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Simulation of x-ray generation from bombardment of various solid targets by quasimonoenergetic
electrons is considered. The electron bunches are accelerated in a plasma produced by interaction of
500 mJ, 30 femtosecond laser pulses with a helium gas jet. These relativistic electrons propagate in the ion
channel generated in the wake of the laser pulse. A beam of MeV electrons can interact with targets to
generate x-ray radiation with keV energy. The MCNP-4C code based on Monte Carlo simulation is
employed to compare the production of bremsstrahlung and characteristic x rays between 10 and
100 keV by using two quasi-Maxwellian and quasimonoenergetic energy distributions of electrons. For
a specific electron spectrum and a definite sample, the maximum x-ray flux varies with the target
thickness. Besides, by increasing the target atomic number, the maximum x-ray flux is increased and
shifted towards a higher energy level. It is shown that by using the quasimonoenergetic electron profile, a
more intense X ray can be produced relative to the quasi-Maxwellian profile (with the same total energy),

representing up to 77% flux enhancement at K, energy.
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I. INTRODUCTION

Unlike optical radiation, x rays have the ability to pene-
trate optically opaque materials. The shorter wavelength
(higher frequency) of x-ray sources with simultaneous high
spatial and temporal resolutions has provided useful appli-
cations of x-ray imaging, diffraction, and spectroscopy in
physics, chemistry, biology, medicine, and so on [1-4].
X rays have been generated via acceleration of electrons
by different techniques, from ordinary x-ray generator
tubes, and expensive huge accelerators, to recently devel-
oped laser-plasma accelerators [5—7] based on the develop-
ment of chirped-pulse amplification (CPA) in laser systems
[8]. In comparison with laser accelerators, more space,
cost, and time to build along with the presence of complex-
ity are inevitable to have a similar beam by conventional
accelerators such as tubes and synchrotrons. The conven-
tional systems can produce electron energy of more than
1 GeV in a storage ring with a diameter of 20-25 meters.
However, generation of a GeV level of electron beam from
a centimeter-scale accelerator is possible by means of
intense lasers [9]. A detailed overview of research on
new radiation sources using relativistic electrons can be
found in [10].
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Laser-plasma accelerators can produce high quality elec-
trons with high energy and low beam divergence, which can
be transported and focused easily, suitable in high resolution
applications. The development of compact mode locked
solid-state laser with short pulse, high peak power, and high
repetition rate can be used to create electrons with almost the
same pulse length and repetition rate. These accelerators are
capable to provide electron beams with various energy pro-
files such as quasi-Maxwellian (g-Maxwellian) and quasi-
monoenergetic (g-monoenergetic) distributions. The created
g-Maxwellian profile of electrons with very few accelerated
electrons at high-energy levels has a great energy spread,
limiting its use for potential applications. Under special con-
ditions of plasma and laser pulses, it is possible to produce
relativistic electron beams with a negligible divergence and a
gradual energy spread [11]. The electron beam quality can be
improved by selecting the appropriate interaction parameters
of laser and plasma; particularly, by adjusting the interaction
and dephasing lengths in the bubble regime, the formation of
g-monoenergetic distribution of electrons is feasible [12-21].
During ultrashort intense laser-plasma interaction, the
plasma electrons are trapped and accelerated to a single
energy in the plasma bubble, generating an extremely colli-
mated and g-monoenergetic electron beam. By irradiating
gas jet targets with ultrashort pulses (less than 100 femto-
second) of high-power lasers (intensities of more than
10" W/cm?) at high repetition rates, and for the plasma
densities above the threshold (required for a breaking
plasma wave), g-monoenergetic electron beams can be gen-
erated. Production of g-monoenergetic electrons by compact

© 2012 American Physical Society


http://dx.doi.org/10.1103/PhysRevSTAB.15.021301
http://creativecommons.org/licenses/by/3.0/

L. NIKZAD et al.

Phys. Rev. ST Accel. Beams 15, 021301 (2012)

tabletop lasers is an important step forward in creating sec-
ondary radiations. One of the advantages of this possibility is
related to outstanding progress in x-ray generation and its
numerous crucial applications.

