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Abstract

In the present work, the angular and spectral flux of the Compton
backscattering X-ray source of ThomX are investigated. ThomX is a

shortened form of Thomson scattering producing hard X-rays.

This work was performed through two steps. Firstly, a short
computer pro- gram is written by using analytical formulas allowing the
calculation of the expected angular and spectral flux of the Compton source
as a function of the characteristics of the incoming electron beam. Then,
the CAIN program is used to generate Compton photons in order to
describe X-ray spectral and angular distributions and check the agreement

between the analytical formulas and CAIN simulations.

The CdTe detector parameters (the detector size and distance to the
end- station), which will be used in ThomX, were also taken into
consideration in the calculations. One important feature is that this
simulation code can be run by accessing a giant server computer station in

LAL.



XVI

The best electron parameters in ThomX are investigated to allow
producing the highest Compton flux in a given energy bandwidth and a
given angular aperture. The effect on the Compton flux of both the

Compton kinematics and electron beam characteristics are studied.

The calibration of the CdTe detector, which is to be used to detect X-

. 5 . .
ray flux for ThomX, was performed using >’Co as a radioactive source.



Chapter One
Introduction

There is a great scientific interest in high flux, monochromatic and
energy tunable X-ray sources. These sources are being widely used in
various research fields, such as medical, cultural heritage and industrial
fields. Synchrotron radiation sources provide high quality X-ray beams that
satisfy both monochromaticity and high brightness. The high cost, limited
access- time and large size of synchrotron facilities are limitations for users
for doing additional research. There is a lot of current research and effort
to develop new compact X-ray sources (laboratory size) such as ThomX.
The principle of the ThomX source is the production of hard X-rays by the
Compton interaction between a relativistic electron bunch and a laser
pulse. The ThomX project is designed to provide a compact and tunable
energy X-ray source of 70 m” surface (1) [1], which could be installed in
hospitals, museums, universities or industry factories. Some powerful
experimental techniques developed at synchrotron facilities could be
transferred to this more compact machine. ThomX is a French project,
which will be installed at the Paris-Sud Campus by the end of this year
(2018) (Figure 1.1).

The capability of accurately studying the spectral and angular
characteristics of a ThomX X-ray beam is crucial for the optimization of

the operation of the ThomX as well as for aligning the collimator and



experiment apparatus for the application that employs the ThomX
Compton X-ray beam. The theory of Compton backscattering of an
electron and a photon is limited to the scattering of ideal electron beam
and ideal photons pulse, i.e., particle- particle scattering of monoenergetic
electron beam and monoenergetic photon pulse (all particles in the same
beam have the same energy). However, in reality, the electron and photon
beams have finite energy distributions. Therefore, there remains a need to
fully understand the characteristics of the X-ray beam produced by
Compton backscattering of an electron beam and a photon beam with
realistic distributions, i.e., the effect of beam-beam scattering (not all
particles in the same beam have the same energy). For this aim, two
approaches have been performed, an analytical calculation method and a
CAIN based- Monte Carlo simulation technique [2]. Using these two
approaches, the ThomX X-rays beam was characterized with varying
electron beam parameters as well as different collimation conditions. Based
upon the CAIN simulation, to study the energy distribution of the X-rays
beam, it is important to know the nominal ThomX electron beam energy

spread and normalized emittance which are used in the Compton collision.

Also, during my internship, an energy calibration for the CdTe detector
(which will be used in ThomX) was performed by using a radioactive >’Co
and when the CdTe detector is located at a fixed distance from the
interaction point, the number of X-rays photons striking the detector

surface per second is estimated.
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Figure 1.1: a) The ThomX project on the Université de Paris Sud campus [3]. b)
The ThomX will be constructed in the building called IGLOO.

1.1 Motivation of this Work

This section delineates the motivations and the guidelines for the
development of a compact machine, aimed at constituting the ThomX
project which is being designed to produce a high flux and tunable X-rays
beam, which can be easily tuned by changing the electron beam energy.
For instance, an electron beam energy tunable in 50-70 MeV ranges
provides X- rays with energy 45- 90 keV. The favorable characteristics of
the ThomX X-ray source such as a good quality of X-ray beam of small
energy bandwidth and monochromaticity make ThomX attractive for a wide

spectrum of applications.

The focus on enabled applications by the ThomX due to the
expected high flux is on medical oriented research or studies, mainly in the

radio-diagnostics and radiotherapy fields, exploiting the unique features of



the ThomX monochromatic X-rays on material studies, crystallography and
X-ray diffraction. These performances of the ThomX allow the replacement

of a conventional X-ray source and huge synchrotrons.
1.2 Outline of Thesis

This thesis is divided into six chapters that explore the studies and
simulation aspects that were performed for ThomX. Also the theoretical
models of beam parameters which are used in the simulation code are
described in detail. In Chapter 2, an overview of the Compton
backscattering theory and Compton cross section are introduced and
followed by relevant electron beam and laser parameters and their
definitions. The energy of a Compton X-ray photon for ThomX ideal
electron and laser beams’ parameters is calculated (without considering the
X-ray beam collimation condition and real beams parameters effects).
Based upon Compton cross section, the ideal X-rays spatial and spectral
characteristics distribution is studied. In Chapter 3, the calibration of a
CdTe detector which will be used in the ThomX has been performed by
using a >’Co radioactive source and the obtained measured spectrum has
the structure of a full energy peak, Compton edge, escape peaks, florescent
X-ray and sum peaks. In Chapter 4, by considering real incoming electron
beam parameters, two methods are performed to study their effects on the
spectral and angular flux of X-ray beam, one based on analytical formulas
and the other based on the CAIN simulation program [2]. Analytical

formulas are studied in two cases, the first is without the effect of X-ray



beam collimation conditions and the second is with collimated conditions
effects. In Chapter 5, the number of Compton X-rays per unit time that enter
the surface of CdTe detector located at specific position from the interaction
point is calculated through two different methods. The first method is by
using theoretical equations to determine the spectral and spatial flux of
Compton X-rays. The second one is by using the CAIN program. Finally, in

Chapter 6, the conclusion of this thesis is presented.
1.3 Objectives

This thesis highlights spectral and spatial properties of an X-ray
Compton beam. It also presents a calibration of a detector which will be

used in the ThomX X-ray beam line.

This thesis has two main objectives which are summarized as

follows:

. The ThomX X-ray flux and how it is affected by electron beam
parameters is studied in details; such as changing electron-beam-
normalized emittance, electron beam size and divergence, in order to
optimize these parameters to get the highest X-ray flux within a

given energy bandwidth and a given angular aperture.

. A CdTe detector which will be used in the ThomX X-ray beam line
is calibrated by using >’Co radioactive source. Also, the number of

X- ray photons striking the 3mm >< 3mm CdTe detector surface area



detector per second is estimated, when the CdTe detector is located at

a fixed distance from the interaction point.
1.4 ThomX Hard X-Rays

X-rays are an electromagnetic radiation, just like radio-waves,
microwaves, gamma rays and visible light. The only difference between
these types of radiation is the wavelength. This thesis will only consider a
part of the electromagnetic spectrum referred to "Hard X-rays" whose
energy ranges from 10 keV-100 keV, since the ThomX project will
produce hard X-ray photons with energy of 45 keV (because of specified
parameters chosen for the electron beam and laser pulse). Hard X-rays can
be used to reveal internal structure and material properties in a wide range
of applications and various fields (as material science, cultural heritage,

industry and medicine) due to their ability to penetrate objects.
1.5 Set Up and General Layout of ThomX

At ThomX, the electron beam is composed of one electron bunch,
this bunch comprised of billions of particles traveling together at a speed
closed to the speed of light (0.99995c). A 50 MeV electron bunch of one
nano-coulomb (1nC) with transverse size of the order of a few tens of um
and a divergence of the order of the mrad is in use. The ThomX machine will
produce X-rays with a flux rate of 10! - 10'3 ph/sec [4, 5], and an energy of

a few tens of ke V.



In ThomX, the electron bunch, confined in a storage ring, collides with
a laser pulse at each turn around the ring. The benefit of a storage ring
instead of a linear accelerator (LINAC)-based Compton source is that the
electron beam can be used multiple times to produce high Compton
photons flux instead of only once. In a linear accelerator, the particles see
the accelerating field only once (the particles which didn’t interact are
lost). Because of that, a linear accelerator will have much lower overall flux
(each time, new particles should be produced to be accelerated). However,
in the use of storage ring, the particles feel the accelerating field each time
they turn around and the particles remain in the accelerator for many hours.

RF gun caaly
s-bunchint

«
=

’

W

Slorage ring, circumisnence = 16 8m

Figure 1.2: Schematic process diagram of the ThomX source. The laser interacts
with electrons via the Compton backscattering to produce X-ray photons [5].

The ThomX project is composed of eight main components [4] as

shown in Figure 1.2:

. The electron gun delivers one electron bunch of one nano-Coulomb

(InC) each 20-50ms.



The acceleration section (LINAC) boosts the electron bunch energy up

to 50 MeV.

The transfer line transports the electron bunch from the LINAC to the

storage ring. Its length is 14m.

The storage ring has circumference of 16.8m and a revolution
frequency is 17.8 MHz. In the storage ring, the electron bunch is
forced to follow a circular motion under the influence of magnets
placed along its circumference. The storage ring consists of an array
of eight magnetic dipoles that are used to bend the electron bunch,
twenty four quadrupoles that are used to focus the electron beam
(act as an optics lens) and twelve sextupoles used to correct for

chromatic aberration [4].

Laser: A laser of 1W average power is used. The laser photon energy

1s1.16 eV.

