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Abstract

Flat-panel X-ray sources (FPXSs) have many advantages in terms of compactness and low-dose imaging, enhancing their
capability for novel X-ray applications. Experimental analysis of the X-ray characteristics and optimizing the anode panel
of an FPXS are time-consuming, expensive, and sometimes impractical. In this study, a FPXS was prepared using a ZnO
nanowire cold cathode and a molybdenum film anode target. Monte Carlo (MC) simulations were utilized to optimize the
anode panel and obtain the average fluence, average energy, and spatial distribution of the X-rays for the ZnO nanowire FPXS.
The accuracy of the MC simulations was verified by comparing the measured and simulated energy spectra. Optimization
of the anode target considers the material, thickness, and morphology, whereas optimization of the substrate focuses on the
material and thickness. The results show that the difference between the positions of the K-shell peaks in the measured and
simulated energy spectra is within 0.26 keV. At the acceleration voltages of 30 kV, 60 kV, and 90 kV, the optimal thicknesses
of the tungsten array anode were 0.65 pm, 2.45 pm, and 5 pm, respectively, while the molybdenum array anode has the
optimal thicknesses of 1.45 pm, 5.25 pm, and 24 pm, respectively. The microsemi-ellipsoidal anode with a recessed design
showed a 5% increase in the transmitted X-ray fluence compared with the film target. The sapphire substrate with a thick-
ness of 0.78 mm exhibits a mechanical strength comparable to that of a glass substrate with a thickness of 3 mm, implying
that the former can increase the average X-ray fluence by reducing the filtration of X-rays. The findings of this study provide
valuable guidance for the fabrication and optimization of the ZnO nanowire FPXS.

Keywords ZnO nanowire cold cathode flat-panel X-ray source - Monte Carlo simulation - Anode optimization - Substrate
optimization

1 Introduction generated by thermoelectric X-ray tubes, in which electrons

are emitted by heating a filament and then accelerated to

Since their discovery, X-rays have been extensively used in
diagnostic imaging [1], radiotherapy [2], public safety [3],
and material engineering [4]. Currently, X-rays are mostly
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bombard the anode target. However, these thermoelectric
tubes suffer owing to their bulkiness, high-energy consump-
tion, and cumbersome thermal management systems [5, 6].
Following the advancement of microfabrication techniques,
cold cathode X-ray sources have gained attention owing to
their advantages of compactness, low-energy consump-
tion, and fast response [7-9]. For example, carbon nano-
tube X-ray sources have been successfully fabricated and
commercialized [10, 11], offering advantages in stationary
X-ray imaging [12, 13]. However, these are still single-focus
X-ray sources and are limited by the long source-to-patient
distance.

In contrast, a novel cold cathode, flat-panel, X-ray source
(FPXS) consisting of multiple X-ray emitting units inte-
grated on a single substrate has been proposed [5]. Based

@ Springer


https://orcid.org/0000-0002-2308-3748
http://crossmark.crossref.org/dialog/?doi=10.1007/s41365-025-01765-6&domain=pdf

186 Page2of11

X.-Y. Zhang et al.

on the advantages of ZnO nanowires, such as easy large-area
fabrication and uniform electron emission [14], our team
fabricated a ZnO nanowire FPXS and achieved high-contrast
X-ray imaging [15]. With the development of microfabrica-
tion technology, a more flexible two-dimensional address-
able ZnO nanowire FPXS has been developed by preparing
ZnO nanowire strips on a cathode panel and molybdenum
(Mo) film strips on an anode panel [16]. The intersection of
the cathode and anode forms multiple addressable X-ray-
emitting units. The addressable ZnO nanowire FPXS has
several key advantages. First, it selectively emits photons
on demand, reducing the radiation dose to the imaged sam-
ples [15]. Second, it can reduce motion artifacts related to
gantry rotation by replacing mechanical motion with peri-
odic photon emissions from array sources [17]. Furthermore,
the dynamic range of electron bombardment in the anode
prevents heat accumulation in a single area and reduces
anode loss [18]. Given the advantages of addressability and
distributed X-ray sources [19], the ZnO nanowire FPXS may
provide novel X-ray applications such as stationary com-
puted tomography [17] and grating-based phase-contrast
imaging [20].