The laser produced electrons are suitable resources of
x-ray generators with improved qualities such as higher
energy levels and brightness, monochromaticity, compact-
ness, flexibility, high repetition rate, high conversion effi-
ciency, and short pulse duration. Furthermore, they are
easily attainable in comparison with the conventional
x-ray generators. These positive factors in x-ray diagnos-
tics have been confirmed by using the Monte Carlo simu-
lation [22]. While most sources of x rays provide a wide
energy spectrum, it is now possible to produce nearly
monochromatic [23], and possibly coherent x-ray beams,
for instance by x-ray laser and free electron laser technol-
ogies [24,25]. Also, the sources of intense ultrashort
x-ray pulses are accessible in laboratory scale [26-28].
X-ray beams can be generated by various approaches via
irradiation of a laser beam on a target or by collision of
laser pulses with accelerated electrons. For instance,
Thomson scattering [29-33], Compton scattering [34,35],
betatron oscillations [36—41], and high harmonic genera-
tion [42-46] are several methods of x-ray generation.
Unlike the above-mentioned mechanisms of x-ray genera-
tion via direct laser-target interaction, in this paper the
main attention is concentrated on an indirect scheme:
First, electrons are produced by interaction of laser beam
with a target; then the outgoing accelerated electrons col-
lide with the second target creating x rays. During the
electron-target interaction, electrons can be scattered
from the nucleus, generating bremsstrahlung x-ray radia-
tion, and also interact with inner-shell bound electrons of
the material, creating characteristic x-ray radiation, due
to decaying of outer electrons to the vacancies. At high
energies (relativistic regime), bremsstrahlung x rays are
emitted sharply straight in the forward direction with a
continuous energy spectrum up to the impinging electron
beam energy; while characteristic x rays are emitted iso-
tropically with the femtosecond pulse duration, almost
keeping that of the incident electron pulses.

The reported conversion efficiencies (x ray or electron
to laser) have mostly been considered for direct laser-
target interactions [26,47-50]. Analytical and numerical
models have shown that an optimum laser intensity
exists for maximum K, yield, I(opt) =7 X 10°Z*%;
moreover, for generating subpicosecond Xx-ray pulses,
foil targets are better than bulks [S1]. Also, for enhanc-
ing K, x ray, laser irradiation of solid cones has been
investigated instead of foils [52]. To increase the con-
version efficiency of K, x ray to laser, a novel two-stage
target has been proposed, where by interaction of laser-
primary foils, the most effective K,-producing electrons
are generated and transported into secondary x-ray con-
verter foils [53].

Some investigations have been conducted about x-ray
generation via electrons with various energy distributions.
For example, continuum x-ray emission in inverse brems-
strahlung via non-Maxwellian electron spectrum [54], and
x-ray generation by Maxwellian distributions [55] have
been reported. Our main purpose is to study the role of
electron energy profile on x-ray generation. Here, the
production of bremsstrahlung and characteristic x rays is
simulated by the interaction of two experimental energy
spectra of electrons (¢g-monoenergetic and g-Maxwellian)
with various thicknesses of lead, molybdenum, and tung-
sten targets. Then, the x-ray photons achieved by two
electron spectra are compared at K, energy (as the most
prominent sources of characteristic x rays). It is found that
between the outcomes achieved by these electron profiles
with equal total energy, the results of the g-monoenergetic
electron profile illustrate a considerable gain compared
with the g-Maxwellian profile. For instance, the percentage
increase of about 77% is attained by tungsten at its maxi-
mum measured thickness.

To the best of our knowledge, no devoted investigation
has been reported with a scheme similar to this work, to be
able to compare the results.

II. METHODOLOGY

In the present work, our simulation is performed by the
MCNP-4C code based on the Monte Carlo approach [56],
which has been attested as the most appropriate theoretical
tool for calculation of x-ray spectra. Here, through the
interaction of electrons with targets of various thicknesses,
this code is employed for x-ray simulation to investigate
the effect of electron energy distribution. The input file of
the code contains different specification cards, including
geometry card, source card, material card, and tally card.
In the geometry card, the geometry of a subject is specified
via the definition of surfaces and cells; in the source card,
the source properties including its density, position, and the
particle type (here electron) along with its direction and
energy distribution are indicated; the specification of ma-
terials filling the various cells is introduced in the material
card. At last, in the tally card, the output type is specified;
in our work the tally type of F2 is activated to measure the
average photon surface flux (per electron) in the selected
energy range.