The Fabry- Perot cavity is integrated between two dipoles. The laser
power is amplified by accumulating the pulses in a high gain four

mirror Fabry-Perot resonator.

The interaction point is the position where the collision between an

electron bunch and a laser pulse occurs to produce Compton X-rays.

The X-ray beam line has equipment that ensures the detection, the

monitoring and the measurement of the X-ray beam flux. Measuring



the Compton X-ray beam flux can be accomplished by using a

cadmium telluride (CdTe) detector.

ThomX parameters’ values, of its three main components, the storage
ring, the laser and the Fabry-Perot cavity, are summarized in Table 1.1.

Table 1.1: ThomX parameters values of the Injector, Ring and Laser
[1, 4]

Laser pulse energy 30 mJ
Laser wavelength 1066.8 nm
Circumference 16.8 m
Beam current 17.8 mA
Laser Fabry-Perot cavity frequency 35.68 MHz

The electron beam, produced by the gun, is accelerated up to 50 MeV
by the LINAC then the electron beam is transferred to the storage ring
through the guidance of the transport line. The beam is stored in the storage

ring with 17.8 MHz repetition frequency.

Concurrent with the electron beam production, a laser pulse of
wavelength A of 1066 nm with a frequency of 35.68 MHz is injected and
amplified in an optical resonator and then by a Fabry-Perot cavity. Once the
synchronized collisions between an electron bunch and laser occurs, X-
rays are produced via Compton backscattering. X-rays are extracted from

the interaction point to the X-ray line and the end station.

1.6 Literature Survey

A large number of studies have been carried out by various groups

of investigators to measure the X-rays backscattering for different energies
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of the interacting electron beam and laser pulse. This literature survey has
been carried out using available publications in scientific journals related to
Compton X-rays (compact X-rays sources) and related to detectors which
will be used to detect hard X-rays at the beam line end-stations in ThomX.
The research group of E. Frank et al. [6] has studied a compact tunable,
monochromatic X-rays source that delivers hard X-rays of energies from 10-
50 keV at narrow band width (1-10%), with a flux of 10'° photons per 8 ps

pulse.

Lattice design of a compact storage ring X-rays source at electron
beam energy of 45 MeV has been discussed by A. Poseryaev et al. [7].
Quasi- monochromatic X-rays radiation is produced in the process of
Compton backscattering of laser photons by counter propagating relativistic
electrons. According to Poseryaev, when 45 MeV electrons interact with a
laser pulse of wavelength A; equals to 10~ m, the energy spread o, is 0.016
and the normalized transverse emittance ey is 3% 10~® mm.mrad which

corresponds to the electron beam size x. which is equal to 3um.

Studying Compton backscattering X-rays is performed either by using
Monte Carlo simulations or analytical methods. Analytical approaches,
provided by M. Jacquet and C. Bruni [2], result in analytic formulas for
the angular and the spectral X-ray fluxes. These fluxes are established as
functions of the energy spread and the angular divergence of the electron
and the laser beams. The detailed predictions of M. Jacquet and C. Bruni

are compared with Monte Carlo simulations. These analytic expressions
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allow one to compute in a simple and precise way the X-ray flux in a given
angular acceptance and energy bandwidth, knowing the characteristics of
the incoming beams. Monte Carlo simulation work was carried out on
Compton scattering studies, where C. Bruni et al. [5] have performed
simulations as a function of the electron energy (5, 50 and 150 MeV).
According to [5], beam dynamics simulations have been performed for
optimizing the emittance and the longitudinal phase space for the storage
ring. The ThomX Technical Design Report, published by A. Variola et al.
[4] describes the basics of the Compton backscattering effect and gives a first
estimation of the ThomX performances based on simulations. These

simulations lead to precise predictions concerning the incoming X-ray flux.
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Chapter Two
Theoretical Background

In this Chapter, the Compton backscattering theory is reviewed and
applied to study the Compton kinematics process in the laboratory frame.
First, for ideal incoming beams, the backscattered photon energy is
calculated as a function of scattering angle. Also, the Compton scattering
cross section is introduced with ideal beams interacting. Then, the real
electron beam characteristics (energy spread, beam divergence, normalized
emittance and bunch length) are described. Finally, the interaction between
real electron beam and laser pulse and their effect on the scattered photons

energy broadening is introduced.
2.1 Compton Backscattering

To have a good estimation of the ThomX performance, an overview
of the Compton backscattering principle is provided. The theory of Compton
backscattering of an electron and a photon is limited to the scattering of ideal
electron beam and ideal photons pulse (like particle-particle monoenergetic

electron beam and monoenergetic photon pulse).

2.1.1 Kinematics of Compton backscattering

The Compton scattering process between a photon of energy E; and
an electron of energy E. in the laboratory frame is shown schematically in

Figure 2.1.
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L = axis

Figure 2.1: Scheme of the interaction between an electron and a photon. E, is the
energy of the electron beam (50MeV for ThomX), EL is the energy of the incident
laser photon, and 0. is the incident laser angle with respect to electron beam
direction and E, is the energy of the X-ray scattered photon and its scattering
angle is 0, with respect to the electron beam direction.

In the laboratory frame and using total energy conservation and linear
momentum conservation, it can be shown that the energy of the scattered

photon E4 [1,2,4,5, 8] is given by:

297°E; (1 +cos8,)
E.= a3
1+ 7176

(2.1)

Where 6. is the incident laser angle with respect to electron beam
direction, Oy is the scattering angle with respect to the electron beam
direction and vy is the ratio of the electron energy to its rest mass (for
ThomX: E.=50 MeV, y =100), Ep is the energy of laser photon and we
define E,=2y 2Er(1 + cos 0.) as the maximum energy of the scattered

photons which is emitted on-axis (0,=0°).
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The energy of scattered X-ray photons have a quadratic dependence
on the electron energy (y?) [5]. The maximum energy of the scattered

photon for head-on collisions (Ex=45 keV for E.=50 MeV, E; =1.16 ¢V and

6.=0°) will be obtained when the scattering angle 6y is zero.

Equation 2.1 shows a univocal dependence of the X-ray energy on its
scattering angle. That is, the X-ray energy has one single value at a given
scattering angle. This is very effective for selecting the energy and
consequently to obtain a quasi-monochromatic beam. A lower energy
scattered photon corresponds to a photon with a larger scattering angle with
respect to the electron beam direction. Equation 2.1 shows that, with 6.=0°,
the scattered photons having half of the maximum energy E./2 are
scattered at an angle equal to 1/y. For ThomX, we can obtain the value of
the scattering angle 64 equal to 10 mrad (which corresponds to 1/y =1/100),
for the X-ray photon with an energy of 22.5 keV (which is half of the
maximum X-ray photon energy of 45 keV) as shown in Figure 2.2. Figure
2.2 shows the obtained dependence from Equation 2.1 between the
Compton photon energy and scattering angle in the case of an ideal electron
beam and an ideal laser beam (particle-particle interaction, all particles in the

same beam travel in the same direction and have the same energy).
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Figure 2.2: Dependence obtained between the Compton X-ray energy and the
scattering angle. X-ray photons are produced from the interaction between an
ideal (particle-like) electron beam of 50 MeV through head-on collisions with an
ideal 1060 nm laser pulse via Compton backscattering. Photons of maximum
energy 45 keV are on-axis. X-rays photons with energy 22.5 keV scattered at
angle of 10 mrad (which corresponds to 0x =1/ v,y = 100 for ThomX).

Compton radiations are emitted in a forward cone with respect to the
electron beam direction (Figure 2.3). For a 50 MeV electron beam energy,
the radius of a cone is 10 cm at the distance of 10 m from the interaction
point. The cone radius depends on the electron beam energy and the position

where the radius is measured with respect to the interaction point.

Conical beam

@ ==+ On axis photons <+ 45 keV

Univocal relation between energy E, and scatlering angle @,

Figure 2.3: Compton radiation is emitted within a cone along the electron beam
trajectory [8]. For E, =50MeV, E; =1.16 eV and 0,=0°.
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2.1.2 Compton backscattering cross section

The normalized differential Compton cross section (P, ) with respect
to the ratio of X-ray energy Ey and E,, was derived by Telnov who obtained

the expression [2, 8]:
3 27
Pgx=3 [1—-2e+2e° (2.2)

where € = £ and E,, = 47°Ey ; for 6,= 0°

The significant dependence of the differential cross-section of a
Compton scattering on the initial energy of ideal electron beam, ideal laser

pulse energy and the incident angle should be noted.

By using Equation 2.2, the differential cross section (Pg x) dependence

on the energy of scattered X-ray photons for an ideal laser pulse (A = 1060

nm) and an ideal electron beam (E. =50 MeV) in a head on collision, is

obtained and represented in Figure 2.4.

2
1.8
1.6 |
1.4 +
1.2 }

1
0.8
0.6
0.4 ¢
0.2 ¢

0

X-ray probability distribution

0 051 152 253 354 45 =108
Energy of the scatlanng X-ray (V)

Figure 2.4: The differential cross-section Pgy as a function of backscattering X-ray
energy for head-on-collisions of an ideal 1060 nm laser beam with an ideal electron
beam of 50 MeV.
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2.2 Beam Dynamics

The beam dynamics theory and its associated notations is discussed
in this section starting with the definition of the basic coordinate system that
is often use to describe the motion of the billions of particles that comprise

each bunch.
2.2.1 Coordinate system used for accelerator particles

In ThomX, billions of electrons travel together in group as a ’bunch’
in a dominant direction. A theoretical particle that travels along the ideal
beam path at the average energy of the bunch could be considered as the

"synchronous particle".

