle (through the /lcsgs/
solidangle command), and some geometrical restrictions to
the range where the actual collision points can be located
(/lcsgs/zlim1, /lcsgs/zlim1, and /lcsgs/zcut commands).
The command /lcsgs/list prints to screen a summary of
the parameters set and the estimated flux of the source. We
highlight that the code can be used to generate an arbitrary
number of photons, which can be set by the user though the
standard /run/beamOn command.

III. SIMULATION OF ICS
RADIATION SOURCES

In order to assess the performance of the developed code,
three case studies were selected to represent a variety of the
interaction modality and beam parameters involved. The
considered sources are listed below. (1) BriXS, which is a
proposed source devoted to x-ray imaging in the energy
range 10–100 keV and is based on an energy recovery
linear accelerator coupled with a Fabry-Pérot cavity.—This
scheme allows laser pulses with moderate intensity to
interact with a moderate emittance electron beam at a very
high repetition rate. As mentioned before, the linearly
polarized laser stored in the cavity features an elliptical
spatial distribution at the IP. The foreseen applications of
the expected x-ray radiation include a dual energy modality
based on a rapid switch of the interaction laser at two
different angles [60]. Therefore, the correct evaluation of
the energy distribution as a function of the interaction angle
is fundamental. In our study, we simulated a configuration
for the production of an x-ray beam with peak energy near
to the iodine K edge (33.17 keV). (2) Laser Compton
source at NewSUBARU, which is an operative user facility
for nuclear physics and fundamental research, based on a
0.5–1.5 GeV electron storage ring [15].—Lasers with
different wavelengths are used to obtain photon beams
with energy spanning from 1 to 40 MeV. This source is
characterized by high repetition rate head-on interactions
of a nonpolarized laser having a large waist with an electron
beam having large and asymmetrical values of emittance.
In our case study, we set the parameters to obtain a
medium energy (≈1.9 MeV) gamma beam as in Ref. [46].
(3) EuroGammaS Gamma beam system (EGammaS-GBS),
which was a high-energy (1–20MeV) source to be installedFIG. 1. Example of a macro file for the ICS application.
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at the ELI-NP facility, mainly for nuclear physics research
[16]. The source was based on a normal conduction linac
and an optical recirculator, to increase the repetition rate of
interactions between the accelerated electron bunches and a
joule-class laser with short duration pulses (1.5 ps). Since
the source was conceived to produce an intense, highly
monochromatic gamma beam (relative BW ≤ 0.5%), the
foreseen value of energy spread and emittance for the
electron beam were very small as well as the collimator
aperture [61]. For this source, we focused on the 10 MeV
beam, so as to cover a broad range of photon energies,
taking into account the three case studies considered.
A complete simulation with both CAIN and our GEANT4

code was carried out, using the parameters reported in
Table I. For each case, the same number of uncollimated
photons (about 107) was simulated with the two codes. The
comparison of the obtained results was performed focusing
on the following aspects: (i) energy distribution as a
function of the collimation angle, (ii) spatial distribution
of energy, and (iii) spatial distribution of intensity.

IV. RESULTS AND COMPARISON
WITH CAIN SIMULATIONS

The most important point to consider when comparing
two different simulation methods for inverse Compton
scattering is the energy distribution of simulated photons
as a function of the collimation angle. Indeed, if the two
methods agree with each other and correctly reproduce the
expected spectrum shape, it means that the simulation
models are accurate enough to catch the fundamental
relationships between the physical quantities involved in

the process. In Figs. 2–4, the energy spectra for three
simulated sources are reported considering three different
collimations (one couple of curves refers to uncollimated
spectra). It is possible to note that the general agreement is
excellent, and a small discrepancy can be observed only in
the simulations of the EGammaS-GBS. In particular, the
low-energy cutoff of the collimated spectra simulated with
our code is at a slightly lower energy if compared to the
spectrum obtained with CAIN. A quantitative comparison
was carried out by repeating ten times the simulations and
calculating the mean value and the standard deviation of the
most important spectral parameters, namely, the peak value
Ep, the maximum value Emax, the mean value Em, and the
relative bandwidth BW. Table II reports the calculated
values for the narrower collimation angle. The tabulated

TABLE I. Features of the colliding beams for the three sources considered.