In laser-plasma interaction, the accelerated electrons
pass through a target and interact with the atomic electrons
and nuclei, leading to the emission of energetic character-
istic and bremsstrahlung x-ray photons, with the maximum
energy of the accelerated electrons. The radiation stopping
power of electrons in a matter is given by [57]

(d_E) _ ZT(MeV) <d_E> 0
dx ) 750 dxJion’

where Z is the target atomic number and 7 is the electron
energy, and (dE/dx);,,, i.€., the ionization stopping power
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during passing through a matter in the x direction, is
introduced by the following equation:

4 mﬁ_j NZ{LH(@ m)
+ #[w +1—(y>+2y— l)LnZ]}' (2)

In the above equation, ry=e?/mc>=2.818 X 10715 (m)
is the classical radius of electron, mc? = 0.511 MeV is the
rest mass energy of electron, y = (1 — 82)~1/2, B = v/c,
where v and c are the electron and light velocities, respec-
tively. Also, N is the number of atoms per unit volume, and
I is the mean excitation potential of material which is in
accordance with the approximate equation of I(eV) =
(9.76 + 58.8Z %)z, for Z = 12. Paying attention to
Egs. (1) and (2), it can be seen that the radiation stopping
power and the resulted x-ray photons in a target are depen-
dent on the electrons and target specifications.

III. PHYSICAL SETUP TO BE SIMULATED

In our study, x-ray generation follows a two-step process:
First, subsequent to the focusing of high intensity laser
pulses on a supersonic He nozzle gas, plasma is produced
and the accelerated electrons are emitted; next, as a result of
the interaction of the MeV relativistic electrons with an-
other solid target, they are converted to keV x-ray photons.
In this paper, we focus on the latter step, i.e., the production
of x-ray photons via the interaction of g-Maxwellian and
g-monoenergetic electrons with solid targets including
molybdenum (Mo), tungsten (W), and lead (Pb). The sche-
matic of the experimental setup is shown in Fig. 1, where the
first part of the setup corresponding to the g-monoenergetic
electron generation is based on the earlier experimental
work of our group [20]. A 20 TW, 30 fs Ti-sapphire CPA
pulsed laser system at 10 Hz repetition rate is focused onto
a He gas jet with a 2 mm cylindrical shape hole via a

Monoenergetic
Electrons

Parwbelic

Mirror

Ti:sapphire
Laser

He gas-jei

FIG. 1. A schematic of the experimental setup used for x-ray
generation from a target irradiated by g-monoenergetic electrons
due to laser-plasma interaction; the first part of this setup related
to the g-monoenergetic electron generation is based on Ref. [20].

f/5 off-axis gold-coated parabolic mirror to generate a
laser acceleration wakefield. For the laser power from
1 to 18 TW, and the plasma density from 2 X 10" to
14 X 10?° cm ™3, most of the produced electron energy
spectra have g-Maxwellian distributions, while for the laser
power of 16.6 TW (500 mJ) and the maximum plasma
density of 14 X 10!” cm™3, at the laser focusing point of
250 um from the nozzle edge and 1 mm above it, the
g-monoenergetic feature is observed. All targets should
be placed in the region where the generated bubbles or the
g-monoenergetic electrons still subsist, i.e., up to about
1 mm after the laser focusing point on the gas jet.

The experimental g-Maxwellian and g-monoenergetic
(say delta function) electron spectra achieved by different
parameters of laser and plasma [20] are indicated in Fig. 2,
where each electron energy distribution is an average of
100 pulses. The g-Maxwellian spectrum vastly distributed
in the range of 0—12 MeV energy with the peak of about
1.5 X 107 (electron number MeV ™! mSr™!), achieved by
the laser power of P = 3.5 TW and the He nozzle gas
density of 3 X 10" cm™3, is shown in Fig. 2 by the red
dashed line. The g-monoenergetic spectrum spread from 30
to 48 MeV, with the energy peak of about 40 MeV and
1.24 X 107 (electron number MeV ™! mSr~!) with FWHM
of 6.8 MeV, obtained by the laser power of P = 16.6 TW
and the plasma density of 14 X 10! cm™3, is also repre-
sented in Fig. 2 by the blue continued line. For more precise
comparison of the results, these two electron profiles are
considered with equal total energy amounts, i.e., electron
number multiplied by average energy. The total energy of
the g-monoenergetic profile is 1.46 times the reference
Maxwellian profile. Thus, for the normalization process,

x107
o g-mono
2 4
--------- q-Mxwl
Norm. g-Mxwl
1.5 -

[y
L

o
vl
i

Electron number MeV-* mSr-—

0

Electron energy (MeV)