It is useful to define the coordinate system that describes any given
particle’s position and velocity relative to that of the synchronous particle.
The s-direction is the particle’s longitudinal motion, pgis the longitudinal
momentum of the particle, x and z are the transverse coordinates. A
sample coordinate system is shown in Figure 2.5. A particle, during its
transverse motion in an accelerator, is characterized by its position s or
displacement from the central orbit x and its angle with respect to the

central orbit 0 (0 =x’'= dx/ds), as shown in Figure 2.6.
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Figure 2.5: Coordinate system used for accelerator particles. The particle bunch moves in
the s direction, while x and z are the transverse directions.
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Figure 2.6: The particle position from the central orbit and its deviation angle with
respect to the central orbit. Where s is the longitudinal displacement around the
ring, x is the transverse displacement and x' is the angle with respect to the central
orbit angle with respect to the central orbit and it equals to dx/ds.

If we plot X' versus x we get an ellipse, which is called the phase

space ellipse.

The synchronous particle travels along the ideal path through the
particle accelerator. The traveled distance is denoted by s, and it is common

to describe various parameters as a function of's.
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2.2.2 Electron bunch size

The betatron function is denoted by B (s) for the electron bunch at
the location s along the nominal beam trajectory. It is a generalized measure
of the beam size and it is defined by the envelope that contains the particles
through motion. The betatron function and the beam’s transverse emittance

(e) are related to the bunch size x. which is defined by Equation 2.3.

Xe =W .ﬁ{-"'}E (2.3)

This expression neglects the small contribution from the electron
beam energy spread in the Equation that gives x. which is written as

Equation 2.4.
%= /B(s)e+D(s)ocP @4)

where D(s) is the dispersion function. The transverse emittance (¢) is the
area of the phase-space ellipse, which is invariant and it has the dimension
of length times angle (m.rad). The bunch size is the phase space ellipse

projection along the x-axis as shown in Figure 2.7.



yE .I'Ii'

7
N
|l

i
-

X

x.l
1\.--E- B

Figure 2.7: Each point inside the ellipses corresponds to x, X' values of a single particle.
The projection of the ellipse on the x-axis gives the transverse beam size [9]. The variation
of B (s) around the machine will tell us how the transverse beam size will tell us how the
transverse beam size will vary (the difference between a) and b)).

b

2.2.3 Electron beam energy spread

The energy of electrons within a bunch is not fixed for all electrons.
Each of the billions of particles has its own relative motion and energy.
Some electrons have energy higher than the synchronous electron energy
and some have lower energy. Assume that the energy of the electrons in the
beam follows a Gaussian distribution with a mean energy E. and a standard

deviation o , then the energy spread is defined as o, = o (Figure 2.8-a).

This energy spread gives rise to the electron bunch length (z)
because electrons with higher energy than the synchronous particles will be
at the head of the bunch, while electrons with lower energy than the

synchronous particles will be at the tail of the bunch as shown in Figure

2.8-b.
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Figure 2.8: a) A Gaussian distribution of electron beam energy spread with
standard deviation og and mean energy E.. b) Electrons with energy higher than
the one of synchronous electron is at the head of the bunch while electron with
lower energy than the one synchronous electron is at the tail of the bunch, this
energy spread causes the electron beam bunch length [10].

2.2.4 Divergence of the electron beam trajectory

The electron beam divergence (c.') is the angular measure of the
increase in the electron beam diameter with distance from the optical
aperture from the electron gun. It is measured in radians (rad). For many

applications, a low divergence is needed to get a good beam quality.

Emittance is a property of a particle beam that characterizes its size
and its divergence. For an electron beam, the normalized emittance is
related to the beam transverse size (x.), the beam divergence (c.') and the

beam energy (E.). It is given by Equation 2.5.

EN = YO, X, (2.5)

E :
ecz ), and my is the electron rest mass).

where vy 1s Lorentz factor (y = —~
0
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Once an electron bunch is produced by an electron gun, its
normalized emittance remains constant all over an acceleration. Since the
normalized emittance is invariant for an electron beam, the transverse size
can be related with the divergence and vice versa. Hence, a decrease in the
divergence . of thebeam causes an increase of the transverse size x.. The
emittance and the energy spread of the electron beam plays an important

role in the quality of a Compton source.
2.3 Beam-Beam Interacting (Real beams)

Scattered X-ray photons are not generated by a single particle, but
rather by an electron beam which interacts with a laser pulse with a non-
zero angular divergence and non-zero energy spread (beam -beam
interacting). The angular divergences (c.’, o) and the energy spreads (o.,
o) of the electron bunch and the laser pulse, respectively, at the interaction
point lead the scattered X-rays to have different values of energy at the
same scattering angle 0,. These incoming beam parameters lead to a
significant broadening of the energy-angle distribution presented in Figure

2.2.

In most of practical cases, the divergence and the energy spread of
the laser pulse produces a negligible effect on the X-ray spectrum
broadening. Hence, we consider in the following only the effects due to the

incoming electron beam (energy spread and beam divergence).
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» The X-ray energy spectral broadening (%) due to the electron beam

energy spread (c.) and by using Equation 2.1 [2], can be expressed as:

=) 2.6
E, o, (2.6)

This can be shown by replacing y with y (1+c,) in Equation 2.1.

27 (140: ) EL(14cos8) 29 E (14cos6;)
AE; 1+7282 141787 @7
B = 272E; (14cos B) '

I+7°87

By using Taylor expansion of (1 + x)’= 142x+...+..., the term (1 + &)’
can be expanded and approximately equal to (1 + 2c¢), then Equation

2.7 can be written as:

27 (1420, )EL(1+c0s8.)  2¥°Er(1+cos8,)
AE; 1+7°62 LHP6 o 2.8)
E. 2¥2E; (14-cos 8;) R :

1+7482

The energy spectral broadening of the backscattered X-rays due to

the electron beam energy spread is twice the electron beam energy spread

(200).

* The X-ray spectral energy broadening due to the divergence of the

electron beam (o.') [2] can be given by Equation 2.9.
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AE,
o= Yo, (2.9)

This equation can be derived by replacing 0, by .’ in Equation 2.1.

2yEp [ 1 4-cos 2yEs |1 5 &
o YEL( lbﬂ:rﬁr}_ TEL teos @)

i =3 = I8 | T P
i o _ i r-r..ut_- LT F Wy 2 lﬂ
E. 292E; (14cos 8;) (2.10)

1+ 87

For a head on-axis X-ray photons 0,= 0° then Equation 2.10 can be

AE
expressed as E—" =v’ao.”

P

For instance, for a 50MeV electron beam with divergence of o'

Imrad leads to X-ray beam relative energy spread AEE of 1% and with

electron divergence of 2 mrad leads to 2 of 4%.

Equations 2.6 and 2.9 are important for the study of the X-ray energy
versus X-ray scattering angle where they are result in spectral broadening
of X- rays vertically (different X-rays energies at the same scattering angle)

and horizontally (different X-rays scattering angles at the same energy).
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Chapter Three
Calibration of Cadmium Telluride Detector

Some theoretical background of semiconductor detectors will be
introduced, then an overview on the interaction process between photons
and matter (photoelectric interaction, Compton scattering and pair
production) will be provided. Finally, a calibration for a detector that will
be used in the ThomX has been performed by using a radioactive source.
After that, the spectrum components (photopeaks, Compton edge, X-ray
florescent, escape peaks and sum peaks) for this radioactive source are

identified.
3.1 Semiconductor Detector

In semiconductor detectors, incident radiation on a semiconductor
crystal generates electron-hole pairs which are collected with an applied
electric field and result in an electrical signal. The number of electron hole
pairs generated is proportional to the energy of the incident radiation, so

the spectroscopic information of the incident radiation could be obtained.

In ThomX, the backscattered X-ray photons have a maximum energy
in the range from 45 keV to 90 keV (E. = 50 MeV - 70MeV). Therefore, a
CdTe detector is the best suitable detector for detection of the X-ray beam
line in ThomX because it has high absorption efficiency up to 100 keV
[11]. A high energy backscattering X-ray photon is a limiting factor for Si

detectors. Si detectors are only effective for absorbing photons of energies
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up to 30 keV as the absorption efficiency decreases above this value due to
its low atomic number (Z=14). In order to avoid this limitation,
semiconductor materials of higher atomic number such as Ge and CdTe
could be used. Ge detectors have an excellent energy resolution in the
energy range between 1 keV and 1 MeV. The limitation to use Ge detectors
is that Ge has a small band gap of 0.67 eV at room temperature [11]. At
room temperature, a small band gap results in the generation of a large
number of the thermal carriers. In order to overcome this limitation, Ge

detectors must have a cryostat system.

In ThomX, CdTe detector of 3mm X 3mm surface area will be used
because it is an excellent choice for room temperature X-ray spectroscopy
and due to its good detection at high energies (more physical properties for
CdTe are listed in Table 3.1). Where the electrons’ mobility (p. ) and the
hole’s mobility (u,) characterize how quickly an electron or a hole can

move through a metal or semiconductor, when it pulled by an electric field.