The performance of the X-ray source can be improved
by optimizing the material, thickness, and morphology
of the anode [21-23]. Experimental analysis of the X-ray
characteristics and optimizing the anode of the X-ray source
are time-consuming and expensive. MC simulation is an
accurate, efficient, and cost-effective method for simulat-
ing particle transport [24, 25]. The methodology used to
optimize and analyze thermoelectric X-ray sources using
MC simulations is well established [26-28]. As the benefits
of FPXS have become apparent, MC simulation studies of
FPXS have been conducted. For example, G rant et al. opti-
mized the anode target, analyzed the X-ray energy spectrum
and angular distribution of a carbon nanotube FPXS [29].
In a subsequent study, they examined the impact of a col-
limator on an FPXS based on nitrogen-incorporated ultra-
nanocrystalline diamond [30]. However, these findings were
limited to FPXS, which has a small emission area. In one
of our previous research study, we obtained the optimal
thickness of a thin tungsten (W) target at 40 kV for ZnO
nanowire FPXS [31]. Nevertheless, the emission character-
istics of ZnO nanowire FPXS have not been fully explored,
and the parameters under consideration for optimization are
incomplete.

In this study, we addressed the gaps described above by
optimizing the ZnO nanowire FPXS in terms of both the
anode and substrate of the anode panel. The key X-ray char-
acteristics, including the average fluence, average energy,
and spatial distribution, were also analyzed using MC simu-
lations. The accuracy of the MC simulations was verified
by comparing the measured energy spectra with the simu-
lated energy spectra. Regarding the anode morphology, we
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considered two microstructural morphologies, namely, those
of a microstriped array and a microsemi-ellipsoidal anode.
The optimal thicknesses of the W and Mo microstriped
array anodes were obtained with acceleration voltages in the
range of 30-90 kV, and the X-ray spatial distribution of the
microstriped array anode was analyzed. We studied the vari-
ation trend of the X-ray fluence with the raised and recessed
degrees of the microsemi-ellipsoidal anode and explored the
underlying reasons for this trend through energy conversion
experiments of the incident electrons. To optimize the sub-
strate, the X-ray filtering effect and physical properties of
different thicknesses of different materials were considered.
The findings of this study can provide valuable guidance
for the fabrication of the ZnO nanowires FPXS, ultimately
reducing the number of development cycles and cost. The
optimized ZnO nanowire FPXS obtained in this study can
be used in a novel medical imaging modality.

2 Materials and methods
2.1 ZnO nanowire cold cathode FPXS

Several ZnO nanowire FPXSs were successfully fabricated.
Herein, we introduce two representative FPXSs: a film tar-
get ZnO nanowire FPXS [32] (Fig. 1(a)) and an address-
able ZnO nanowire FPXS [16] (Fig. 1(c)). A schematic of
the film target ZnO nanowire FPXS is shown in Fig. 1(a).
The FPXS is composed of a transmission-type anode panel
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Fig.1 (Color online) a Schematic of the film target ZnO nanowire
flat-panel X-ray source (FPXS); b photograph of the film target ZnO
nanowire FPXS; ¢ schematic of the addressable ZnO nanowire FPXS;
and d scanning electron microscopy image of the ZnO nanowire
field-emitter array
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and field-emission cathode panel. The anode panel had a
Mo film target deposited on a glass substrate. The cathode
panel was fabricated by depositing patterned Zn arrays on
a glass substrate coated with indium tin oxide (ITO). The
patterned Zn arrays were then converted into ZnO nanowire
field-emitter arrays via thermal oxidation. A glass spacer
was used to maintain a fixed distance between the anode
and cathode panels. When a sufficiently high voltage was
applied, a field-emission effect occurred, and electrons were
emitted from the ZnO nanowires. These electrons were then
accelerated and bombarded on the anode to produce X-rays.
Figure 1(b) shows a photograph of an encapsulated ZnO
nanowire FPXS with a Mo film target. An exhaust tube
and getter were installed on the cathode panel for vacuum
pumping. Figure 1(c) shows a schematic of an addressable
ZnO nanowire FPXS. The anode panel was composed of
five strip-shaped Mo targets sandwiched between two thin
aluminum (Al) films to prevent oxidation during the vacuum
sealing process. The cathode panel consisted of five strip-
shaped ITO electrodes arranged orthogonally to the anode.
Addressable emission of X-rays can be achieved by selec-
tively applying a high voltage between the anode strips and
cathode electrodes. At the intersection of the cathode and
anode strips, an array spanning 5 X 5 luminous pixels was
obtained, resulting in 25 independent luminous pixels and a
size 4.325 mm X 4.325 mm. Figure 1(d) shows the morphol-
ogy of the ZnO nanowires field-emitter array characterized
by scanning electron microscopy.