FIG. 2. The experimental electron distributions including the
g-monoenergetic (blue continued line), the g-Maxwellian (red
dashed line), and its normalized (green dotted line) plots are
shown.
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the electron number of the latter is multiplied by 1.46. The
normalized g-Maxwellian profile is presented in Fig. 2 by
the green dotted line. According to Fig. 1, the accelerated
electrons with these two profiles are emitted towards the
specific slabs of molybdenum (Z = 42), tungsten (Z = 74),
and lead (Z = 82) with various thicknesses of about 100 to
3500 wm, in the normal direction. Afterward, the produced
x-ray beam fluxes (photons number per unit area) including
bremsstrahlung and characteristic radiations are deter-
mined in the energy domain of 10 to 100 keV by using the
MCNP-4C simulation code. Finally, the properties of the x-
ray spectra are discussed with respect to the thickness and
the atomic number of the targets and also the energy distri-
bution of the incident electrons. In all simulations, the
number of incident electrons is selected so that the errors
are less than 5%. It should be mentioned that the available
experimental data of 40 MeV electrons, utilized here, do not
indicate an optimum energy for x-ray production with keV
energy.

IV. RESULTS AND DISCUSSION

The data of the experimental g-monoenergetic electron
and the normalized g-Maxwellian electron spectra of Fig. 2
are employed to determine the output of x-ray data by the
MCNP-4C simulation code. The outcomes obtained by these
electron distributions are used to draw the x-ray spectra for
three samples of Mo, W, and Pb, with the equal thickness
of d =400 pum, in one diagram for better comparison;
refer to Fig. 3(a). It is clear that for each sample, the
x-ray maximum flux (F,,,) takes place at the same energy
(Emax) (20 keV for Mo, 60 keV for W, and 75 keV for Pb),
characterizing the material feature, and does not depend on
the electron energy distribution. However, there are some
differences in the attained magnitudes of F,, represent-
ing that they do change with electron energy distribution. It
should be noticed that although the total energies of the
two electron profiles (the normalized g-Maxwellian and
the g-monoenergetic) are arranged to be equivalent, the
distribution patterns of electron number versus energy are
different; therefore, they are expected to produce various
x-ray fluxes. It can also be seen that by increasing the target
atomic number (Z), F,,,, moves towards a higher energy
amount, i.e., a larger E,,. Also, it can be seen that at
this thickness, in the x-ray flux generated by the
g-monoenergetic electron spectrum compared with the
g-Maxwellian profile, there is an increase for Mo and a
decrease for Pb; however, the difference in W is not
noticeable. These results will be discussed later in
Figs. 6 and 8(b), when the outcomes of these profiles are
compared in various thicknesses.

By increasing the energy resolution, more characteristic
x-ray peaks of K series are observable; this can be seen as
an example for Pb in Fig. 3(b). The achieved maximum
fluxes of x-ray photons produced in lead for all thicknesses
are located at 75 keV, which is due to K,; at higher
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FIG. 3. (a) The production of x ray from the experimental
g-monoenergetic and the normalized g-Maxwellian electrons
of Fig. 2 by MCNP-4C code for three targets of Mo, W, and Pb
with equal thicknesses of d = 400 pum; (b) the same as (a) for
Pb with the g-monoenergetic electron profile, achieved by higher
energy resolution, showing several characteristic peaks.

energy level a low peak is seen at Kz =~ 86 keV
(Kp, = 84.9 keV, Kp, = 87.3 keV). Also, at a smaller
energy amount of the spectrum, a low peak related
to L series exists at 14 keV. These characteristic x rays
are in good agreement with the experimental reports
[58,59].