Table 3.1: Physical properties for CdTe [11]

Atomic number Cd=48 and Te= 52
Density 6.2 gm/cm’
Band gap 1.44 eV
Pair creation energy 4.43 eV
WeTe 10° cm’/V
WnTh 10 cm’/V

Testing the CdTe detector, which will be used in ThomX is

performed by using peaks of a known source; we use a known radioactive
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source (°*’Co) which produces discrete gamma energy lines at 14.4, 122,

and 136 keV (Figure 3.1-a).
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Figure 3.1: a-) Cobalt-57 decay scheme. b-) Scheme for *’Co produces *'Fe in an
excited state [12].
Table 3.2: Physical data for cobalt-57 [13]

136keV (11%)
122 keV (86%)
14.4 keV (9%)

Half-life time 270.9 days
Specific activity 8.481x 10°Ci/gram

Photon energy

Table 3.2 summaries information about the peaks that are identified
in the spectrum of the radioactive source >’Co. The decay of *'Co by
electron capture produces an excited state of >'Fe. The electron capture
process changes a proton of >’Co to a neutron that forms an excited state of
the *’Fe nucleus. The exited state of >’Fe emits photons in order to reach

the ground state (Figure 3.1-b) (Table 3.3).
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Table 3.3: Physical data for iron-57 [13]

X-ray emission lines (Kg & Kg) | Energy (keV) | Relative probability
Ko 6.39 5.07%
Kai 6.40 100%
Kgo 7.05 20.66%
Kg1 7.05 20.66%

Radiation detectors’ operating mode depends on the mechanism of
radiation interaction with the material which is composing the detector.
Gamma rays interact with matter in three ways; first of all, photoelectric
absorption; secondly, by Compton scattering; finally, through pair
production. These three interactions make different contribution to the

measured energy spectra

as shown in Figure 3.2.
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Figure 3.2: a) Photoelectric effect. b) Compton scattering. ¢) Pair production [14].
a. Photoelectric effect:
The photon energy is completely absorbed in the matter, supplying

enough energy to release an electron from the bound state. The kinetic

energy of an ejected electron (K.E,) is given by [15]:
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K.E,=E—E (3.1)

where E, is the energy of the incident photon and E, is the binding energy
of the electron. In the ideal case, in which there is only a photoelectric
process and the gamma ray is completely absorbed in the ideal detector, we
will obtain a very sharp full energy photopeak [15]. In the photoelectric
effect, the inner-most shell electron in the atom (K- shell) has some
probability to be ejected. The ejected electron leaves a vacancy in the shell.
An electron from a higher level fills in the K-shell. Since the K-shell is the
lowest energy level, the difference in the internal state energy is emitted as
a fluorescent X-ray. The energy difference between the two binding
energies is a characteristic of the atom, in which the fluorescence process
occurs. The emitted fluorescent X-ray is called the characteristic X-ray

because it uniquely identifies the element.
b. Compton scattering:

The incident photon is scattered by an electron. Therefore, the

incident photon transfers a part of its energy to the ejected electron.

The loss of energy for the scattered photon and the gain of energy for
the Compton electron depend on the photon scattering angle 6. The linear
momentum and the total energy are conserved. The scattered photon has a
longer wavelength A, than the incident photon which has a wavelength A

[15]. From simple computations:
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h
-H-;mrrermg = Aincidens + s (1 —cos8) (3.2)

g

where m, is the mass of the electron which is equal to 0.511 MeV/c” and h

1s Plank’s constant.

Then the energy of the Compton electron is equal to the difference

between the initial and the backscattered gamma photon energies:
E.=E;—E, (3.3)

where E; is an energy of the incident photon and E,” is an energy of the

scattered photon:
E;
E = . (3.4)
T 14 -Ei(1-cosB)
Ml
Two extreme cases are possible:
. The minimum energy transfers to the electron when the scattering

angle of the photon is zero (AA = 0). It means that the energy of the
incident photon is equal to the energy of the scattered photon. In

other words, there is no energy transfer to the electron.

. The maximum kinetic energy is transferred to the electron when the

photon is scattered through an angle 6 =180" (AA is maximum
h

=

mec?
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At the intermediate scattering angle, the amount of energy
transferred to the electron must be between those two extremes. The photon
that scattered through an angle of 180" is called backscattered photon, and
its energy is given by the following Formula [15]:

¢ E I

¥ | backscattered) E;
142 e

(3.5)

c. Pair production:

The incident photon energy creates electron-positron pair. The
minimum energy of the incident photon required to produce a pair is twice
the electron mass. If the incident photon has energy higher than 1.022MeV
[15], the excess energy is given to the electron-positron pair as kinetic

energy.

3.2 The Measured Spectrum for the Radioactive Source ’Co with

Lead Shielding

In the lab, we carried out an experiment to calibrate the CdTe
detector that will be used in the ThomX, by determining its response to a
known radioactive source >’Co. This radioactive source is used to confirm
the satisfactory operation of this CdTe detector. Also, we have checked the
change of CdTe response with respect to the energy of the incident

radiation.
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A computer program is needed in order to visualize and perform a
basic spectrum analysis by using spectrum analysis software. The result is a
graph of counts of photons as a function of photon energy. Figure 3.3 is a
calibrated spectrum and the photopeaks are marked. The other component
(Compton edge and Compton continuum, florescent X-rays, escape peaks

and sum peaks) of the spectrum are visualized in Figure 3.4.

In testing the CdTe detector, by taking into account the radiation
safety rules, we used a lead shield as radiation protection. Lead can
effectively attenuate radioactive source radiation due to its high density and

high atomic number.
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Figure 3.3: >'Co spectrum representing photopeaks.
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Figure 3.4: The spectrum components of >’Co with lead shielding.

3.2.1 Spectrum components:

The following three photopeaks from *’Co were used for calibration:
14.4, 122, and 136 keV (Figure 3.3). The origin of the unknown peaks on

the measured gamma spectrum will be explained.
3.2.2 Full energy peak

A full energy peak appears when an incident gamma ray energy is
absorbed completely by the detector. A gamma ray transfers its energy to
an atomic electron via the photoelectric effect. This event gives rise to a

full energy peak at the energy equal to the gamma energy (Figure 3.5).
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Figure 3.5: Photoelectric interaction of the incident photon with an electron.

The decay of a >’Co nucleus produces a daughter >'Fe in an excited
state, which in turn decays to the ground state with emission of X-rays
[13]. These X-rays are responsible for the expected peak at 6.4 keV (Figure
3.3). The three measured photopeaks are observed at 14.4, 122 and 136
keV. These peaks correspond to the photoelectric interaction of photons
with electrons of the CdTe detector, in which the incident photon energy
(14.40, 122.00 and 136.00 keV) is absorbed by the crystal (CdTe). The full
energy peak width (Gaussian shape) is determined by the statistical
fluctuations of the charges produced from the interactions plus a
contribution from the electronics. The Gaussian shape centroid represents
the incident photon energy. The photo- peak distribution should be
Gaussian. However, at 122 keV and 136 keV, two photopeaks have tails
extending toward the lower energies (Figure 3.4), which is due to hole
trapping. Hole trapping is responsible for incomplete charge collection in
the detector [16]. For the CdTe semiconductor detector, a high probability
for recombination of electron and holes exists due to high impurities in
CdTe detector. Holes have ten times less mobility than the electrons’

mobility and they have a shorter lifetime than the electrons’ lifetime (Table
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3.1). When the photoelectric interaction occurs inside the detector and far
from the detector surface (cathode), the time needed for the holes to reach
the cathode is larger than the hole lifetime. In other words, the holes will be
trapped and this will produce fewer signals than the expected [16].

calhode anpoe

Incident gamma
ray

B -.’-\w L aslacirons
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Figure 3.6: Planer configuration of a semiconductor detector. Electron-hole pair
are generated by radiation. They are swept toward the appropriate electrode by
the electric field [11].

For low gamma ray energies (e.g., 14.4 keV), the photoelectric
interaction occurs beneath the surface of the detector (cathode), but the
interaction is close to the surface. It means that the time needed for the
hole to reach the cathode is less than the hole lifetime. The probability to
lose the hole by recombination is very low. Since the electron has higher
mobility and larger lifetime than the hole, it will reach the anode without
any loss. At higher gamma ray energies (122, 136 keV), the photoelectric
interaction occurs everywhere in the detector. If the interaction occurs at a
certain depth where the time needed for the hole to reach the cathode is
larger than the hole lifetime, the hole will be trapped and results in a signal

less than that expected. In conclusion, the fraction and the resultant pulse
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height depend on the interaction depth (measured from the cathode) and the

energy of the incident gamma rays (Figure 3.6).
3.2.3 Compton edge and Compton continuum

When the Compton effect occurs, the scattered gamma escapes from
the detector. The detected energy is the kinetic energy given to the ejected
electron (Figure 3.7). Depending on the scattering angle, the detected
energies vary from the minimum value of the scattering angle (6 = 0°) to
the maximum value of the scattering angle (6 = 180"), and thereby we get
the Compton edge. The Compton edge represents the maximum energy
loss by the incident photon. Equation 3.5 and Equation 3.3 are used to

calculate the energy of Compton edge (6 = 180").
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Figure 3.7: Gamma ray interacts with detector’s electrons via Compton scattering.

The Compton edge energy for the two incident gamma rays can be

calculated:
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* For 122 keV incident gamma ray:

From Equation 3.5, the calculated value of energy of the backscattered

photon is 82.5 keV.
We get from Equation 3.3 the Compton edge Ecompton cdge 15 at 39.5 keV.
e For 136 keV incident gamma ray:

From Equation 3.5, the expected energy of the backscattered photon is 88.7

keV.
We get from Equation 3.3 the Compton edge Ecompton cdee 15 at 47.3 keV.