2.2 MCsimulations of the ZnO nanowire FPXS

Geant4 is an accurate, reliable, flexible, and extensively
accepted MC simulation software program [33]. In this
study, Geant4 (version 11.02, CERN) was used to simulate
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the process of high-energy electrons bombarding the
anode panel and the X-ray generation. Owing to the strong
electric field between the cathode and anode, the direction
of movement of the electrons produced by the ZnO nanow-
ires was almost perpendicular to the anode panel; thus,
a parallel electron beam was used to model the cathode.
The number of simulated electrons was 5 X 10°. The range
cutoff in Geant4, which represents the distance threshold
for secondary radiation production, was set to 1 nm. The
Penelope model was adopted because of its accuracy in the
low-energy range [34].

In the simulations, two X-ray detection modes were
established to analyze the X-ray characteristics under dif-
ferent conditions. Specifically, the first mode was a planar
detection mode used to detect the transmitted X-rays emit-
ted from a large-area target, wherein a circular detector
with radius R was placed parallel to the substrate, as illus-
trated in Fig. 2(a). The average fluence of the X-rays can
be calculated by dividing the number of photons by the
detector area. The average X-ray energy was determined
by dividing the total photon energy by the number of
photons. The second detection mode, referred to as hemi-
spherical detection mode, was employed to investigate the
divergence characteristics of the transmitted X-rays. In this
mode, the hemispherical detector was placed at the center
of the anode, as shown in Fig. 2(b)). On a hemispheri-
cal detector with radius R, A8 around the emission angle
0 corresponds to a spherical ring, as shown in the blue
region in Fig. 2(c)). A8 is a fixed angle bin used to divide
the hemispherical detector into segments. When a spe-
cific 8 was selected, the corresponding spherical ring was
defined. The average fluence and energy of the X-rays at
the emission angle § were calculated based on the photons
that reached the spherical ring. None of the detectors in
the simulation affected the photon transport.
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Fig.2 (Color online) Schematics of the a planar detection and b hemispherical detection modes. ¢ Cross-sectional visualization of the hemi-

spherical detection mode
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2.3 Experiments and evaluations

In this subsection, the accuracy of the MC simulations on
the ZnO nanowire FPXS was first verified by comparing the
measured and simulated energy spectra. The anode and sub-
strate were then optimized using MC simulations. The aver-
age fluence and X-ray spatial characteristics of the micro-
striped array anode and the microsemi-ellipsoidal anode
were investigated. Regarding the substrate, we analyzed the
filtering effect of three types of substrate materials and the
corresponding substrate thickness on X-rays.

2.3.1 Comparison between measured and simulated X-ray
spectra

The ZnO nanowire FPXSs shown in Fig. 1(c) were used
as subjects for the comparative experiment. The measured
spectra were recorded using an X-123 CdTe X-ray spectrom-
eter (AMPTEK, Bedford, MA, USA). In the simulations, the
thicknesses of Mo and Al were, respectively, set to 400 pm
and 100 pm according to the actual FPXS. The electrons
were sampled uniformly in an area of 5 X 5 luminous pix-
els. The acceleration voltages were set at 29, 30, and 31 kV,
respectively. The simulated energy spectra were acquired in
the planar detection mode with the detector located 10 cm
away from the rear side of the anode’s substrate. To detect
an adequate number of photons, the detector’s R value was
set to 5 cm. Air was filled in the area between the FPXS
and detector to maintain consistency with the experimental
setups.

