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Featured Application: Pulsed X-ray source based on sub-microsecond intense pulsed electron
beam accelerators.

Abstract: X-ray sources based on pulsed electron accelerators stimulate the development of bremsstra
hlung converter designs. The numerical optimization of transmission-type X-ray targets for max-
imum X-ray output by pulsed electron beams was carried out in the present work. The targets
featured a combination of a heavy element (tungsten or molybdenum) X-ray conversion layer and a
titanium membrane that served as the vacuum window, thermal shielding for converter heat, and
an electron dump. The energy spectrum of the electron beam generated via explosive emission was
analyzed via the space-charge effect, and was utilized for the source sampling algorithm for electron
transportation simulation with a Monte Carlo method for X-ray emission analysis. It was revealed
that the transmission photon intensity of a mono-material target is primarily affected by the thickness
of the target, and there exists an optimal target thickness within which the photon fluence is restricted
by insufficient electron stopping; when exceeded, the extra thickness of the X-ray converter target
imposes absorption and attenuates the generated X-ray. Analysis on dual-layer targets proved that
this optimized converter target thickness, combined with a proper titanium window, produces the
highest X-ray photon emissions.

Keywords: intense pulsed electron beam; X-ray; bremsstrahlung converter; dual-layer target; FLUKA

1. Introduction

After their discovery by W. Rontgen from research on cathode rays [1], X-rays gener-
ated by kinetic electrons on solid targets have been studied and applied widely in fields
such as medical diagnostics and treatment [2,3], material characterization [4-7], security
checks [8-10], and industrial inspection [11,12]. Although with the development in physics
and technology, some other types of X-ray sources, such as synchrotron radiation [13]
and laser-plasma [14,15], have exhibited advantages including continuous broad-spectrum
emissions and higher radiation intensity, X-ray sources with kinetic electrons on solid
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targets stand out after over one century of application for their mature and robust de-
sign and adequateness in low-energy X-ray applications. Compared with isotopes, X-ray
sources from electron-solid interactions such as X-ray tubes and electron accelerators have
advantages in higher controllability, as the radiation can be shut off immediately after
being powered off. In low-energy X-ray applications, such as medical imaging with photon
energy of tens of keV, X-rays are typically generated with a reflective X-ray target. The
transmission-type X-ray targets are preferable for X-ray sources with accelerators with
higher electron energies from hundreds of keV to several MeV. The design and optimiza-
tion of X-ray targets require consideration in many aspects; besides the manipulation of
X-ray parameters such as fluence and spectrum, other issues in practical application, such
as the heating and discharge by electrons, also need to be well solved. Behind this, the
basic process in physics is to study the stopping of electrons in the target and relevant
secondary photon emission, as issues such as X-ray distribution, target heating, and charge
accumulation on parts are intrinsically determined.

In recent years, trials with intense pulsed electron beams (IPEBs) for electron and
X-ray radiation have been extensively developed. These IPEB accelerators with compact
designs, producing pulsed electron beams with energy of 6-200 J per pulse, electron energy
in the range from 100 to 500 keV, beam current in kA scale, sub-microsecond (75-250 ns)
pulse duration, and repetition up to 50 pulses per second (pps) [16,17], have been widely
studied in material synthesis and processing [18], wastewater [19] and gas [20] purification,
agricultural irradiation [21], and medical material preparation [22]. When used for X-rays,
these IPEB sources also exhibit virtues such as compact design, high mobility, and flexibility
in deployment [17]. Most IPEB sources extract electrons from plasma formed by explosive
emissions induced by applying pulsed negative high voltages on cold solid cathodes
made of graphite, metals, or composited metal-dielectric materials. The cathode-anode
gap of the IPIB diode is typically within 1 cm to allow the strong electric field on the
cathode surface to enhance explosive emission and achieve much higher current intensity
than conventional methods such as thermal and field emission. Then, an IPEB can be
accelerated from the plasma and used in a vacuum directly, bombarded on a target for
X-ray generation [23], or be extracted into the atmosphere through a membrane window
for irradiation purposes [24].