BriXS NewSUBARU EGammaS-GBS

Electron beam
Energy (MeV) Ee 44.0 1000.0 529.8
Energy spread (%) σEe

=Ee 0.2 0.1 0.044
Normalized emittance (mmmrad) εn;x, εn;y 1.5, 1.5 10.0, 0.1 0.44, 0.44
Spot (rms) radius (μm) σe;x, σe;y 15.0, 15.0 71.5, 7.1 17.2, 16.4

αx, αy 0.0, 0.0 0.0, 0.0 0.56, 0.01
Twiss parameters βx, βy 0.013, 0.013 1.0, 1.0 0.70, 0.63

γx, γy 76.9, 76.9 1.0, 1.0 1.88, 1.59
Bunch charge (pC) Q 200 500 250
Bunch length (μm) σe;s 450 300 271

Laser beam
Wavelength (μm) λ 1.03 10.0 0.515
Pulse energy (J) U 0.0075 1.0 0.2
Pulse (rms) duration (ps) σL;t 2.0 1.0 1.5
Spot (rms) size (μm) σL;x, σL;y 20, 40 892, 892 14, 14
Laser strength parameter a0 0.0076 0.0381 0.0457

Collision conditions
Collision angle (deg) α 7.0 0.0 8.0
Collision rate (Hz) r 1 × 108 1 × 108 3.2 × 103

FIG. 2. Full and collimated spectrum of the BriXS photon beam
simulated with CAIN and GEANT4.
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values confirm that the simulated spectra for the first two
cases are fully compatible, while there is a slight discrep-
ancy in the simulations of the third case, which is the one
involving photons at higher energy. In particular, there
exists a relative difference of 0.2% in the mean energy
values and 1.5% in the energy bandwidth, respectively.
On the other hand, it is important to note that the new
implemented feature of allowing non-head-on interactions
works well in our code, since in the simulations of BriXS

and EGammaS-GBS sources the maximum beam energy is
correctly reproduced with respect to CAIN. Therefore, the
discrepancies in the mean value and bandwidth of the
collimated beam spectra are due to the slight difference in
the low-energy tail of the energy distribution.
A further proof of the perfect agreement between

the simulations of the energy distribution for low- and
mid-energy beams is shown in Fig. 5, where the energy
distribution of scattered photons as a function of the polar
scattering angle is plotted for the NewSUBARU source.
The distributions simulated with the two codes are almost
identical and follow the peculiar shape predicted by the
theory. Furthermore, in Fig. 6, the spatial distribution of
scattered photon energies at a fixed distance from the
IP (10 m) is shown for the BriXS source. Also, in this
low-energy case, the distributions obtained with CAIN and
GEANT4 present the expected azimuthal symmetry and are
indistinguishable.
We now focus on the compatibility assessment between

the spatial distribution of the scattered photon beam
intensity simulated with CAIN and GEANT4. Figures 7
and 8 show the spatial distribution of the scattered photon
intensity (number of photons per bin) at a fixed distance
from the IP (10 m) for NewSUBARU and EGammaS-GBS
sources. The qualitative agreement is apparent, and the
distributions reflect the polarization state of the laser,
nonpolarized for NewSUBARU and linear polarized along
the y axis for EGammaS-GBS, respectively. A more
quantitative comparison can be obtained by analyzing
the profiles of the spatial distribution along the transverse
axes. As an example, we report, in Fig. 9, the profiles
related to EGammaS-GBS source and, in Table III, the
analysis of the relative differences (residuals) between the
profiles obtained with CAIN and GEANT4. The maximum
residual resulted smaller than 4%, and the correlation
coefficient is very close to unity for both profiles. As a
further analysis, we subtracted directly the spatial distri-
butions obtained with the two simulation codes and made a
binwise statistical analysis on the difference values for each
of the three case studies. To avoid artifacts in the border due
to a low statistics, for each source we considered only the

FIG. 3. Full and collimated spectrum of the NewSUBARU
photon beam simulated with CAIN and GEANT4.

FIG. 4. Full and collimated spectrum of the EGammaS-GBS
photon beam simulated with CAIN and GEANT4.

TABLE II. Comparison of the simulated photon beam with CAIN and GEANT4 for the three cases considered. The first set of features are
related to collimated beams, while the second set refers to the whole source rms size at the IP.

