
Citation: Vinogradov, A.;

Feshchenko, R.; Shvedunov, V.;

Artyukov, I. Ray Tracing Simulation

of X-ray Microdiffraction Beamline

on the Inverse Compton Source.

Symmetry 2023, 15, 1068. https://

doi.org/10.3390/sym15051068

Academic Editor: Ulrich D.

Jentschura

Received: 17 April 2023

Revised: 5 May 2023

Accepted: 9 May 2023

Published: 11 May 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

symmetryS S

Article

Ray Tracing Simulation of X-ray Microdiffraction Beamline on
the Inverse Compton Source
Alexander Vinogradov 1,* , Ruslan Feshchenko 1 , Vasiliy Shvedunov 1,2 and Igor Artyukov 1

1 P.N. Lebedev Physical Institute of the Russian Academy of Sciences, 53 Leninsky Prospekt,
119991 Moscow, Russia; rusl@lebedev.ru (R.F.); shved@depni.sinp.msu.ru (V.S.); iart@lebedev.ru (I.A.)

2 Skobeltsyn Institute of Nuclear Physics, Lomonosov Moscow State University, 1 Leninskie Gory,
119234 Moscow, Russia

* Correspondence: vinograd@lebedev.ru

Abstract: This paper deals with the simulation of output beam parameters of the inverse Compton
X-ray Source (ICS). The simulation takes into account the main parameters of the laser and electron
beams, such as their pulse shapes, polarization properties as well as the angular and energy disper-
sion of the electrons. The layout of the presented ICS and X-ray optical beamline is dedicated to
X-ray micro-diffraction studies. To maintain the axial symmetry of output X-ray beams at different
photon energies, the beamline monochromator is based on a single crystal installed in the Borrmann
transparency condition.
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1. Introduction

The technological development of laser and accelerator systems has enabled advanced
X-ray sources to be created. In addition to the new generation of synchrotron light facilities
and free electron lasers, there exist projects involving the design and construction of
novel X-ray sources based on inverse Compton (Thomson) scattering [1–6]. An inverse
Compton source (ICS) is capable of providing the high spectral brightness X-ray beam
needed for the extension of many important applications beyond the common X-ray tube
experiments [7–10]. Among them are: medical sciences and healthcare, security systems,
criminalistics and forensics, art sciences and cultural heritage, industrial and construction
radiography, and material science and nanotechnology.

An ICS generates X-ray radiation through the inverse Compton (Thomson) scattering
of laser radiation with relativistic electrons (see Figure 1). The properties of the ICS X-
ray beam are similar to those of the undulator radiation [7,11], while the electron beam
energy is low enough for the compact design of ICS in the framework of local laboratories
and universities.

In contrast to large X-ray source facilities, the ICS can be designed to perform a
specific research project or task with the best balance between cost and efficiency. Therefore,
of particular importance is the accurate calculation and simulation of the spatial and
temporal parameters of the output radiation produced by ICS. This evaluation of the X-
ray source should include both the Thomson scattering process and output X-ray beam
formation optics.

The goal of this work is to present analytical and numerical models and methods
that can be used for the design and simulation of the ICS with the example of a dedicated
installation for X-ray micro-diffraction experiments.
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Figure 1. The scheme of the interaction between laser and electron beams in the inverse Compton
X-ray Source (ICS). The electron beam moves along the axis z, and the laser light direction is defined
by the axis z′. The axes y and y′ are orthogonal to the plane XZ. lR is the Rayleigh length , β is the
beta function, and θ0 is the collision angle.

2. Theoretical Basis of ICS Simulation

For the description of the Thomson scattering process, we will use the methods and
approaches mentioned in [9,12]. Note that in our case the parameters of the laser–electron
interaction allow us to neglect the effects of quantum electrodynamics. The interaction of
the photons and electrons is treated hereby as classical (Thomson) scattering. This process
is characterized by the well-known Thomson cross-section σT = 6.65 × 10−25 cm2 that does
not depend on the energy, momentum and polarization of photons and electrons [13–16].
Then, all principle parameters of the generated X-ray photons such as the photon flux,
spectral brilliance, and polarization of the X-ray radiation can be calculated with the help
of the so called spatial matrix density function (for more details, see [12]).