Since the x-ray flux varies with thickness in each target,
the simulated x-ray data are achieved for several thick-
nesses. By applying the optimum thickness, d,, the
maximum x-ray flux, F ., is achieved at the energy level
of E.x- The obtained results by using the g-Maxwellian
and the g-monoenergetic electron profiles are illustrated
in Figs. 4 and 5, respectively. It is apparent that dy
and F,, alter with both factors of the target atomic
number and the electron energy profile; although, E, .
is constant for each material. Furthermore, it can be ob-
served that by increasing the atomic number, the optimum
thickness also increases. It can be recognized that for each
sample, d,, for the g-monoenergetic electron profile is
larger than the g-Maxwellian one. According to Fig. 2, in
the former, most electrons are accumulated on larger
energy amounts compared with the latter, so they could
pass through the larger thicknesses and produce the higher
x-ray fluxes.
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FIG. 4. The x-ray fluxes produced by the g-Maxwellian electron profile versus energy in several thicknesses (left), and the maximum
x-ray flux versus thickness (right), for three targets (a) Mo, (b) W, and (c) Pb.

By finding the optimum thickness of each material for the
two electron profiles, more exact comparison can be made
on the x-ray fluxes at d,, shown in Fig. 6. Similar to Fig. 3,
as it was mentioned before, for these electron distributions,
E .« 1s the same for each specific target, but F,,,, alters.
Moreover, it is perceived that by increasing the target
atomic number, Z, the maximum of x-ray flux, F,,,, moves
towards higher energy level, i.e., higher E, ... Also, for W
and Pb (with higher Z), the considerable growth of F,,, is
evident compared with Mo (with lower Z). Unlike Fig. 3, in
this figure, the growth of x-ray production via the
g-monoenergetic electron profile is obvious compared
with the g-Maxwellian one, for all samples at the optimum
thicknesses, dpy.

From another point of view, the attained maxima of
x-ray fluxes, F,,y, are plotted for different materials, i.e.,
various atomic numbers, Z, in Fig. 7. It is revealed that
the heavier samples of W and Pb with much higher Z
(compared with Mo) illustrate the larger F,,, in both
electron profiles. However, it is noticeable that by using
the g-monoenergetic electron profile, F,,,, is enlarged for
each material in comparison with the g-Maxwellian
profile.

At the next stage, more attention is paid to the evaluation
of the x-ray fluxes magnitude (including bremsstrahlung
and characteristic radiations) produced by the two electron
profiles with the same energy at the K, peak. It is shown
that the x-ray flux produced by the g-monoenergetic
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FIG. 5. The x-ray fluxes produced by the g-monoenergetic profile versus energy in several thicknesses (left), and the maximum x-ray
flux versus thickness (right) for three targets (a) Mo, (b) W, and (c) Pb.

spectrum is higher than the one for the g-Maxwellian
distribution. The percentage of increase is defined as I' =
[(Fmono - Fwal)/Fmono] X100, where Fmono and Fwal
stand for the x-ray fluxes produced by the g-monoenergetic
and the g-Maxwellian electron distributions, respectively.
In this paper, I" (percentage of increase) is determined at
the optimum thicknesses, d,, related to the profiles, and
also at the maximum measured thickness (d,,,,)- The out-
comes for three samples of Mo, W, and Pb are presented in
Table I. Similar to Figs. 4 and 5, it can be seen that for each
target, d,, obtained by the g-monoenergetic spectrum is
larger than that of the g-Maxwellian one; also by increas-
ing the target thickness, the difference between the two

created x-ray fluxes or I' is enlarged. It is clear that, even by
consideration of d, for the g-Maxwellian spectrum, the x-
ray beam produced by the g-monoenergetic profile is still
larger. It can be an evidence of providing the larger x-ray
flux by the electrons with a g-monoenergetic nature com-
pared with a g-Maxwellian one, specifically for the larger
thicknesses. Practically, a g-monoenergetic distribution
with much higher peak (more electrons) can be achieved
by better adjustment of the laser focusing point on the gas
jet, with the same laser power and the plasma density,
resulting in I' enlargement. As an example, this compari-
son can be observed in Fig. 8(a) for Pb with 1500 um
thickness, where about 42% gain is indicated in the
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FIG. 6. The x-ray fluxes produced by the g-monoenergetic and
the g-Maxwellian electron profiles at the optimum thickness, d
of each target; for Mo, W, and Pb, they are 700, 1300, and
1500 wm, respectively, by the g-monoenergetic profile and they
are 400, 450, and 700 wm, correspondingly, by the g-Maxwellian
profile.
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FIG. 7. A comparison of the x-ray fluxes maxima obtained by
our experimental g-monoenergetic and g-Maxwellian electron
distributions versus the atomic number, Z, for Mo (Z = 42), W
(Z =172), and Pb (Z = 84).

generated x-ray flux by using the g-monoenergetic electron
distribution at the peak of E = 75 keV.