BriXS NewSUBARU EGammaS-GBS

CAIN GEANT4 CAIN GEANT4 CAIN GEANT4

θmax (mrad) 3.5 3.5 0.2 0.2 0.5 0.5
Em (keV) 33.70� 0.01 33.70� 0.01 1761.1� 0.3 1760.9� 0.3 9119� 1 9102� 1
BW (%) 4.32� 0.01 4.33� 0.02 5.63� 0.01 5.63� 0.02 6.76� 0.01 6.86� 0.01
Ep (keV) 35.19� 0.05 35.16� 0.07 1879� 5 1881� 5 10010� 34 10010� 41

Emax (keV) 36.01� 0.09 36.00� 0.05 1908� 2 1908� 2 10129� 2 10130� 4
σx;IP (μm) 17.86� 0.07 10.49� 0.01 71.33� 0.04 50.46� 0.04 15.78� 0.01 11.96� 0.01
σy;IP (μm) 15.65� 0.08 10.24� 0.01 7.16� 0.01 5.06� 0.01 10.66� 0.01 8.93� 0.01
σz;IP (μm) 403.3� 0.4 240.5� 0.3 300.1� 0.2 211.4� 0.1 242.9� 0.2 149.0� 0.1
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photons within the collimation angle reported in Table I
and adjusted the bin size to obtain enough counts on most
of the bins. The mean value and the standard deviation of
the calculated differences are reported in Table IV. In all the
cases, the standard deviation of residuals was smaller than
10%, which is smaller than the statistical fluctuations.

The previous analysis mostly highlights the validity of
the simulated beam divergence with respect to the traversal
axes. Instead, if we focus on the beam spatial distribution at
the IP, we find some discrepancies between the beam size
obtained with CAIN and our GEANT4 code. As reported in

FIG. 5. Energy of emitted photons E versus polar emission
angle θ for the NewSUBARU photon beam, simulated with CAIN

and GEANT4.

FIG. 6. Spatial distribution of energy at a distance from the IP
of 10 m for the BriXS photon beam simulated with CAIN and
GEANT4 within a collimation angle of 3.5 mrad.

FIG. 7. Intensity spatial distribution at a distance from the IP of
10 m for the NewSUBARU photon beam simulated with CAIN

and GEANT4. The axis scale was set to highlight the most
significant part of the distribution.

FIG. 8. Intensity spatial distribution at a distance from the IP
of 10 m for the EGammaS-GBS photon beam simulated with
CAIN and GEANT4. The axis scale was set to highlight the most
significant part of the distribution.

GIANFRANCO PATERNÒ et al. PHYS. REV. ACCEL. BEAMS 25, 084601 (2022)

084601-8



Table II, our code produces always beams with smaller rms
size with respect to CAIN.
Finally, we report the comparison of the simulation times

between our GEANT4 code and CAIN. Figure 10 shows the
time required to obtain 106 BriXS collimated photons with
the two simulation codes as a function of the collimation
angle. The curves feature almost the same behavior. The
computation time dramatically increases as the collimation
becomes narrower and narrower, but our code is about 200
times faster, since the curve related to CAIN is scaled by a
factor of 0.005. It is worth noting that the plotted times are
those required if only one thread is employed. In the case of
multithreading, the reported times have to be reduced
proportionally. The figure also plots the number of rejected
photons to obtain the desired number of collimated photons
with our code. As expected, the number of rejected photons
increases as the acceptance angle tightens. The rejec-
tion rate becomes steeper for small collimation angles,

and, as a result, the reject photons can be more than the
generated ones.