A scheme of the photon–electron beam interaction is shown in Figure 1. We consider
the incident photons to be monoenergetic and unidirectional. We assume also that the
phase space densities of the electrons and photons are described by Gaussian functions.
Then, the final expression for the matrix of the X-ray photon flux IΩ,ω into the frequency
interval dω and into an element of solid angle dΩ (spatial matrix density function) can be
written through the integration [12]:

IΩ,ω(n, ω) =

νNeNph

s
G
∫

Vp⊥

Dσγ(p⊥) exp

−
(

p⊥,x

∆p⊥,x

)2
−
(

p⊥,y

∆p⊥,y

)2
 dp2

⊥
π∆p⊥,x∆p⊥,x

, (1)

where Ne and Nph are the numbers of electrons and photons in each electron bunch or laser
pulse, respectively, ν is the velocity of the electron divided by the velocity of light c, Dσ
is the matrix of differential cross-sections for the scattering of photons by electrons, ∆p⊥x
and ∆p⊥y are the semi-widths of the angular spread of electron momentums p⊥,x and p⊥,y

in the x and y directions, respectively, s = π
√
(w2

e,x(0) + w2
ph(0))(w

2
e,y(0) + w2

ph(0)) is the

effective cross-section of the interacting beams and G is the geometric factor:
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where ∆t is the temporal delay of the laser pulse relative to the electron bunch, le and lph
are semi-lengths of the electron bunch and laser pulse, respectively, we,x and we,y are the
radii of the electron beam in the x and y directions, respectively, wph is the radius of the
laser beam. The vector (x′, y′, z′) shows the coordinates of the laser beam direction and is
inclined to the coordinates (x, y, z) by the collision angle θ0 in the plane (x, y) (see Figure 1)
and (x0, y0, z0) is the distance between the waists of the electron and the laser beams.

The expression for the matrix of the spectral brilliance Bn,ω for the ICS radiation in the
direction n and at the frequency ω has the following form [12] :

Bn,ω = δω

+∞∫
−∞

IV,Ω,ω(r0 + sn, n, ω) ds, (3)

where r0 is the position of an observer, δω is a small frequency interval usually assumed to
be 0.1% of the radiated frequency ω.

As an example, Figure 2 shows the results of the calculation of the spectral bril-
liance using the Formulas (1)–(3) as a function of the X-ray photon energy for three
observational angles.
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Figure 2. Calculated spectral brilliance of the ICS radiation near the laser-electron interaction point
as a function of the radiated photon energy for three different observational angles θ: 1-θ0 = 0 mrad,
2-θ0 = 2.8 mrad, 3-θ0 = 5.6 mrad. The parameters of the electron beam and laser pulse are specified
in Table 1.
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Table 1. The parameters of laser and electron beams in the point of interaction.

Parameter Value

Electron bunch
Electron energy 45 MeV
Bunch charge 1 nC
Energy spread of the electrons 1%
Electron beam emittance 5 mm·mrad
Beta function 10 mm
Electron bunch semi-length 4 mm

Laser pulse
Laser wavelength 1.06 µm
Laser pulse energy 10 mJ
Laser pulse repetition frequency (in optical cavity) 80 MHz
Laser pulse semi-length 4 mm
Rayleigh length 6.8 µm
Laser-electron collision angle 2◦

3. X-ray Beamline Design and Simulation

The ICS, as an advanced X-ray source, provides high-intensity beams needed for
various fields of fundamental and applied research.

In this paper, we present the design and simulation of the ICS beamline with the exam-
ple of an X-ray source dedicated to the micro-beam X-ray diffraction experiments, which are
of special interest in solid state physics, diamond high-pressure cell measurements, X-ray
structural analysis, and so on. The basic configuration of the ICS is chosen to be a 50-MeV
storage ring developed as part of the LEXG project (see Figure 3) [12,17]. To achieve the
technical specification for the beam size and monochromaticity, the corresponding beamline
includes a crystal monochromator and a focusing X-ray optical system.

Figure 3. General view of the ICS developed as part of the project LEXG [17]. The linear electron
accelerator and storage ring are shown together with laser and X-ray optical systems.