2.3.2 Microstriped array anode thickness optimization
and X-ray distribution

The microstriped anode array shown in Fig. 3 shows the
base pattern for the anode of the addressable ZnO nanow-
ire FPXS. The anode strips were arranged periodically on a
glass substrate with a period (P) of 15 pm. The duty cycle
(DC) was defined as DC = w,/P and was set to 1/3 in this
study, where wj, is the anode strip width. In the case of an
actual, addressable ZnO nanowire FPXS, the total anode
area size was 4.8 cm X 4.8 cm (W x L) that included 3200
anode strips. W and Mo were selected as the anode strip
materials to meet the requirements of different applications.

To optimize the thickness of the microstriped array anode
for increased transmitted X-ray fluences, the average flu-
ence for different thicknesses at the acceleration voltages of
30, 60, and 90 kV was obtained using MC simulations. The
electrons were uniformly sampled over a 300 pm X 300 pm
area in the center of the microstriped array anode because
the anode was periodically distributed, thus reducing the
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Fig.3 (Color online) Schematic of the microstriped array anode
panel

simulation time. The simulations adopted a planar detection
mode with R = 5 cm, and the distance from the detector to
the rear side of the substrate was set to 5 cm.

The investigation of the spatial distribution of the trans-
mitted X-rays included the local distribution under the
microstriped array anode and the overall distribution at dif-
ferent distances from the rear side of the anode substrate.
A microstriped array Mo anode with P of 15 pm, 30 pm,
and 60 pm was simulated at 60 kV. The electron bombard-
ment area was set to 300 pm X 300 pm and 4.8 cm X 4.8 cm
in the cases of the local and overall spatial X-ray distribu-
tions, respectively. A circular detector with R = 10 cm was
placed under the microstriped array anode to obtain the local
X-ray distribution, and five additional circular detectors were
placed 0, 1, 2, 4, and 15 cm behind the rear side of the sub-
strate to obtain the overall X-ray spatial distribution.

2.3.3 Effects of microsemi-ellipsoidal anode on X-ray
generation

In this study, we investigated the transmitted X-ray char-
acteristics of a microsemi-ellipsoidal structure on a film
target, as shown in Fig. 4. The microsemi-ellipsoidal struc-
ture included raised and recessed designs. Raised-design
microsemi-ellipsoidal structures were formed using a flat-
tened semi-ellipsoid anode, as depicted in Fig. 4(a)-(c).
Conversely, recessed microsemi-ellipsoidal structures were
created by punching a semi-ellipsoidal hole on the thick-
ened film target, while the thickness at the thinnest point was
still set to 3 um, as depicted in Fig. 4(d)-(f). The equatorial
diameter of the microsemi-ellipsoidal structures was fixed
at 6 pm, where £ is the distance from the center to the pole
along the symmetry axis. The values of & were set to values
from -3 pm to 3 pm with a step size of 1 pm. Positive values
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Fig.4 (Color online) Regions marked in yellow color represent the
morphology of the a—c raised design and d—f recessed design micro-

semi-ellipsoidal Mo anodes. The black regions represent the Mo film
target

of h correspond to the raised design and negative values cor-
respond to the recessed design, with 2z = 0 pm for the film
target. The thickness of the Mo film target was set to 3 pm,
which is the optimal thickness for a fluence of 50 kV [36].
The electron source was configured as a pencil beam with a
diameter of 6 pm to cover the microsemi-ellipsoidal struc-
ture. The acceleration voltage was set to 50 kV. The simula-
tions were conducted in the hemispherical detection mode
with R =5 cm, and A8 was set to 5°. The reasons for the dif-
ferences in the production of X-rays in different microsemi-
ellipsoidal structures were also investigated. The energies
of electron deposition at the anode, backscattered electrons,
and photons generated within the anode were recorded in
this study.

2.3.4 Effects of substrate material and thickness on X-ray
filtering

The material and thickness of the substrate affect consider-
ably the X-ray fluence because X-rays must pass through
the substrate. Currently, the ZnO nanowire FPXS uses silica
glass (Si0,) as the substrate material. In addition to silica
glass, two additional substrate materials, namely, synthetic
sapphire (a-Al,O5) and silicon carbide (SiC) ceramics, were
selected as candidate materials for the ZnO nanowire FPXS.