The measured spectrum (Figure 3.4) does not show any peak of
Compton edge at 47.3 keV, because the intensity 136 keV gamma ray is

ten times less than 122 keV gamma ray intensity.
3.2.4 Florescent X-rays

Gamma rays undergo photoelectric interactions with the detector and
the material surrounding the detector. There is a probability for this
photoelectric interaction to eject an electron from an inner shell of the atom
with kinetic energy which is given by Equation 3.1. It results in leaving an
electron vacancy in the K-shell. An electron from a higher energy level
could fill this vacancy by emitting a characteristic X-ray. As a lead shield
surrounds the detector, the photoelectric interaction of incident gamma ray

with K-shell electrons from lead will produce Pb- fluorescent X-rays
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(Figure 3.8). The result will be a number of X-ray peaks in the measured
gamma spectrum in the region between 72 keV and 85 keV (Figure 3.4).

Table 3.4 shows the X-ray florescence of lead.

Table 3.4: Florescence X-ray for lead [17]

Energy(keV) X-Ray Emission line
74.96 Kai
72.80 Kap
84.93 KBI
Ph-
ﬂ'.l'!llrl'-."'.‘:i-l:-l".‘r'lr.
A-ray
Incident w4
gamma '
R Lead
A e
@ - shielding
Radioactive Photoelectne
SOUICE glaciron

Figure 3.8: Gamma ray interacts with the detector’s shielding resulting in Pb-
florescent X-ray.

3.2.5 Escape peaks

When gamma rays interact by photoelectric interaction with the
CdTe detector, they are able to excite some Cd and Te atoms. During the
atom transitions to ground state level, Cd and Te atoms emit a
characteristic X-ray at the energies shown in Table 3.5. However, for those
events near to the surface of the detector there is reasonable probability that

some fluorescent X-rays might escape from the detector. A peak will
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appear in the gamma ray spectrum at the energy of incident gamma

reduced by the K-edge energy of Cd or Te as shown in Figure 3.9.

A-ray characlanstcs of
= Cd or Te with Egyee=
= 23.26.27.31 keV

Incident

gamma ray of

122 oo 135151‘@",{,,, -
Radicactive
sS0uUrce

Ejecied
alacinon with
anarngy =k

| S

Figure 3.9: Characteristics X-rays escape from CdTe detector.

Table 3.5: Cd and Te X-ray emission lines [17]

Element Ka (keV) Koo (keV) Kp; (keV)
Cd 23.17 22.98 26.09
Te 27.47 27.20 30.99

The escape peaks for characteristic X-ray for Cd and Te, are

expected in the energy range between 91 and 108 keV (Figure 3.4).

The expected escape peaks are:

. 122 keV - 23.17 keV=98.83 keV.

. 122 keV - 22.98 keV=99.02 keV.

. 122 keV - 26.09 keV=95.91 keV.

. 122 keV - 27.47 keV=94.53 keV.

. 122 keV - 27.2 keV=94.8 keV.
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. 122 keV -30.99 keV=91.01 keV.
. 136 keV -23.17 keV=112.83 keV.
. 136 keV -22.98 keV=113.02 keV.
. 136 keV -26.09 keV=109.91 keV.
. 136keV - 27.47 keV=108.53 keV.
. 136 keV -27.2 keV=108.8 keV.

. 136 keV - 30.99 keV=105.01 keV.
3.2.6 Sum peaks

When two or more photons reach the CdTe detector simultaneously,
the electronic circuit cannot distinguish two signals. Only one single pulse
is recorded. This event forms a peak which is called a sum peak. The peak
energy corresponds to the sum of energies of the two photons. These sum
peaks are not only obtained from events of the same element, but also from
events of different elements. The excited *'Fe emits an X-ray with energy
at 6.40 keV with a probability of 100%. This 6.40 keV X- ray is

responsible for the sum peaks on our measured spectrum.

We expected to have sum peaks at: 12.8 keV (6.40 keV+6.40 keV),
20.8 keV (14.40 keV+6.40 keV), 128.4 keV (122 keV+6.40 keV), and
142.4keV (136keV+6.40 keV) (Figure 3.4).
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It must be noted that there are no annihilation peaks on the spectrum.
This is exactly what is expected, since the emitted gamma rays of
radioactive >’Co are not energetic enough (1.002 MeV) to undergo pair

production.
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Chapter Four
Simulation Results of Angular and the Spectral Flux of the
ThomX Source

In Chapter 2, the spatial and energy distributions of a Compton X-
ray beam using the (particle-particle) scattering theory was studied. In this
theory, an ideal electron and laser beams with zero energy spread and zero
divergence were assumed. However, in the reality, electron and laser
beams have finite spatial and energy distributions, which could affect the
X-rays beam energy distribution. Therefore, there remains a need to study
the characteristics of the X-rays beam produced by Compton
backscattering of a real laser beam and a real electron beam, i.e., the
(beam-beam) Compton backscattering. In this Chapter, the beam-beam
scattering theory is discussed . First, an analytical formula to estimate the
total flux of a Compton X-rays beam (without any collimated condition) is
calculated. Then, two approaches to predict the X-ray beam spectral
characteristics are adopted: one based upon analytical calculations and the
other based upon the CAIN simulation pro- gram. These two approaches
have been applied to study the Compton X-ray beam as a function of the
real electron beam parameters of electron beam energy spread o. and
electron beam divergence .. Analytical formulas to study X-ray flux
could be divided into two branches. The first one is the study of X-ray flux

without any collimated conditions, the second one is the X-ray flux study
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in different X-ray beam collimated conditions (energy bandwidth bw and
angular acceptance o) where the energy bandwidth is an energy band
counting all energies between upper cut-off and lower cut-off energies
limit. Finally from the demand of users for specific collimated conditions
for ThomX X-ray beam, a high X-ray flux is obtained at a certain value of

the electron beam parameters (c.” and x.).
4.1 Expected ThomX Flux from Analytical Cal- culations
4.1.1 Total X-ray flux without collimated conditions

In the ThomX project, an X-ray flux of about 10'' — 10" ph/sec [4,5]
is expected to be achieved. To obtain such a high flux, ThomX is designed
to have InC electron beam produced by an RF gun with a normalized

emittance of less than 10 urad.

In Compton interactions of two real beams, the total number of X-
ray photons produced per second [2, 8], without any selection of the energy

bandwidth nor opening angle, is given by the formula:

F{E;]l _ _ z.r.r:ﬂ.fﬂ.f_ﬁ'{‘,ﬂ . {4‘1}
2/ [(xe? +-312) + tan?(8/2) (22 + 220 +312)
where:
. Y is Thomson cross section, Xy, =6.65x10 > m’.

. n, is the number of electrons per bunch.
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. ng is the number of photons per laser pulse.

. fiep 1s the repetition frequency of the electron beam and laser pulse
interaction.

. 0. is the incident angle of the laser pulse with respect to the electron

beam direction.

. Xe, XL, Yer VL, Ze and z; are the three dimensional bunch sizes of the
(Gaussian) electron bunches (index e) and (Gaussian) laser photon

pulses (index L).

To obtain high fluxes from Equation 4.1, both the electron bunch and
the laser pulse must be focused on a small spot size (small x., X1, Ve, V1, Ze
and z;) to produce a large number of backscattered X-rays, because of
small Thomson cross section. Table 4.1 summarizes the ThomX
parameters of the real electron beam and real laser pulse.

Table 4.1: Nominal values of the ThomX parameters [1, 2, 4]

Electron beam energy 50 MeV
Electron bunch charge InC
Normalized emittance 10 pm.rad
Transverse size of the electron beam (xe) 70 pm
Electron bunch length (z¢) 4.80 mm
Laser energy pulse 30 mJ
Transverse size of the laser pulse (XL) 40 um
Laser pulse length (z]) 3 mm
Incident angle (O¢) 0°
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With these proper parameters: the number of electrons in a 1nC

bunch 18 equal to 0.625%10" electrons, since ne
__charge of the electron bunch

, the number of photons per pulse is equal to 1.6
charge of the electron

x10"" photons for a 1060 nm laser photon with 30 mJ pulse energy [4], n;=

laser pulse energy

2 laser photon enrgy’ and the repetition frequency is 17.8 MHz, since

c

frep= =17.8 MHz, where c is the speed of

circumference of the ring (16.8m)

light in m/s, the total flux calculated from Equation 4.1 is equal to 2.89 x

1013 ph/sec which is as expected [4, 5].

4.1.1.1 Total Flux dependence on the electron, laser beam transverse

sizes and incident angle

One of the main parameters that determine the efficiency of the X-
ray production are the beam sizes at the interaction point. Equation 4.1
shows that to increase X-ray flux, the beam size should be as small as
possible. The dependence is inversely proportional to the square of the

beam size.

To implement the optimization of the photon scattered flux, the
programming language MATLAB was chosen. The scattered photons flux
is calculated as a function of the transverse size X, as shown in Figure 4.1.

For ThomX the nominal electron beam transverse size X, 1s around 70 pm

[].
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Figure 4.1: The total X-rays flux as a function of electron r.m.s transverse size x,
with constant laser beam waist size xi, of 40 pm.

The obtained variation depicted in Figure 4.1 shows that a decrease
of the laser pulse transverse size from 100 to 10 um increases the flux just
by a factor of three (Figure 4.2). The nominal designed value for laser

beam transverse size used in ThomX is 40pum [1].
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Figure 4.2: The total X-rays flux as a function of the r.m.s laser beam transverse
size xi, for an electron beam of constant transverse size x,=70 pm.

From Equation 4.1, it is obvious that the maximum flux is obtained
when the incident angle Oc is zero. Figure 4.3 shows the backscattering X-

ray flux as a function of the incident angle 6, in rad.