The relative ratio of the number of characteristic photons
to bremsstrahlung photons in x-ray spectrum varies with
the electron energy and the atomic number of the target.
For the above-mentioned sample, the contributions of
bremsstrahlung and characteristic x rays have been

a -
) 050 mono.el.
040 4 ----ee- IMxvil.el,
x 0209 T=42%
o 0.20
0.10 -
0.00 - S
0.00 0.02 0.04 0.06 0.08 0.10
E(MeV)
D) g0 | .g--um-4
A
60 -
g, w0 s W
— &— Pb
20 —+— Mo
0 1 I I
1000 2000 3000
=l d (um)
FIG. 8. (a) A comparison of the x-ray fluxes obtained by the

g-monoenergetic and the g-Maxwellian electron distributions
for Pb in d = 1500 um, showing 42% percentage of increase
by using the former compared with the latter. (b) I', percentage
of increase of the x ray produced by the g-monoenergetic
electrons compared with the g-Maxwellian electrons in different
thicknesses for three targets of Mo, W, and Pb.

simulated, separately. It is revealed that their participations
are 152% and 84.82%, respectively, by using the
g-monoenergetic electrons and they are 13.34% and
86.66%, correspondingly, with the g-Maxwellian electrons;
indicating a larger portion of the characteristic part at K,
energy. For instance, by using the g-monoenergetic elec-
trons, from the total flux, i.e., 0.54 photons per area at
75 keV, the contribution of K, characteristic radiation is
0.46 and the rest, i.e., 0.082 belongs to the bremsstrahlung
share.

To investigate the thickness dependency of the percent-
age of increase, I', x-ray simulation has been performed for
a large range of thicknesses. The results for three samples
can be seen in Fig. 8(b). As this is shown, almost for all

TABLE L. A comparison of the x-ray flux percentage of increase, I', at the optimum thickness, d,, for each electron profile, and the
maximum measured thickness, d,,,, for three targets, (d is in micrometer).

Target dM (m) I'% i (um) I'% A8 (m) %

Mo (Z = 42) 400 10.7 700 21.3 2500 65.35

W (Z="172) 450 4 1300 53.14 2500 76.9

Pb (Z = 84) 700 4.5 1500 42.1 2500, 3500 67.66, 76.33
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thicknesses, the g-monoenergetic electrons would produce
more intense x-ray beams. However, there are a few ex-
ceptions in very low thicknesses of the higher Z samples of
W and Pb where I" becomes negative. In Fig. 8(b) the
thicknesses of d;, and d, are defined, respectively, at
the minimum negative I (where the x-ray flux produced
by the g-Maxwellian profile is in the most dominant sta-
tus), and at I' = 0 (with the equal x-ray fluxes created by
the two profiles, where after that I" becomes positive, i.e.,
x-ray flux produced by the g-monoenergetic profile pre-
vails). It is seen that the quantities of d,;, and d, vary in
different materials, and for the higher Z targets they are
larger. Among our samples, Mo with the lowest Z shows
positive I" across the whole measured thicknesses and for
W and Pb, I is positive after about 400, 600 wm, corre-
spondingly. This is comparable with what is observed in
Fig. 3(a) for x-ray evaluation by these electron profiles at
relatively low thickness of 400 xm, where for Mo, W, and
Pb, I" represents positive, neutral, and negative trait, re-
spectively. To explain the outcomes of Figs. 3(a) and 3(b),
the nature of the electron energy spectra should be exam-
ined. According to Fig. 2, in the g-monoenergetic
(g-Maxwellian) profile, a large number of electrons have
been concentrated around higher (lower) energies,
although the number of low-energy electrons in the wide
energy spectrum of the g-Maxwellian profile is more. For
x-ray generation from a high-Z material with small thick-
ness, the g-Maxwellian profile is more appropriate, be-
cause the electrons with smaller energy amounts are
capable to pass through a thin target and their larger
number provides more x-ray photons. For a high-Z thick
sample, more energetic electrons are needed to be
able to pass through the material, revealing that the
g-monoenergetic profile with almost all electrons focused
around a large energy amount overcomes. While, the
g-Maxwellian electrons may lose their lower energies in
traversing a thick sample and be stopped. It is realized that
for the higher Z targets of W and Pb, for d > d,), I' shows
positive amounts, meaning that the g-monoenergetic pro-
file is preferred. However, there is no such limitation
for Mo as a low-Z material, in which the binding energy
is higher and more energetic electrons are needed to
generate x-ray photons; therefore, positive 1" is satisfied
by the g-monoenergetic electron profile, even for smaller
thicknesses.