To evaluate the filtering effect of the three substrate
materials on the X-rays, simulations were conducted
using an addressable ZnO nanowire FPXS, as shown in
Fig. 1(c). The anode of the addressable ZnO nanowire
FPXS remained unchanged, whereas the substrate materi-
als were Si0,, Al,O3, and SiC, with respective densities of
2.32 g/em?, 3.97 g/em?, and 3.16 g/cm?®. For each substrate
material, thicknesses ranging from 0.5 mm to 4 mm were
considered. The electrons were sampled uniformly in an
area of 5 X 5 luminous pixels. The simulations adopted a
planar detection mode, and the distance from the circular
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Fig.5 (Color online) Comparison of normalized measured and simu-
lated X-ray energy spectra at the acceleration voltages of a 29 kV, b
30kV,and ¢ 31 kV

detector (R = 5 cm) to the rear side of the anode substrate
was set to 10 cm. A full vacuum environment was set up,
and the acceleration voltage was fixed at 30 kV.

3 Results

3.1 Comparison between measured and simulated
X-ray spectra

Figure 5(a)—(c) presents a comparison of the measured
and simulated spectra at 29, 30, and 31 kV, respectively.
The energy spectra were normalized using their respective
maximum values to enable a direct comparison. The com-
parison shows a strong agreement between the measured
and simulated energy spectra, and the difference in the
position of the K-shell peaks was within 0.26 keV, indicat-
ing the accuracy of the MC simulation for the ZnO nanow-
ire FPXS. Furthermore, photons below 12 keV were elimi-
nated after transmission through a 3 mm glass substrate.
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3.2 Microstriped array anode thickness
optimization and X-ray distribution

Figure 6(a)—(c) illustrates the average X-ray fluence of the
W and Mo microstriped array anodes at 30, 60, and 90 kV
at different anode target thicknesses. B-spline interpola-
tion was used to interpolate the data between the calculated
points on the curves. A similar trend in the average fluence
was observed for both the materials as the target thickness
increased. First, the average fluence increased considerably
at increased target thicknesses. Subsequently, the maximum
average fluence was achieved at a specific thickness, after
which the average fluence gradually decreased at increasing
target thicknesses. The optimal thicknesses of the W and
Mo targets based on the average fluence at all the tested
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Fig.6 (Color online) Average fluence as a function of the micro-
striped array anode thickness for the W and Mo targets at the accel-
eration voltages of a 30 kV, b 60 kV, and ¢ 90 kV. (d) Optimal thick-
nesses of W and Mo target with respect to the acceleration voltages
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acceleration voltages are shown in Fig. 6(d). The optimal
thicknesses of the W target at the three acceleration volt-
ages are 0.65 pm, 2.45 pm, and 5 pm, while the Mo target
has optimal thicknesses of 1.45 pm, 5.25 pm, and 24 pm,
respectively.

Figure 7(a)—(c) presents the local X-ray spatial distribu-
tion under the microstriped array anode with the P value
set to 15 pm, 30 pm, and 60 pm, respectively. The results
reveal a periodically patterned X-ray spatial distribution,
where regions with high fluence correspond to the positions
of the anode strips. Figure 7(d) shows the normalized flu-
ence profile along the red line in Fig. 7(a)—(c). The profile
shows that although the X-rays were periodically distrib-
uted along the repetition direction of the anode stirps, the
distribution did not exhibit a rectangular shape. Instead, it
followed a cosine distribution and became more cosine-like
as the period decreased. Moreover, increasing the period
improved the contrast between the crests and troughs of the
fluence. To quantify this contrast, the relative fraction of the
X-ray fluence R, was defined as

FP—crests - FP—Lroughs

Rp x 100% (1)

FP—crests + FP—Lroughs

where P represents the period (15 pm, 30 pm, and 60 pm),
Fp_..oqs denotes the average crest value in period P, and
Fp_yrougns denotes the average trough value in period P.
Based on Eq. (1), the values of Rs, Rs,, and R4, equal 29%,
67%, and 89%, respectively.