47

x10M

2.8
2.6
2.4
2.2

Flux(ph/sec)

1.8
1.6
1.4

1.2
o 0.5 1 1.5 1.57
Incaden] anglé &, (rad)

Figure 4.3: The obtained X-ray flux dependence on the incident angle between the
laser pulse and the electron beam (0 < 0. <7 /2).

4.1.2 X-ray flux with collimated conditions
4.1.2.1 X-ray flux for selected energy bandwidth

To study the X-ray flux for selected energy bandwidth, the electron

beam divergence ¢, is not taken into account.

Suppose an electron with nominal energy E, interacts with a laser

photon.

It will then produce an X-ray photon with nominal energy E,. And
if an electron has higher energy E,, the energy of the produced X-ray
photon by this electron at the same scattering angle Ex1 will be greater
than E,,. So, the X-ray flux in a given energy bandwidth centered around
the nominal X-ray energy E,, will decease as the energy spread of the
electron beam increases since the diaphragm only selects the central part of
the beam (i.e. its higher energy part). The flux in the given bandwidth AE

centered around the on-axis X-ray energy is [2]:
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Fio(0:) = gF{E@-)bw 1 — (bw — bw?/2)ERF [bwf{zﬁa,}]

(4.2)
—64/2/na.exp(—bw?/80,7)
where:
. F (8.) is the total flux as expressed and calculated in Section 3.1.1.

. bw is the chosen relative energy bandwidth of the X-ray photons.

. EREF is the error function.
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Figure 4.4: The X-ray flux as a function of energy spread for different energy
bandwidths. a) bw=0.1%, b) bw=0.7%, ¢) bw=3%.
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Figure 4.4 shows the relation of the flux as a function of the electron
relative energy spread for different energy bandwidths. It can be noticed
that for a small energy bandwidth (bw=0.1%), the energy spread of the
electron beam affects and leads to a decrease of the flux even for a small

electron beam energy spread c..
4.1.2.2 X-ray flux for selected angular acceptance

As already discussed in the previous section, an X-ray photon of a
given energy is scattered with a specific angle. In case of perfect laser and
electron beams, the scattering angle has a univocal relation with the energy
of the X-ray. The angular acceptance is the selection of the emission angle
of the X-ray with respect to z-axis. But with real electron beam with natural
divergence, the flux for a given angular acceptance (opening angle)
decreases as the electron beam divergence increases. The effect of the

electron beam energy spread is negligible (6.=0) [2].
The flux F, in a given angular acceptance a as a function of electron

beam divergence o, is given by [2]:

Falo, F{E} (Ha)® _ 2012 (3. -5 ff_F-?z_f’_"‘)]

(1+ n:lu"ll] {1_.- 4 =T l-i—Hf
(4.3)

where:

. F,is the flux in a given angular acceptance.
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. a. is the angular acceptance around the z-axis.
TP
. F (6.) is the total flux calculated in Section 3.1.1.

For ThomX with a 50 MeV electron beam, Equation 4.3 is valid as

long as p, <0.15 and y*c.”* <0.03 [2].

Figure 4.5 displays the obtained flux as a function of electron beam
divergence for different values of the angular acceptance o and calculated
with parameters of Table 4.1 keeping the electron beam emittance value
variable. For the selected opening angles (o =lmrad, o =2mrad), the

obtained flux decreases as electron divergence increases.

10" a= | mrad 10" @ = 2 mrad
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Figure 4.5: X-ray flux as a function of electron beam divergence 6.’ for two
different values of the angular acceptance a . a) @ =1mrad, b) a =2mrad.
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4.1.2.3 X-ray flux for a selected angular acceptance and energy band-

width dependence on the electron beam divergence

In this section, the electron beam energy spread is ignored (c.=0)
and the X-ray flux in a given angular acceptance and in a given energy

bandwidth, as given in Equation 4.4 is calculated. First, we will convert

the energy bandwidth into the angle 6, where 0, = bw

bandwidth becomes equivalent to an angular acceptance which defines a
cone whose axis is along the direction of the electron beam and whose half
opening is O,,. For instance, with the ThomX parameters when the
bandwidth is 0.1%, it corresponds to a 0y, of 0.316 mrad. The flux of the
scattered X-ray within the angular acceptance o and within the given

energy bandwidth bw is given by the following formula [2]:

s {w[ o[- %))
+\/2 ’EHFRF{ fcr ‘/Ecrg’ﬂ FRF{JGJ
y‘i O’ (B + C)ERF ( 'I; :j“ )

(4.4)

Where F (0.) is the total flux calculated in Section 3.1.1, 6,, equals
the minimum value between a and 6, Oy equals the maximum value be-

tween o and 6y, and ERF is the error function.

Figure 4.6 represents the obtained dependence between the X-ray

flux and the electron beam divergence for different values of the bandwidth
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and the angular acceptance, and for the ThomX parameters of Table 4.1

except the electron beam emittance value which is variable.
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Figure 4.6: X-ray flux as a function of the electron beam divergence 6.’ in a given
angular acceptance o and a given bandwidth bw. a) bw=0.1%, b) bw=0.7%, c)
bw=3% (red line a =2 mrad and blue line a =1mrad).

4.1.2.4 X-ray flux for a selected angular acceptance and energy band-

width dependence on the electron beam energy spread

The electron beam divergence is now ignored (c.= 0), and we
calculate here the X-ray flux in a given angular acceptance o and a given
energy bandwidth bw by taking only the electron beam energy spread o,

into account [2]. The expression of the flux is:

. 2 " 2
om0~ S0 () e )]

+ (Ha +bw}ERF(TT;?") — (M — bw)ERF (‘;}_2:") }
E s
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where:
© =yl
. F (6.) is the total flux expressed in Section 3.1.1
. EREF is the error function

Figure 4.7 shows the obtained variation of the X-ray flux as a
function of the electron beam energy spread for different selected angular

acceptance and bandwidth values and for the ThomX parameters of Table

4.1.
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Figure 4.7: The X-ray flux as a function of the electron beam energy spread o, in a
given angular acceptance o and a given bandwidth bw. a) bw=0.1%, b) bw=0.7%,
¢) bw=3% (red line o =2 mrad and blue line o =1mrad).
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4.1.2.5 X-ray flux for a selected angular acceptance and energy band-
width dependence on both the electron energy spread and the

electron divergence

Here, we take both the electron beam energy spread o. and the
electron beam divergence ce() into account to calculate the X-ray flux.
When the energy spread o, of the electron beam is dominant with respect to
the electron beam divergence o.', we can use the same flux as Formula 4.5,
but with a small correction to take into account the electron beam

divergence.

For this, the energy bandwidth in terms of 0, angle has to be

modified as bWpdifiecd = \/ bw? + (20,)? [2]. However, when the electron
beam divergence plays a dominant role with respect to the energy spread,
we will get the same flux as Formula 4.4, but with a small correction to
take into account the electron beam energy spread 6.. The modified energy
spread to take the electron beam divergence into account iS Gemodifiedy= Oe +

vo.” [2].

Figure 4.8 shows the obtained X-ray flux as function of the electron
beam divergence for different values of the angular acceptance and the
energy band- width and taking into account the electron beam energy
spread (o= 0.5% and 1.5%). Calculations have been performed with the
ThomX parameters of Table 4.1 except the variable electron beam

normalized emittance value.
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Figure 4.8: The flux as a function of the electron beam divergence ¢,” for an
electron energy spread of 0.5% and 1.5% and for an angular acceptance of 1 mrad
and 2 mad, for different bandwidth values. a) bw=0.1%, b) bw=0.7%, ¢) bw=3%.
The red line is for o =1mrad, the blue line is for o =2 mrad, the dotted line is for
06.=0.5% and the dashed line is for ¢.=1.5%.

These discontinuities shown in the curves of the Figure 4.8 are due

to the use of Equations 4.4 and 4.5 with the previously discussed

corrections. When 2y’c.*+ bw< \/ bw? + (20,)? , Equation 4.5 should

be used by replacing o, by 6.+y°c.”>. Otherwise Equation 4.4 is used where

bw is replaced by,/bw? + (20,)2 .
4.1.3 Optimization of the machine operating point

Increasing the divergence of the electron beam causes the X-ray flux
to decrease for a selected energy bandwidth and angular acceptance. From
Equation 4.1 when the transverse size of the electron x. decreases the flux
will increase. The electron beam normalized emittance ey = Yy . X, the
electron beam transverse size varies as the electron beam divergence

changes since both the normalized emittance and gamma are constants.
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Because of constant normalized emittance, as the electron beam divergence

c. increases its transverse size X. decreases.

Figure 4.9 represents the X-ray flux in 0.2 mrad angular acceptance
and 1x10* energy bandwidth as a function of electron beam divergence
o. for a constant normalized emittance of 10um.rad. As mentioned before,
from Equation 4.1, a decrease in the electron beam transverse size x. leads
to an increase in the X-ray flux. So at a specific value of the electron beam
transverse size (certain value of electron beam divergence) we get a
maximum flux. The maximum flux corresponding to specific value of the
electron beam divergence o.' is found to be equal to 0.8 urad (which will

be used later in my simulations).
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Figure 4.9: X-ray flux a given angular acceptance a of 0.2 mrad and an energy
bandwidth of 0.01% as a function of o., for 6. = 0.1%, &y =10pm.rad. The
maximum flux of 4.018x10’ ph/sec is obtained when o, is equal to 0.8 mrad which
corresponds to x. equal 125 pm.
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4.2 Expected ThomX X-ray Beam from the CAIN Simulation

Program
4.2.1 The CAIN program

In this section the CAIN program [18, 19] will be used. CAIN is
based on a Monte-Carlo code for interactions involving high energy
particles (electrons, positrons and photons). CAIN provides the ability to
simulate Compton scattering and to study the resulting effect on the flux of
the backscattered photons. The CAIN simulation program is written by K.
Yokoya et al. [18], it uses a dedicated, elaborate meta-language for

defining the input parameters.