Although the physics of electron-matter interaction has been extensively studied and
some tests on IPEB X-ray sources have been carried out, an optimized X-ray target design
to match the IPEB has not been fully elaborated. In previous studies, for robustness, a
single sheet of metal [17] or some dual-layer structure was used and tested with the X-ray
converter [23]. The selection of the target thickness ensured it was roughly thick enough
to avoid breaking under repetitive operation or adopted the electron range for complete
electron absorption. However, when using a dual-layer target, with a combination of a high
atomic number material for X-ray conversion and titanium membrane for vacuum sealing
and electron dumping, the X-ray conversion targets in these schemes are thicker than
optimal, as the highest X-ray fluence is typically achieved with a thickness much smaller
than the electron range [25]. Thus, further research on the optimization of the convertor
structure is still required, especially when considering more IPEB characteristics, such as
electron energy spectrum, to match dual-layer converters with a combination of a heavy
metal X-ray converter layer, such as tungsten or molybdenum, and a titanium window
for vacuum sealing, for as high photon fluence as possible with complete absorption of
electrons. Further, the corresponding output features such as the spatial distribution of
X-ray fluence and dose by per pulse should be determined for the reasonable usage of
the radiation.

In this work, the energy spectrum of IPEBs was analyzed by the space-charge effect in
their emission and was used for the sources of a Monte Carlo (MC) simulation. The photon
emission distribution from tungsten and molybdenum targets was studied, and the design
and optimization of a dual-layer structure converter system with a heavy element X-ray
conversion layer and an extra titanium membrane were made.
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2. Materials and Methods
2.1. IPEB Energy Spectrum Analysis

As the MC method used in the particle transportation simulation essentially gives
results on each primary electron, to provide a proper estimation of the output X-ray fluence
and dose by IPEB, it is necessary to obtain the IPEB spectrum for reasonable MC calculation
input. The IPEBs generated on the BIPPAB-450 pulsed particle accelerator [26] were taken
for electron spectrum analysis. This facility generates pulsed high voltage with amplitude
up to 250 kV with a magneto generator based on a pulsed transformer, and then the pulsed
voltage is modulated by a Blumlein transforming line, further multiplied to over 450 kV
by a pulsed autotransformer, applied on a graphite cathode of the electron beam diode
and triggers micro-explosives via field emission at micro-tips on the surface with a plasma
sheath being formed. The electrons in the plasma are accelerated by the electric field formed
by the pulsed high voltage, and in this way, a high current of kA order can be obtained.
Under certain conditions, the plasma emitter can be regarded as a source with an unlimited
electron supply, and the current emission is only confined by the space-charge effect in
the accelerating gap. As the emission happens on the cathode surface in an area with a
diameter of 3.5 cm, compared with an anode-cathode gap of several mm, the emission
current can be simplified into a plane-parallel diode model well described by Child’s law
(also widely mentioned as the three halves law) [27]:

_ dgg/2e UB/?
9/m, d -’

in which | is the current density, ¢ is the vacuum permittivity, e and m, are the electron
charge and mass, U is the accelerating voltage on the cathode, and d is the width of the
anode-cathode gap.

Assuming that the initial kinetic energy of the electrons in the plasma is much lower
than after acceleration, i.e., can be taken as zero, and no prominent electron scattering
in the anode-cathode gap (corresponding to high vacuum), by applying Child’s law the
correspondence between the accelerating voltage and the IPEB energy spectrum can be
established. From the acquired working voltage of the IPEB diode (Figure 1), the IPEB
spectrum can be deduced (Figure 2). Most of the electrons are distributed around 300 keV
and over 370 keV. In the MC simulation, this energy spectrum is normalized to a probability
density distribution for the sampling of the source particle. For the total number of electrons
in one pulse, the beam current can be approximated as a triangular pulse with a typical
peak value of 2.5 kA and full pulse length of 320 ns, and thus the number of electrons in
one pulse is 2.5 x 10'5.
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Figure 1. Typical oscilloscope curves of the accelerating gap voltage and beam current of the
IPEB diode.
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Figure 2. The normalized energy spectrum of the IPEBs deduced from the diode input voltage.