Figure 8 shows the overall X-ray spatial distribution at
different distances from the rear of the anode. Figure 8(a)
shows the square X-ray distribution of the substrate. Owing
to the propagation through the 3 mm substrate, the periodic
patterned X-ray distribution under the microstriped array
anode disappeared. The distribution of X-rays gradually
changed from a square to a Gaussian distribution as the
distance to the substrate increased, as shown in Fig. 8(b)
and 8(c); Fig. 8(d) presents the X-rays with a Gaussian dis-
tribution at a distance of 4 cm behind the substrate. The
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Fig. 7 (Color online) Local X-ray spatial distributions at the optimal thickness of the Mo target with anode periods of a 15 pm, b 30 pm, and ¢

60 pm. d Profiles corresponding to the red lines in the prior subfigures
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spatial distribution of the X-rays at a distance of 15 cm
behind the substrate is shown in Fig. 8(e). The normalized
fluence profile corresponding to the red line is shown in
Fig. 8(f) and demonstrates the variation in the X-ray spatial
distribution in Fig. 8(a)—(e). The profile shows that the X-ray
fluence decreases rapidly in the central area corresponding
to the microstriped array anode (from —2.4 cm to 2.4 cm) at
increasing distances behind the substrate; it is also shown
that the X-ray uniformity in this area first decreases and then
increases.

3.3 Effects of microsemi-ellipsoidal anode on X-ray
generation

Figure 9(a) illustrates the transmitted X-ray fluence at each
emission angle with the maximum fluence at 4 = =3 pm
selected as the normalization factor for the data. As shown,
the X-ray fluence decreases as the emission angle increases.
The X-ray fluence was enhanced in anodes with recessed
designs, whereas those with a raised design exhibited
reduced X-ray fluence outcomes. When # = —3 pm exhib-
ited the highest fluence, surpassing the film target by 5%; the
fluence in this case was approximately 16% higher than that
of the case when i = 3 pm in the 0° to 5° range. The average
energy curves at all emission angles are shown in Fig. 9(b),
revealing that the recessed design has a lower average energy
than the film’s target and raised designs. In all the cases,
the average photon energy increased as a function of the
emission angle. Figure 9(c) displays the normalized X-ray

spectra over the entire detector using the case # = -3 pm as
the reference. The raised design exhibits a lower X-ray inten-
sity than the film target and recessed design below 45 keV
but shows comparable results at the energy range of 45-50
keV. Figure 9(d) shows the cumulative distribution func-
tion (CDF) curve of the number of photons at each emission
angle for the film target, indicating that 64% of the photons
fell within 45°. Moreover, 80% and 90% of the photons were
within 54.8° and 62.5°, respectively.

Figure 10 shows the energy conversion results for the inci-
dent electrons in each case. As the value of % increases, the
deposited electron and generated photon energies decrease,
whereas the backscattered electron energy increases. These
findings indicate that a recessed design can enhance the
effectiveness of electron-stopping reactions in the anode
and thus increase the X-ray fluence.

3.4 Effects of substrate material and thickness
on X-ray filtering

The average fluence and energy of the X-rays pass-
ing through silica glass, sapphire, and SiC ceramic sub-
strates (with different thicknesses) are shown in Fig. 11(a)
and 11(b). For a fixed thickness, silica glass yielded the low-
est X-ray filtering effect because it had the highest average
fluence and lowest average energy. As the substrate thickness
increased, the average fluence decreased, whereas the aver-
age energy increased across all materials. The two dashed
lines depict the average fluence and average photon energy

@ Springer



186 Page8of11

X.-Y. Zhang et al.

(a)100 (b) 38
S 80 %36 i
S <
5 60 £334 1
= )
&= 3
5 5
N 407 ©32r
S 2
: :
2 20f] <30
0 ; ; ' 28 : :
0 20 40 60 80 0 20 40 60 80
Emission angle (degree) Emission angle (degree)
© 1 06 ———(d)100 : : :
—h=-3/
0.59 —h = —2 1
0.8 h=-1 R R . A
g N SR 64% . P
E067 2 60f A
T 5 SN
Z04f 5 40) L3 S
g A~ 1 i 1
S : P
“0.2} 20 P
0 -AJ ‘ . ‘ . ‘ . N 0 . L M
15 20 25 30 35 40 45 50 0 20 40 60 80

Energy (keV)

Emission angle (degree)

Fig.9 (Color online) a Normalized fluences and b average energies of X-rays from 0° to 80°; ¢ normalized X-ray spectra over the entire detector.
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Fig. 10 (Color online) Variation of deposited electron, backscattered
electron, and generated photon energies as a function of &

for the 3 mm glass substrate, indicating that the filtering
effect of X-rays by the 2 mm sapphire and 1.75 mm SiC
ceramics is comparable to that of 3 mm silica glass.
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4 Discussion