The CAIN program simulate interactions between a laser pulse and
an electron beam. Here, we use this program with the ThomX nominal
beam parameters of Table 4.1. The goal is to study the effect of the beams

parameters on the backscattered X-ray spectrum.

In the ThomX ring, the charge of the electron bunch is 1nC. This
corresponds to a huge number of electrons, about 10'® electrons in a single
bunch, this requires a very long computational time in order to simulate
each electron individually. In order to reduce the computational time and
render the technique more tractable, the electrons are divided into groups
called macro-particles. For instance a 1 nC electron bunch contains 0.625 x
10" electrons and are divided into several macro-particles each macro-

particle containing a certain number of electrons. In our simulation, we use
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10 macro-particles and each macro-particle contains 10° electrons. Doing

such simulations takes more than eight hours per simulation.

Also, the electron-laser collision time is divided into 400 time steps.
At each time step, the Compton scattering process between an electron
macro- particle and a laser photon macro-particle is simulated and produce
a backscattered photon macro-particle according to the cross section of
Compton process. At the end of the simulation, the output files are

containing all input and output particles’ information.

By using the CAIN program, we intend to investigate the effects of
the electron beam energy spread o, and the electron beam divergence o,

on the spectral and angular Compton X-rays flux.

4.2.2 Simulations and results

It 1s also possible to see the effect of the electron beam parameters
on the total flux. For this, simulations were performed in which some
parameters were changed in order to study how they affect the flux and the

energy distribution of the scattered photons.

The first CAIN simulation was performed with the following input

parameters:
. en =1pm.rad.
. .= 0.1%.

. 6. =80urad.

. Xe =125 pm.
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Figure 4.10 shows the angle and energy dependence of the X-rays
flux resulting from this simulation. The maximum value of the X-ray flux
for on-axis X-rays in a given A0, is 2.66 x 10'°ph/sec, appendix A gives
the details of the calculation of this flux. This energy broadening of the X-
ray spectrum is due to the electron beam energy spread and the divergence
of the electron beam. The spectral distribution of X-ray macro-particles as
a function of their energy is presented in Figure 4.11. Figure 4.12 displays
the detailed of Figure 4.11 distribution of the X-ray photon energy
spectrum near the Compton edge.
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Figure 4.10: Angle and energy dependence of the spectral flux (color code) which
indicates the surface density of the photon macro-particles (from white as less
intense to red as more intense) resulting from CAIN simulation performed with
the following electron beam parameters: ey =lprad.m, o, =80urad and 6.=0.1%.
The number of bins for the 0,-axis were 133 bin where A0,=0.3mrad and for the
Es-axis were 159 bins where E,=0.5%. The maximum number of on-axis macro-
particle/surface is 2.14 x 10".
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Figure 4.11: Spectral distribution of the Compton photons resulting from a CAIN
simulation performed with the following electron beam parameter: ¢. = 0.1%, ey =
1 pm.rad and o¢." =80purad. For the E,-axis the number of bins used were 1000 bin,

AE=0.1%.

Number of Macro-particle
S ESEEEEE RS

Figure 4.12:

L ¥ 43 4.4 45 LE] a7 48

X-ray Enargy (aV) 10"

S
[
=

As Figure 4.11, where the Compton edge is highlighted. The

maximum energy of X-rays obtained is 45.031 keV.
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As expected, because of the good quality of the electron beam used
in the simulation (ey = 1 um.rad, o, =80urad and o, = 0.1%), the spectral
and the angular flux of Figure 4.10 remains narrow, i.e. quite close to the
energy-angle curve resulting from interactions between two ideal incident
beams (Figure 2.2). For the same reason, the Compton edge tail in Figure
4.12 due to the small energy spread o, is almost invisible. This distribution

1s near the perfect one shown in Figure 2.4.

To evaluate the influence of the electron beam divergence, a second
simulation is performed with electron beam parameters of the normalised
emittance ey = 10p rad.m and the divergence o, = 800urad (the other
parameter o, is remaining the same). The result is shown in Figure 4.13.
In comparison with Figure 4.10, the effect of the electron beam divergence
generates a horizontal broadening; X-ray photons with the same energy
have now different scattering angles. The main consequence is a decreasing

of the number of mono-energetic photons observed at a given angle.

The maximum obtained value of the on-axis X-ray flux in a given
A, is 8.831 x 10’ph/sec, appendix A gives the details of the calculation of

this flux.
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Figure 4.13: Angle and energy dependence of the spectral flux (color code) which
indicates the surface density of the photon macro-particles (from white as less
intense to red as more intense) resulting from CAIN simulation performed with
the following electron beam parameters: &y =10prad.m, o, =800urad and
6.=0.1%. The number of bins for the 0x-axis were 133 bin where A0,=0.3 mrad
and for the E,-axis were 159 bins where AE,=0.5%. The maximum number of on-
axis macro-particle/surface is 7.1 x 10°.
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Figure 4.14: Spectral distribution of the Compton photons resulting from a CAIN
simulation performed with the following electron beam parameter: o, = 0.1%, ex=
10pm.rad and o, =800urad. For the E;-axis the number of bins used were 1000
bin, AE,=0.1%.
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Figure 4.15: As Figure 4.14, where the Compton edge is highlighted. The
maximum energy of X-rays obtained is 44.999 keV.

As expected, the spectral distribution shown in Figure 4.14 and 4.15
has the same shape of those in Figure 4.11 and 4.12 since the value of the

energy spread o, used in the CAIN simulations is unchanged (c.=0.1%).

Finally, to evaluate the effect of the electron beam energy spread o,
on the X-ray spectrum, we performed a third simulation where the electron
energy spread o, is increased. The electron beam parameters’ values used

in the CAIN simulation are as the following:

en =lurad.m
. o, =80urad
. X~ 125 pm

. 0.=1% ( larger value than the value was used Figure 4.10 and 4.13)

The angle and energy dependence of the X-ray flux is shown in Figure
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4.16. The maximum obtained value of the on-axis X-ray flux in a given A6y
is 4.17 x 10’ph/sec, appendix A gives the details of the calculation of this
flux.By comparing Figure 4.16 with Figure 4.10, the effect of the electron
beam energy spread can be visualized as a larger energy broadening (i.e. a
"vertical" broadening); the X-ray photons with the same scattering angle

have different energies.
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Figure 4.16: Angle and energy dependence of the spectral flux (color code) which
indicates the surface density of the photon macro-particles (from white as less
intense to red as more intense) resulting from CAIN simulation performed with
the following electron beam parameters: ey =lprad.m, o, =80urad and o.=1%.
The number of bins for the 0,-axis were 133 bin where A0,=0.3mrad and for the
Ex-axis were 159 bins where AE=0.5%. The maximum number of on-axis macro-
particle/surface is 3.36 x 10°.

The effect of the energy spread (c.) is more highlighted on the X-ray
spectral distribution shown in Figures 4.17 and 4.18. Indeed we see clearly
in Figure 4.18 that a tail appeared at the Compton edge energy. The main
effect of the electron energy spread is to degrade the X-ray beam

monochromaticity at a given observation angle.
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Spectral distribution of the Compton photons resulting from a CAIN

simulation performed with the following electron beam parameter: o. = 1%, ex =
1um.rad and ¢, =80urad. For the E,-axis the number of bins used were 1000 bin,

AE=0.1%
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As Figure 4.17, where the Compton edge is highlighted. The

maximum energy of X-rays obtained is 47.67 keV.
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Chapter Five
Results of Flux Estimation within a CdTe Detector
5.1 Introduction

In the ThomX experiment, in order to measure the spectral flux of
the scattered X-ray photons, a cadmium telluride (CdTe) detector will be
used. This detector has a 3mm x 3mm square surface. The detector will be
placed on the trajectory of the beam at a fixed distance r from the
interaction point. The detector position makes an angle 0 with respect to the

z-axis and ¢ with respect to the x-axis as shown in Figure 5.1.

The detector finite area is denoted by Ap. The X-ray photons
reaching the detector have an angular spread of d6 , which depends on how
far the detector is located from the interaction point (r). The acceptance
angle of the finite- area detector decreases as the detector distance
increases from the interaction point. It also has an azimuthal spread of de,
where dO and d¢ are determined by the fixed detector width (W) and are

the angular intervals subtended by the detector of fixed width W.

The number of Compton X-ray photons per unit time that enters a detector
(which has a specific area) is estimated through two different methods. The
first one consists on using analytical formulas to determine the spectral and
spatial flux of Compton X-rays. From Equation 4.3 the photons flux at
given angular acceptance (for a given value of 0 and ¢ varies from 0 to 2m)

can be calculated. The Second method, the CAIN program is used (with the
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same electron beam parameters that is used in analytical formulas) to
calculate the number of Compton X-rays per (with some constrains on the
polar angle 6 < 3.8 mrad [2]). Both results from these two different
methods will be compared. Finally, by changing the detector position as
shown in Figure 5.2, the number of photons that enter the detector per unit

time will be calculated.
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Figure 5.1: The detector position in term of polar angle 0, azimuthal angle ¢ and radial
distance r [20].
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Figure 5.2: a) The detector is located on the symmetric axis. b) Changing the
detector position as a function of elevation point from the symmetric axis.