2.2. X-ray Conversion Simulation

For the simulation of electron stopping in matter and photon generation, the Monte
Carlo code FLUKA (FLUktuierende KAskade) [28,29] released by the Conseil European
pour la Recherche Nucleaire (CERN) was used. First used for electron accelerator shielding,
FLUKA has developed into a general-purpose particle transportation simulation software
for over 60 particles and is widely used for radiation shielding [30-32], dosimetry [33,34],
detector design [35-37], X-ray generation [38—40], and medical physics [28,41]. To deal
with bremsstrahlung, the latest version of FLUKA adopts improved Seltzer and Berger
differential cross-sections for the transport algorithm on charged particles and photons,
and can handle electron and photon transportation with energy down to 1 keV, obtaining
good accuracy for primary electrons with a single scattering algorithm. The graphical user
interface Flair [42] further enables fast editing of FLUKA input, visualization of geometry,
monitoring of program running, post-processing, and demonstration of simulation results,
making FLUKA more easy to use compared with other MC programs.

In the MC simulation, the IPEB was simplified as a pencil beam with a radius of
3.5 cm, emitted from z = —1 cm (1 cm of accelerating gap) with the beam center along the
z-axis in the positive direction. The energy spectrum of the IPEB was sampled with the
distribution in Figure 2 and compiled into the FLUKA simulation via a Fortran script. The
targets in the simulation had a radius of 5 cm with their rear surfaces on the xoy plane
with the surface center on the point (0, 0, 0). The xoy plane divided the whole space into
two parts, with the z < 0 part in the vacuum and the other half in the air, making the rear
surface of the target align on the plane of the vacuum-air boundary (Figure 3). The targets
were divided into two groups; the first was tungsten and molybdenum targets for the
evaluation of X-ray conversion with thicknesses from 0 to CSDA (Continuous Slowing
Down Approximation) range estimated with the NIST (National Institute of Standards and
Technology) ESTAR database [43]. The CSDA range of tungsten and molybdenum was
taken as 155 and 248 um, taking their density of 19.26 and 10.28 g/cm?3, respectively. For
the analysis of the combination of a conversion layer (tungsten or molybdenum) and a
membrane (titanium) X-ray window, tests were made from the thinnest conversion layer at
maximum photon emission with a thick titanium window to the thickest conversion layer
with a thinnest titanium window of 50 um. The use of tungsten was for the verification
of the maximum achievable X-ray output, and molybdenum, for its moderate price, also
served as a candidate for the X-ray conversion layer. Although beryllium is widely used in
X-ray windows, due to its toxicity, the use of beryllium for X-ray windows with a radius
of several cm for possible applications such as food and environmental irradiation brings
inferiority in safety and maintenance compared with using titanium. For simplicity in
modeling, the conversion layer and the titanium window were separated by a plane into
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a cylinder. As it is complicated to estimate the CSDA range in a two-layer structure with
ESTAR, tungsten and molybdenum targets with the thickness of ESTAR CSDA range were
tested with FLUKA and the same criteria, i.e., decreasing the electron fluence by seven
orders, were adopted to determine dual-layer target thicknesses.

Vacuum

Vacuum Conversion = Titanium Air
target = membrane

Air X
V4

Figure 3. Schematic drawing of the dual-layer target model.

For the tally of the spatial distribution of photon fluence and dose equivalent, consid-
ering the model symmetry, the results on the roz plane with a binning resolution of 1 mm
in an area of 20 x 40 cm? were scored. In FLUKA, the dose equivalent was calculated by
taking the results from photon fluence and spectrum, with conversion coefficients from
ICRP74 [44] and Pelliccioni data [45]. The transmission X-ray energy spectrum after the
window within the polar angle of 60° was scored with an energy binning of 1 keV. An
energy cut-off of 2 keV in particle generation and transportation was used for photon
energy spectrum simulation. The energy deposition in each region in the models was also
calculated to evaluate the possible heating by electron energy deposition. A total number
of 5 x 108 primary electrons were used in the simulation on each target parameter and the
error of simulation was within 2% near the target in photon fluence and energy spectrum
estimation. The simulation was carried out on two servers with AMD Ryzen 2700 CPU
with 16 GB DDR4 2666 MHz RAM, running the Ubuntu 20.04.3 operating system with
FLUKA 4-2.0 and Flair 3.1-14.