The numerical simulation of the X-ray optical system was carried out with SHADOW
software [18]. This software is one of the popular program codes for the numerical sim-
ulation of synchrotron beamlines and X-rays optical systems. It is based on a modified
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algorithm of ray tracing that computes not only the ray vectors but also takes into account
their phase parameters (phase ray tracing) [19]. The SHADOW code comprises software
tools needed for the simulation of the most important elements of synchrotron radiation
beamlines, such as crystal monochromators, grazing incidence mirrors, slit sets, gratings,
etc. As an open source code, SHADOW facilitates easy extensions to new types of X-ray
sources, optical elements, and beam propagators, which were unknown at the time of the
original software writing. It can be argued that the SHADOW software package, in effect,
has been a worldwide standard in the design and simulation of X-ray optical beamlines for
more than 30 years.

We used SHADOW version 3.0 along with SHADOWVUI 1.12 graphical user interface [20].
The Laue monochromator was simulated with the XCRYSTAL 1.3 code, which is a part of
the XOP 2.4 software package [21].

The initial set of rays for the SHADOW ray tracing were generated using a program
code known as TSource, written for the calculation of inverse Compton scattering on the
basis of the theoretical approaches mentioned in Section 2. Using the Monte-Carlo method,
the calculated dataset of source rays represented the ICS radiation inside the working
solid angle limited by the input slit of the used crystal monochromator (see below). The
number of rays in this simulated X-ray beam of the ICS was N = 100,000 (see Figure 4).
Note that the spectrum of the X-ray beam is maximal at a photon energy of 35.5 keV, and
its intensity and angular distribution are determined by the parameters of interacting laser
and electron beams.

Figure 4. The simulated spatial distribution of the X-rays generated by the inverse Compton scattering.
The plot is presented as an X-ray source in the format of ray-tracing SHADOW code. Top and
right panels show the horizontal and vertical intensity distributions, correspondingly. The length
parameters are given in mm.

The X-ray optical layout of the simulated ICS beamline is shown in Figure 5. As
mentioned above, the divergence of the input radiation was limited by the slits of the
monochromator: 0.8 mm (horizontal) and 0.4 mm (vertical), located at a distance of 2000 mm
from the ICS. Close to the slits, a single crystal monochromator was positioned. The
monochromator was a (220) germanium crystal that was set for operations in the anomalous
transmission mode (Borrmann scheme). Then, two grazing incidence X-ray mirrors in a
Kirkpatrick–Baez configuration were implemented to produce a focused beam: a vertical



Symmetry 2023, 15, 1068 6 of 10

elliptical mirror and a horizontal elliptical mirror at distances of 2610 mm and 3000 mm
from the source, respectively. The parameters of the mirrors are given in Table 2. The
mirror’s lengths were determined using the SHADOW code by the footprint dimensions of
the beam on the mirror surfaces (see Figure 6). Both mirrors were considered to be ideally
shaped, smooth, and covered with platinum. The grazing angle of the central ray in the
center of a mirror was 2 mrad. The mirrors produced a demagnified image of the source in
the image plane at a distance of 3500 mm from the source.

Figure 5. Schematic 3D view of the X-ray beamline showing the principle elements: 1—the output
window of the ICS, 2—a Borrmann crystal monochromator (an equivalent channel-cut Laue represen-
tation is shown), 3,4—Kirkpatrick–Baez mirrors, 5—the focal (sample) plane. The input slits of the
monochromator are not shown.

Table 2. The Geometrical parameters of Kirkpatrick–Baez X-ray mirrors used in the beamline design.

Mirror 1 Mirror 2

Shape elliptical elliptical
Distance from the source to

the mirror center, mm 2610 3000

Major semi-axis, mm 1750 1750
Minor semi-axis, mm 3.04824 2.45000

Mirror length, mm 520 260
Demagnification 2.93 6.00

Figure 6. The plot of intersection points of the rays with the elliptical surfaces of mirror 1 (left) and
mirror 2 (right). This plot shows dimensions of the illuminated parts of the mirrors (footprints). The
scale in the horizontal and vertical directions is different for convenience. The dimensions are shown
in cm.

In this paper, we propose the use of a single crystal monochromator based on the
anomalous transmission effect in crystals (the Borrmann effect). The main advantages of the
Borrmann-type monochromator are its simple design and the fixed position of the output
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beam. The steady position of the X-ray beam eliminates the need for fine mechanics in
controlling the deviation of the the X-ray beam at different working wavelengths. It should
be mentioned that in contrast to the synchrotron undulator beamlines, in the case of ICS,
there is no need to filter out the high harmonics, e.g., using a double crystal monochromator.