It can be concluded that for x-ray generation from a
high-Z target, the electron number plays a key role at small
thickness, whereas the electron energy is the dominant
factor at large thickness. As a result, in spite of the equal
total energies of two spectra, the magnitudes of the created
x-ray fluxes depend upon the distribution pattern of the
electrons versus energy. It means that, in general, the
accumulation of more electrons on higher energy levels
plays an important role in the enhancement mechanism of
photon generation.

V. APPLICATIONS AND SAFETY
A. X-RAY APPLICATIONS

There are various applications for bremsstrahlung and
characteristic x rays. For example, the high-energy brems-
strahlung radiation is employed in radiotherapy and the
lower energy part including the characteristic peaks is used
for diagnostic imaging and material analyzing. Several
medical applications of the laser-electron x-ray sources
have been mentioned in Ref. [60]. The remarkable features
of x-ray beam from laser-electron radiation source, such as
monochromaticity, high intensity, tunability, directivity,
and coherency have the main advantages in capturing
images and x-ray diagnostics. The contrast among objects
can be enhanced considerably by using monochromatic
x rays instead of the common polychromatic spectra
[61]. It is recognized that quasimonochromatic radiation
could considerably improve the quality of the captured
images and increase the precision of a 3D object recon-
struction [62]. The characteristic K, radiation has received
full attention because of its potential as a monoenergetic,
pulse x-ray source. Considering many applications of char-
acteristic x-ray beam, many efforts have been made to
produce a larger share of K, radiation in comparison
with bremsstrahlung emission. For example, by manipu-
lating some parameters of laser and target, such as laser
energy, prepulse, pulse duration, spot size, target thickness,
and surface roughness, the production of K, x rays can be
optimized [63]. In fact, smaller radiating volumes emit
brighter K, radiation. The laser produced K, is used as a
probe in radiation biology [64]. Also, spectroscopic study
of a K, line is important to investigate the transport physics
of hot electrons propagating in a dense material [65]. The
emission of secondary characteristic x rays from a material
or x-ray fluorescence can be used, for instance in elemental
analysis during the study of building materials. The tuna-
bility of x rays is employed in material detection using near
the K-edge transmission measurements [66], as well as in
improvements to mammography configurations [67].
Furthermore, recent progress in ultrashort pulse generation
technology has provided further possibilities for observa-
tion of ultrafast unknown phenomena. Several experiments
have been introduced by using ultrashort x rays made
of subpicosecond electron linac [68]. By employing an
ultrafast (<100 fs) K, x-ray source with suitable
x-ray optics, a unique tool for studying subpicosecond
phenomena over submicron scale lengths is possible.
Ultrafast x rays enable us to capture a snapshot image of
rapidly moving materials with high spatial and temporal
resolutions. The multi-keV x ray is of major interest in the
new fields of ultrafast x-ray diffractometry and biomedical
radiography such as x-ray imaging for high-energy density
physics [49,69]. Also, the creation of a bright, ultrafast
laser-driven K, x-ray source is used for observing time-
resolved dynamics of atomic motion in solids and thin
films [63]. This can also be used for time-resolved x-ray
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scattering, the development of x-ray lasers [70], and ultra-
fast, time-resolved x-ray diffraction [69,71].