3. Results and Discussion

In the simulation with tungsten and molybdenum targets, to compare the photon
emission from the target, the photon fluence and dose equivalent in the center of the rear
target surface were taken for analysis (Figure 4). Taking tungsten as the target material, the
peak photon fluence and dose equivalent increased by over 70% compared with molybde-
num. A similar trend in photon fluence and dose equivalent was exhibited with the change
in the target thickness; at thin target thicknesses, the photon fluence and dose equivalent
was low and rose significantly with the increase in the target thickness. In this stage, the
conversion of X-ray was predominantly limited by the insufficient electron stopping in the
target. With further increased target thicknesses, the photon fluence reached a maximum
value and the thickness at this maximum photon emission, about 35 pm for tungsten and
72 um for molybdenum, was much smaller than the CSDA range of the electrons in the
target (approximately 22.6% and 28.2% of the CSDA range in tungsten and molybdenum).
When the target thickness exceeded this optimal value, the output photon fluence and dose
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equivalent started to decrease, but in a slow trend as there existed both X-ray emission due
to the stopping of electrons in the target and X-ray absorption by the extra thickness which
exceeded the optimal thicknesses. When the target thickness reached the CSDA range, the
photon fluences and dose equivalent decreased by over 50% in tungsten and about 40% for
molybdenum compared with the fluence at optimal target thicknesses. This means that
a sacrifice in the X-ray output is made for complete electron stopping, and with a higher
target atomic number comes higher output loss. This can be explained as when electrons
reach the depth over the optimal thickness, a significant portion of their energy has already
been deposited, as the stopping power of sub-MeV electrons reaches the maximum value
soon after entering the target. At the thick region of the target, the photon emission is
generally weaker than the photon absorption.
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Figure 4. (a) Transmission photon fluence and (b) dose equivalent per IPEB pulse with energy
spectrum in Figure 2 from tungsten and molybdenum conversion targets versus the target thickness.

In the spatial distribution of photon fluence and dose equivalent in the roz plane
(Figures 5 and 6 and Figures S1 and S2 in Supplementary Materials), in addition to the
photon generation by molybdenum being weaker than with tungsten, the photon distri-
bution and its evolution trend versus the target thickness was similar on the two target
materials. At a thin target thickness, the photon emission in the transmission direction was
much stronger than in the reflection direction. The photon emission increased drastically
with increased target thicknesses, both in the transmission and reflection directions. At the
optimal thickness, the photon emission distribution in the two directions was quite close,
slightly stronger in the transmission direction. With further increased target thicknesses, the
photon emission in the reflection direction did not change significantly, but the transmission
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photons exhibited apparent attenuation due to absorption by the target. The photon fluence
had a higher value at a smaller polar angle and decreased sharply approaching the xoy
plane. This was induced by the angular distribution of photon emission and higher photon
absorption by larger mass thickness in the polar angle near 90°.

Photon fluence per pulse (photons/cm?), 5 ym W (a Photon fluence per pulse (photons/cm?), 35 ym W (b
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Figure 5. Spatial distribution of photon fluence by per IPEB pulse on tungsten target with thickness of
(a) 5 um, (b) 35 um (the optimal target thickness), (c) 70 um (2 times of the optimal target thickness),
(d) 155 um (CSDA range).

Dose equivalent per pulse (Sv), 5 um W (a) Dose equivalent per pulse (Sv), 35 um W (b)
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Figure 6. Spatial distribution of dose equivalent by per IPEB pulse on tungsten target with thickness
of (a) 5 um, (b) 35 um (the optimal target thickness), (c) 70 um (2 times of the optimal target thickness),
(d) 155 um (CSDA range).
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In the lateral distribution of dose-equivalent distribution at full electron stopping
(Figure 7 and Figure S3 in Supplementary Materials), in the region within 1 cm behind
the target, an output of over 1 Sv per pulse could be achieved near the target center and
decreased sharply at radii over 3 cm. At farther positions from the target, the output
declined rapidly; at the region 4-5 cm away from the target, the dose equivalent decreased
by over 70% and further decreased by 90% on the plane 10 cm from the target. However,
at these positions, the lateral uniformity of the dose equivalent became better at a larger
radius. In the transmission photon spectrum (Figure 8), at smaller polar angles existed
stronger X-ray emission, and at larger polar angles, low energy photon exhibited higher
attenuation. The photon energy was mainly within 200 keV and with a tungsten target,
due to characteristic absorption at 67.59 keV, a significant portion of the photons came with
energies below this value. There was no apparent characteristic emission and absorption in
molybdenum above 17.44 keV, the main part of the photon spectrum distribution from the
molybdenum target being relatively smooth.