Figure 7 shows the calculated efficiency of the Borrmann anomalous transmission of
a (220) germanium crystal with a thickness of 2 mm, cut at an angle of 90◦ to the surface
(program code XCrystal 1.3 [21]). The incidence beam is set at the Bragg angle θB = 5.01◦

for the photon energy 35.5 keV corresponding to the maximum of the ICS spectrum.
As mentioned above, the Borrmann scheme allows one to maintain the direction of the
transmitted X-ray beam for different Bragg angles and wavelengths.

Figure 7. A calculated spectral transmission curve for a (220) Ge crystal in the Borrmann scheme.
The incidence angle is the Bragg angle θB = 5.01◦ for a photon energy of 35.5 keV. The crystal is cut
at an angle of 90◦ with respect to the (220) crystal plane. The thickness is 2 mm.

Since the current version of the SHADOW code cannot simulate the anomalously
transmitting Borrmann crystals, we used the following approach: a Borrmann transmission
crystal was replaced by an equivalent transmitting Laue–Laue scheme similar to a channel-
cut crystal monochromator [22]. The symmetry of the simulated crystal layout results
in two sequential Laue reflections, which have the spectral and absorptive properties
of the corresponding Borrmann crystal, while the Laue schemes can be simulated with
the SHADOW code. Therefore, in our beamline model we used two identical parallel
germanium plates with a thickness of 1 mm, with each separated by a distance of 4 mm
to represent the Borrman monochromator. The X-ray optical characteristics of the Ge
crystal were determined using DABAX databases and the BRAGG program included in
the SHADOW package.

The results of the calculations and modeling using the TSource and SHADOW codes
are presented in Table 3 and Figure 8. Table 3 shows the parameters of the ICS radiation
after the beamline on the sample. The RMS focal spot size (see Figure 8, Table 3) is found
to be about 7 × 8 µm (2σ) with a radiation divergence of less than 1 mrad. The simulated
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X-ray flux within the spot is more than 106 ph/s, and the spectral width is ∆E/E ≈ 0.13%. It
should be noted that the focal spot size can be decreased using additional slits, if necessary.

Table 3. Parameters of the ICS X-ray radiation at the sample.

Parameter Value

Horizontal spot size 2σx, µm 8.08
Vertical spot size 2σy, µm 7.26

Spectral width 2σE, eV 46.2
Horizontal angular divergence 2σθx, mrad 0.18

Vertical angular divergence 2σθy, mrad 0.61
Total beamline throughput 3.42 × 10−5

Flux in the focal spot at the sample, ph/s 1.4 × 106

Flux density at the sample, ph/s/cm2 2.4 × 1012

Figure 8. Calculated ICS radiation parameters on the sample after the beamline: the shape and size
of the focal spot (in cm) (left), the histogram of the photon energy distribution (right).

4. Conclusions

The combination of high spectral brightness, modest size, and the low cost of ICS
has led to numerous R&D efforts aimed at creating this type of equipment. They facilitate
the implementation of synchrotron-like techniques such as: protein crystallography [23],
X-ray phase contrast imaging [24,25], differential angiography [26–28], EXAFS and XANES
studies [29,30], microbeam therapy [31], X-ray topography analysis [32], art history and
cultural heritage investigations [33] for compact installations in many universities and
research centers. In addition to existing synchrotron facilities, this will provide a wide range
of students and professionals with the opportunity to work at the forefront in material
sciences, nanotechnology, chemistry, biology and medicine, forensics, and microelectronic
technology. Additionally, the ICS is able to provide many unique properties of radiation,
such as short and ultrashort X-ray pulses [34,35] and multi-MeV beams [36–38] that are
beyond not only X-ray tubes but synchrotron radiation sources.

In our paper, we discussed only one application of the ICS, which is relevant to the X-
ray diffraction analysis of small objects. This application requires a narrow, monochromatic,
low-divergence X-ray beam, which is not normally accessible to local laboratories far from a
synchrotron facility. The simulation demonstrated that state-of-the-art laser, accelerator and
X-ray optical systems are capable of generating needed X-ray beams despite the small value
of the Thomson cross-section. There is no doubt that further development of the mentioned
technologies will drive progress towards more effective ICS and its wider application.
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