68

5.2 Theoretical Method

The photon flux is calculated at a position of the detector which is
given by spherical coordinate components (r, 0, ¢). Equation 4.3 allows us
to calculate the photon flux in a given angular acceptance. In Figure 5.3,
the desired flux inside the annular ring (grey area) is determined by
measuring the flux subtended by the two acceptance angles admitting flux
which are (0 + dO) and (6 - dO) and calculating the difference between
them. The received flux in this area (Fgr) yields a contribution to the flux
received by a detector which has the same area of the annular ring (Ag).
The flux which is measured by the detector with specific Ap, is denoted Fp

which is approximated by:

A
FHEFRK[ﬁj (5.1)

rah oY

Figure 5.3: Scheme of the surface of the ring located at a distance r from the
interaction point and defined by the polar angle 0 - d0 and 0 + d. The desired flux
(FR) is determined by calculating the flux subtended by the two acceptance angles,
flux for a given 0+ dO and flux for a given 0 - dO and calculating the difference.
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Example:

The distance of the detector position from the interaction point r is

10 m (in the ThomX).

. The polar angular acceptance 0 is chosen to be equal to 6 = 3 mrad
(in the ThomX by using a 50MeV electron beam, Equation 4.3 is
valid as long as 6 < 3.8 mrad).

. the angular spread of d0 is WT/Z
. The electron beam divergence o. is 800urad, ey = 10um.rad and

X.=125 pum, which are obtained from Figure 4.9.

First, by using Equation 4.3, the flux of the selected acceptance
angle of 0 + d0 is calculated, then the flux at a smaller acceptance angle of
0 — dO is calculated. If the flux of the smaller acceptance angle (Fs) is
subtracted from that corresponding to larger acceptance angle (Fy), then the

flux inside the annular ring will be obtained Fy (Figure 5.3).

The difference between the flux in the larger opening angle (i.e. a. = 0
+d0), Fi=F,: (c.) and the flux of the smaller opening angle (i.e. o = 0

—d0), Fs= F,. (c.) is the flux inside the annular ring.
Fr=F.—F;

= (.Fﬂ. iﬂ'ej) — Fo ({Tef])
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The area of the ring is given by:

Aﬂ —— ﬂt-ﬂﬁ-urz _RMI) {531
where:
R, =r sin(fB +d8) (5.4a)
R, = r sin(@ — d8) (5.4b)
Rcen = rsin(8) (5.4¢)

From Equations 5.4 (a, b and c¢) and 5.3, the area of the annular ring is

given by:

Ag = nr* [sin®(8 + dB) —sin® (8 —dB)] (5.5)

From Equation 4.3 the flux in a larger given opening angle
F =F, (c.) and the flux in a smaller opening angle Fs=F,. (c.) can be
obtained and by using Equation 5.2, the net flux was obtained. By dividing
the ring into small squares of area, where the detector area is Ap= W2, the

flux which is measured by the detector is given by:

-

Fp = (Fa_[n,’} — Fo tcr;]) [ e ]
mrl (sin"—'(ﬂ +dB)—sin®{@ dﬂ]]

(5.6)
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With the use of these parameters r=10m, 6 =3mrad, W =3mm,
o, =800urad and x,=125 pm and by using Equations 5.2 and 4.3, the flux

of the dark area of the ring can be calculated as follows:
Fr=F_ - Fs =(1.264 x 10> - 1.08 x 10'%) ph/sec = 1.84 x 10''ph/sec.
where the detector area (Ap) equals 9x 10° m’.

From Equation 5.6, the total flux reaching the detector is calculated
to be 2.93 x 10’ ph/sec; This is the value which is obtained (Fp) for a

selected 6 =3mrad, r=10m and W =3mm.
5.3 Simulation by Using the CAIN Program for CdTe Detector

We have also calculated the angular and the spectral flux of the X-
ray scattering photons by using the CAIN simulation program. For this

simulation, we used the following parameters:

. The normalized emittance gy of 10pum.rad.
. The electron beam divergence c.” equals to 800purad.
. The electron beam energy spread o, of 0.1%.

. The electron bunch length z. of 10 psec.

The CAIN outputs for each scattered X-ray photon are the X and Y

directions, momentum in the x, y and z directions (Px, Py and Ps). From
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these outputs, we can get the polar angle (0) and the azimuthal angle (¢) for

each photon.

where:
,PXZ‘I‘PYZ .
. 0 =arctan (P—) with 0 € [0, «].
S
w/2 : : . . . :
. do = where r is the distance from the interaction point we just

divide by r to convert the angle into radians.

. ¢ =arctan ( IIZ—Y) with ¢ € [0, 2x].
S

For example, if the polar angle 6 was selected to be equal to 3 mrad,
and a random value of the azimuthal angle ¢ was chosen at w /5 (¢ varies
from 0 to 27), the CAIN simulation program yields a flux of 3.02 x 10°
ph/sec, which is in a good agreement with the value obtained from the

analytical expression.

Finally, we have checked that if the polar angle remains constant
(60 =3mrad) and the azimuthal angle ¢ is changing from 0 to 2z ending with
a closed circle (Figure 5.4); the flux generated by CAIN, as expected,

remains constant (Figure 5.5).
For this, the used parameters are:
. 0 = 3 mrad.

. Ap =0.1
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Figure 5.4: Detector located at r =10m from the interaction point with certain
polar angle 0 and changing the azimuthal angle ¢ with respect to X-ray maximum
energy axis.
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Figure 5.5: By using the CAIN program, the flux of the Compton X-ray of constant
polar angle 6 =3 mrad and dO =0.15 mrad as a function of the azimuthal angle
changes from 0 to 2z rad which contribute to flux of a ring. The maximum value of
the flux is 3.59x 10° ph/sec at ¢ = 0.5 mrad, whereas the minimum value of the flux
is 2.76 x 10° ph/sec at ¢ =2 rad.
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The distribution of data values is represented by showing a single
data point, representing the mean value of data. Error bars (statistical
uncertain- ties) are used to quantify uncertainty in graph of statistical
metrics. Flux of X-ray photon obeys the Poisson equation of statistical
error propagation, for which the error in counting number of photons (N) in
1 second is VN [21]. For example, if 10000 photons are counted in 1 sec, it
can be concluded that the beam flux is 10* ph/sec with statistical error +
100 ph/sec or 1%. If more photons are counted of 106 photons in 1 second,
the beam flux is 10° + 1000 ph/sec or 0.1%. From Figure 5.5 the average
flux is 3.09 x 10° + 5.55 x10* ph/sec, as calculated in appendix A using
Equations A.1 and A.3.
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Chapter Six
Conclusions

The effect of the electrons’ beam parameters (beam divergence, the
electron beam size and electron beam energy spread) on the flux and the
energy distribution of the Compton photons of the ThomX project is

studied, using analytical formulas [2] and the CAIN simulation program.

It is found that an increase of the electron beam divergence c.” from
80 urad to 800 urad resulted in X-rays spectral broadening dominated by
the horizontal one. On the other hand, an increase of the electron beam
energy spread o, from 0.1% to 1% resulted in X-rays spectral broadening

dominated by vertical one.

A good agreement, within 3%, between the results of CAIN
simulations, for the given detector size and its position vector, with the
results of the analytical expressions at a given the angular acceptance, was

obtained.

As a CdTe detector will be used in ThomX, the characteristics y -
peaks in the energy spectrum of a °’Co radioactive source using the CdTe
detector were obtained and occurred at 14.4, 122, 136 keV, which are in

excellent agreement with the reported values [12].

For future work, the accuracy of CAIN simulations will be compared

by the experimental results when the ThomX project begins operation by
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the end of this year (2018) and thus the results of this work will be useful in

the commissioning phase of the ThomX.

Also, the feasibility of utilizing the produced hard X-rays from

ThomX project by hospitals in biomedical applications is to be explored.
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Appendix A
Details of Flux Calculation

For calculating X-ray flux shown in Figures 4.10, 4.13 and 4.16 from
the CAIN simulations, the number of macro-particle/surface and the weight
of macro-particle are obtained for each simulation. In general, the X-ray flux

is given by:

Number of photons (N,)

Flux =
“ Periodic time (Tp)

(A1)

where the periodic time (Ty) and the number of X-ray photons are given by

Equation A.2 and Equation A.3, respectively:

Circum ference
To — A2
" Speed of light )
Ny = (Number o f macroe particle) x weight x factor (A.3)

where the weight, which is equal to the number of X-ray photons in each

group, is obtained from the CAIN simulation and equal to 49.296. The factor
102 for the input of CAIN is included in Equation A.3 because I multiplied

the energy of the laser photon pulse by a factor of 10? (3000 mJ instead of

being 30 mJ). This is done in order to improve statistics. In order to get
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the number of macro-particle from the obtained value of number of macro-
particle/surface we use Equation A.4
number o f macro particle = (Number o f macro particle/surface) x sur face

(A.4)

where the surface is given by:
surface = 7 r* [sin®(8y) — sin®(6;)] (A.5)
ThomX, r =10 m and A8 depends on the number of bin I used in graphs

4.10, 4.13 and 4.16 and it is equal to AB=0.3 mrad. The calculated surface
areais 1.413 x 10~* m?. The X-ray flux is then calculated by using Equation
A.6.

Flue— {Number of macro puﬂi:;'fie,"_mrfu._:'e;'l * sur face x weight x factor
e Periodic time (Tp)

(A.6)

For example, in Figure 4.13 the calculated value of the on-axis X-ray
flux is 8.831 x 10° ph/sec by using the obtained value of the macro-

particle/surface (from the CAIN simulation) which is equal to 7.10 =< 105,
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