Dose equivalent after 155 um W target per pulse

0 - 1 cm from target

1.25 1 - 2 cm from target
> 2 - 3 cm from target
2 1.00 3 - 4 cm from target
5 4 - 5 ¢cm from target
—é 0.75 9 -10 cm from target
5 14-15 cm from target

o .
D (.50 19-20 cm from target
)
w
o
8 025
-T"’:"’;’:*‘:.ru—mw’w__‘
0.00 —— .

0 20 40 60 80 100
r(mm)

Figure 7. Dose equivalent distribution per IPEB pulse on tungsten target with the thickness of
CSDA range.

Based on the above analysis, when the conversion target thickness exceeds the optimal
value, the self-absorption of the target itself is a primary factor that limits the output.
Several dual-layer targets with full electron stopping were tested with the titanium window.
In the target thickness parameters (Tables 1 and 2), the combinations took the optimal
conversion layer thickness (also the thinnest) with a thick titanium window to the other
end of the thinnest possible titanium window (50 pm) with a relatively thick conversion
layer, and some parameters in between.

Table 1. The thickness of the tungsten-titanium target (in um) with mass densities of 19.26 and
4.54 g/cm? correspondingly.

a b c d e

w 115 105 80 55 35
Ti 50 100 200 300 360
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Table 2. The thickness of the molybdenum-titanium target (in um) with mass densities of 10.22 and
454¢/ cm?® correspondingly.

0.0

a b c d e
Mo 205 180 137 90 72
Ti 50 100 200 300 340
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Figure 8. Transmission X-ray spectrum per IPEB primary electron on (a) tungsten and (b) molybde-
num target with the thickness of CSDA range.

The spatial distribution of photon fluence and dose equivalent after the dual-layer
target (Figures 9 and 10 and Figures S4 and S5 in Supplementary Materials) in general
was similar to that of thick mono-material targets; the photon output in the transmission
direction was weaker than in the reflection direction. By comparison of the output in the
center after the titanium window surface (Tables 3 and 4), the combination with the thinnest
conversion 1 and thick titanium window achieved the highest photon output and was about
150% the level of the combination of a thick conversion target and thin titanium window. In
lateral distribution (Figure 11 and Figure S6 in Supplementary Materials), compared with
the mono-material target, the tungsten composite target achieved a significant increase of
over 80%, while for molybdenum, the increase was about 27% in the region within 1 cm
behind the target. When using the dual-layer conversion target in the region near the target
system, the output was much higher in a smaller radius or at farther distances from the
target with a lower output level in a larger radius with better lateral uniformity. In the
photon spectrum (Figure 12), with a thicker conversion target and thin titanium window,
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stronger photon attenuation existed than with a thin conversion layer target with 50% less
in the total photon counts, especially in low energy photons.

Photon fluence per pulse (photons/cm?), 115 um W+50 um Ti (a) Photon fluence per pulse (photons/cm?), 105 um W+100 um Ti (b)
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Figure 9. Spatial distribution of photon fluence by IPEB on tungsten-titanium dual-layer target with
thicknesses combination (subfigure (a—e) corresponding to the duplicate item titles in Table 1).

Table 3. Photo fluence after the dual-layer target per pulse (in 10'> photons/cm?) with target
parameters in Tables 1 and 2.

a b c d e
W+ Ti 2.023 2.170 2.663 3.298 3.727
Mo + Ti 1.653 1.741 1.957 2.259 2.367

Table 4. Dose equivalent after the dual-layer target per pulse (in Sv) with target parameters
in Tables 1 and 2.