B. SAFETY CONCERNS

The absorption of x rays by tissues can cause enormous
damage to biological material. Therefore, x-ray doses
should be controlled carefully and maximum limits should
be placed to minimize the risks to patients and users,
particularly in polychromatic x ray. It has been expressed
that it is possible to simultaneously achieve a decrease in
the surface radiation dose and in the total radiation dose of
the patient and medical personnel without detriment to the
instructiveness of diagnostic procedures [72]. By using
x ray with higher energy and more directionality with
reduced beam size, less scattered photons can occur.
Utilization of monochromatic x ray also has advantages
in reducing these hazards. In using characteristic x-ray
radiation, K, radiation is supposed to be maximized and
high-energy bremsstrahlung (originated by MeV electrons)
and the resulted ionizing radiation should be eliminated
from the probe beam, depending on the conditions of the
external object. This part of the emitted x ray in the
forward direction presents a health hazard for the users
of characteristic x rays, and may also confuse the inter-
pretation of the effects. To shield these harmful radiations,
the x-ray source can be housed in a vacuum vessel and
surrounded by a Pb sheet to reduce the background of the
scattered x rays. In general, by exploiting grids, filters, and
collimators the harmful effects can be reduced. The shape,
orientation, material, and thickness of an object will affect
the absorption and thereby the angular distribution of the
escaping x rays. To choose the best direction regarding the
measurements and personnel security, the angular depen-
dency of x-ray radiations should be taken into account. For
high-energy electrons, bremsstrahlung radiation is strongly
forward peaked in the electron direction and the backward
emission is much smaller than that of the forward direction
[68,73]. On the other hand, characteristic radiation is emit-
ted isotropically [68,74], although an angular variation of
the intensity is observed at the surface; this is caused by
absorption of the radiation on its path through a target
material [75]. Consequently, off-axis x rays (out of the
incident electron beam line) can be used for the experi-
ments focused on characteristic radiation. In this work, a
similar angular dependency of x-ray intensity is shown by
our simulation, for the normal entrance of electrons on a
slab of Pb with d = 1500 um. It is revealed that brems-
strahlung radiation is dominantly sharp in the straight and
forward direction of electrons, and characteristic radiation
is approximately isotropic with equivalent intensity in the
forward and backward directions. As a result of this simu-
lation, choosing an angle of about 100 degrees relative to
the electron beam (in the backward direction) would be
an appropriate direction of the probe x-ray beam for
the characteristic x-ray users; provided that the suitable

positions for the object and measurement devices are
feasible.

VI. CONCLUSION

In our simulation, the experimental g-monoenergetic
electrons produced by laser-plasma interaction are em-
ployed to produce x-ray photons via collision with several
targets. The results are compared with the simulated out-
comes achieved by the observed g-Maxwellian electrons.
These two experimental electron energy profiles are passed
through three targets of molybdenum, tungsten, and lead
with various thicknesses. X-ray simulation is performed by
MCNP-4C code based on the Monte Carlo method in the
energy range of 10 to 100 keV. It is shown that the
produced x-ray spectrum depends on the electron energy
distribution and the material characteristics. The results
show that the maxima of the attained fluxes become greater
by using the higher Z samples of tungsten and lead, and
they locate at higher energies compared with the lower Z
target of molybdenum. Also, by using different thicknesses
and electron spectra for each target, the energy of which
the maximum flux is produced remains unchanged, but the
value of the maximum flux varies. The optimum thickness
required for the optimum x-ray flux production is found for
each target and each profile. The results reveal that two
electron profiles with identical total energy can create
different x-ray fluxes (including bremsstrahlung and char-
acteristic x rays) at K, energy. In low-Z materials for all
thicknesses, d, and in high-Z materials for d > d, the
g-monoenergetic electron profile produces more efficient
x-ray photons, in comparison with the g-Maxwellian elec-
tron distribution. Concerning the influence of the two
electron distributions on x-ray generation in high-Z targets,
it is concluded that the presence of a larger number of
electrons (even if distributed at lower energies) is more
efficient at smaller target thicknesses, while the existence
of electrons with higher energies (even fewer) is dominant
at larger thicknesses. It is deduced that the accumulation of
more electrons at higher energies in a g-monoenergetic
spectrum with lower pulse width plays an important role in
the increase of x-ray yield.
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