V. DISCUSSION AND CONCLUSIONS

In this paper, we presented a code for the simulation in
GEANT4 of inverse Compton scattering events in the linear
regime. The code is based on an algorithm presented
recently by Hajima. Here, we describe the implemented
extensions, which allow the user to simulate a significantly
wider class of ICS sources and add useful information
about the produced photon beams. In particular, the code is
now capable of handling non-head-on interactions between
the electron beam and the laser. Also, the laser shape at the
interaction point can be now asymmetrical. Furthermore, a
simple mechanism of laser polarization transfer to scatter
photons was implemented. Finally, the simulation output
includes now an estimation of the photon flux obtainable
with the simulated ICS source.
The implemented code was described rather in detail and

compared with CAIN code for three ICS sources featuring
characteristics different from each other. The results pro-
vided by the two simulation tools are in excellent agree-
ment. Some minor differences resulted in the spatial
distributions of the simulated sources at the IP and in
the energy distributions for the source with the higher
energy. In the simulations of the photon beam spectra of
EGammaS-GBS at 10 MeV, we found a relative difference
of 0.2% in the mean values and 1.5% in the bandwidth,
respectively. This effect is always present in the simulation
of high-energy photon beams (Ep ≥ 2 MeV) and becomes
more apparent as the x-ray energy increases. Nonetheless,
the discrepancies with CAIN are always of the order of a
few percent and can be accepted for most of the applica-
tions, especially by virtue of the advantage in terms of
computation speed guaranteed by our code, which resulted
up to 200 times faster. In regard to the discrepancy in the
spatial distributions of the simulated sources at the IP,

FIG. 9. Profiles of the intensity spatial distribution for the
EGammaS-GBS photon beam simulated with CAIN and GEANT4.
The axis scale is set so as to highlight the most significant part of
the distribution.

TABLE III. Mean (Δmean) and maximum (Δmax) value of the
residuals calculated on the profiles shown in Fig. 9. Also, the
correlation coefficient is reported.

Profile Δmean Δmax Correlation coefficient

Along x axis 1.4% 3.6% 0.9998
Along y axis 2.0% 3.9% 0.9999

TABLE IV. Analysis of binwise difference between the spatial
distributions at 10 m from the IP of the collimated photon beams
simulated with CAIN and GEANT4. The mean (Δmean) and the
coefficient of variation (COV) of the residuals are reported.

Case Δmean COV Collimation angle Bin size

BriXS 0.01% 8.1% 3.5 mrad 1.43 × 1.43 mm2

NewSUBARU −0.1% 4.5% 0.2 mrad 0.08 × 0.08 mm2

EGammaS-GBS −1.8% 8.4% 0.5 mrad 0.10 × 0.10 mm2

FIG. 10. Time (te) required to simulate 106 collimated photons
with GEANT4 (blue curve) and CAIN (red curve), in the case of the
BriXS source. The simulations were carried out on a server
equipped with an Intel(R) Xeon(R) Gold 5220R CPU and 96 GB
of RAM, and the reported execution times refer to single-thread
mode. The number of rejected photons using the algorithm
implemented in GEANT4 is also plotted (black curve).
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we think that this issue is not so relevant in practice, since
the typical transverse size of an ICS source at the IP is very
small (tens of micrometers) and the beam enlargement due
to divergence dominates even at a short distance from the
IP (tens of centimeters). On the other hand, the typical
longitudinal size of an ICS source (from hundreds of
micrometers to a few millimeters) is much smaller than
the distance at which the irradiated object is positioned
(from meters to tens of meters).
The use of our code can be twofold. It can be used as a

stand-alone tool to study the emission characteristics of an
ICS source for planning design and optimization, or it can
be integrated in a user application for a start to end
simulation of a photon beam line. Actually, it may be
convenient from a computational point of view to split the
simulation in two parts. In the first part, the required
number of photons can be generated at the IP within a given
acceptance angle and the obtained phase space saved to a
.csv or root file [62]. In the second part, the generated
photons can be read all at once and pushed in a stack
through a dedicated class and then tracked one by one
within the experimental setup. In this case, the overall
simulation time may results significantly shorter (down to 4
times) with respect to the case in which each ICS photon is
tracked just after its generation, due to better memory
management. The user can in any case take advantage of
the computation speed of our code and perform the whole
simulation task using GEANT4. The only drawback is the
requirement of storage for the generated phase-space file,
which, on the other hand, would be the same if another
code is used to generate it. The information about the flux
foreseen for the considered ICS source can be useful for the
normalization of the results obtained when the generated
photons are tracked in a given experimental setup.
As future work, we plan to carry out further tests and

benchmark the code against experiments. Also, we aim to
mitigate the discrepancies with CAIN and refine the calcu-
lation of the scattered photon’s polarization.

Finally, we remark that the developed code is freely
downloadable [63].
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