W+ Ti 1.987 2.112 2.491 2.926 3.240
Mo + Ti 1.560 1.670 1.749 1.924 1.984
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Figure 10. Spatial distribution of dose equivalent by IPEB on tungsten-titanium dual-layer target
with thicknesses combination (subfigure (a—e) corresponding to the duplicate item titles in Table 1).
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Figure 11. Dose equivalent distribution per IPEB pulse on dual-layer targets with parameters of
Table 3.
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Figure 12. Transmission photons spectrum by per IPEB electron on tungsten-titanium and
molybdenum-titanium dual-layer targets with parameters in (a) Table 1 and (b) Table 2.

By the above analysis, the combination of a thin conversion target at optimal photon
emission thickness and a thick titanium window is an optimized choice for maximum X-ray
output. When considering more issues, such as target heating by IPEBs, some problems
in the actual design need to be solved. The optimal conversion target is relatively thin
under the thermal shocks by IPEBs. It is verified by experimental and numerical means that
under the irradiation of IPEBs, a temperature rise of several tens of K [26] can be induced
in the target and the consequent thermal stress is an important cause of target damage.
The situation of conversion layer damage can be monitored by online monitoring, such as
with a semiconductor X-ray detector [46], and in tests with a titanium electron window,
a window with a thickness within 100 um can well secure the vacuum in the vacuum
chamber [23], ensuring that, with the dual-layer target, the working vacuum can be kept
even after conversion layer damage. However, frequent maintenance of the window system
should undoubtedly be avoided in practical applications. In this sense, the use of a thicker
conversion layer may be better for higher system reliability in long-term operation. Further,
with a thicker target, such as with 80 um tungsten and 137 pm molybdenum, the energy
deposition in the titanium window (Figure 13 and Figure S7 in Supplementary Materials)
is over two orders lower than in the conversion layer and the titanium window heating by
IPEBs is negligible, while with a thin conversion layer at the optimized conversion layer
thicknesses, the titanium window may endure heating at high IPEB output repetition and
extra cooling may be required.
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Figure 13. Electron energy deposition in different regions with different target parameter combi-
nations, (a) 115 um W with 50 um Ti, (b) 105 um W with 100 um Ti, (¢) 80 pum W with 200 pm Ti,
(d) 55 pm W with 300 um Ti, (e) 35 um W with 360 pm Ti.
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4. Conclusions

The design and output optimization of transmission X-ray conversion targets was
analyzed. The spectrum of an intense pulsed electron beam emitted via explosive diode
with a peak value of 470 keV was taken as the source, and it was found by FLUKA Monte
Carlo simulation via analysis of photon fluence and dose equivalent distribution that a
tungsten and molybdenum target with the thickness of 35 and 72 um achieved the highest
output X-ray fluence and dose equivalent. It was further proved that these optimized
conversion layer thickness, combined with proper titanium window thickness for total
electron stopping, produced higher X-ray output than with thicker conversion layers. When
used with an electron beam with a 3.5 cm radius, 470 keV peak electron energy, and 5 kA
beam current, this conversion system could achieve an X-ray output of over 1 Sv per
pulse behind the target. The spatial distribution of photon distribution revealed that the
X-ray output attenuates drastically at larger distances from the target, with better lateral
uniformity and a wider radiation range. Based on this, the radiation of samples can be
arranged for expected dosage and further tailoring of the radiation field, such as achieving
better uniformity with a flattening filter, can also be carried out based on this work.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/app12094327/s1, Figure S1: Spatial distribution of photon fluence
by per IPEB pulse on molybdenum target; Figure S2: Spatial distribution of dose equivalent by per
IPEB pulse on tungsten target; Figure S3: Dose equivalent distribution per IPEB pulse on molybdenum
target with the thickness of CSDA range; Figure S4: Spatial distribution of photon fluence by IPEB on
molybdenum-titanium dual-layer target; Figure S5: Spatial distribution of dose equivalent by IPEB
on molybdenum-titanium dual-layer target; Figure S6: Dose equivalent distribution per IPEB pulse
on dual-layer targets with parameters of Table 4; Figure S7: Electron energy deposition in different
regions with parameters in Table 2.
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