In this study, two detection modes in Geant4 were estab-
lished to optimize and investigate the anode and substrate of
the ZnO nanowire FPXS. Using the planar detection mode,
the thickness of the microstriped array anode was optimized
aim at higher X-ray fluences, and the variation in the X-ray
spatial distribution was obtained as a function of the prop-
agation distance. The characteristics of the X-rays gener-
ated from the microsemi-ellipsoidal anode at each emission
angle were investigated using the hemispherical detection
mode, and the reasons for the differences in the production
of X-rays by the different microsemi-ellipsoidal structures
were revealed by the energy conversion results of the inci-
dent electrons. The filtering effects of silica glass, sapphire,
and SiC ceramic substrates on X-rays of different thicknesses
were studied using the planar detection mode.

In the optimization of the microstriped array anode, the
W target achieved a higher X-ray fluence than the Mo target
at all acceleration voltages. Moreover, the optimal thick-
ness of the W target was lower than that of the Mo target at
all acceleration voltages, particularly at 90 kV, where the
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thicknesses ranging from 0.5 mm to 4 mm

optimal thickness of the W target was only 1/5 of the Mo
target. Therefore, the use of W as the anode material not
only enhanced the X-ray fluence, but also reduced the aspect
ratio of the anode strips, which may make device fabrica-
tion less challenging. The patterned distribution of X-rays
on the rear side of the microstriped array anode disappeared
at increasing propagation distances because the X-rays pro-
duced at each point of the anode were divergent. Neverthe-
less, in specific applications, such as grating-based X-ray
phase-contrast imaging, where a structured X-ray distribu-
tion at the source is necessary, the microstriped array anode
ZnO nanowire FPXS may have promising applications [20].

A microsemi-ellipsoidal anode with a recessed design
improved the transmitted X-ray fluence, surpassing the
film target by 5% and by approximately 16% than that of the
raised design at small emission angles. Thus, a microsemi-
ellipsoidal anode with a recessed design can be periodi-
cally employed in FPXS to enhance the X-ray fluence. The
enhanced electron-stopping reaction within the anode with
the recessed design allows more low-energy electrons to be
involved in the production of X-rays, which may account for
the decrease in the average energy of the X-rays. The consid-
erable variation in the X-ray fluence and average energy at
increasing emission angles can be explained by the filtering
effect of the substrate, as X-rays with a large emission angle
are associated with longer paths through the substrate; there-
fore, they have a lower fluence and higher average energy.
It is important to note that Geant4 lacks the capability to
simulate the trajectory of an electron in an electric field and
can only assume a straight-line movement in vacuum.

In addition to filtering X-rays, the substrate supports
the pressure difference caused by the internal vacuum and
transfers heat from the anode to the surrounding environ-
ment. Diamond has been extensively used as a substrate
material for transmission-type X-ray sources [36—38]

because of its extremely high-mechanical strength, high-
thermal conductivity, and low X-ray absorption. However,
challenges in large-area preparation have impeded their
use in the ZnO nanowire FPXS. Among the candidate sub-
strate materials, silica glass had the least prominent filter-
ing effect on X-rays at a fixed thickness. However, con-
sidering the physical properties listed in Table 1, the use
of sapphire as a substrate material can effectively reduce
the attenuation of the X-ray fluence. In fact, sapphire with
a thickness of 0.78 mm can achieve the same mechanical
strength as 3 mm glass, given that the flexural strength is
inversely proportional to the square of the thickness [39].
Consequently, the sapphire substrate exhibited the least
prominent filtering effect on the X-rays and yielded the
highest fluence at a fixed current. Moreover, when heat
transport becomes a limiting factor for power enhance-
ment in ZnO nanowire FPXS, the SiC ceramic presents a
promising option owing to its high-thermal conductivity.
The relationship between the substrate thermal conductiv-
ity and the maximum stable operating current of the ZnO
nanowire FPXS is an issue for future research.

Table 1 Physical properties of substrate materials

Material Flexural Elastic modu-  Thermal
strength (MPa)  lus (GPa) conductivity
(W/m/K)
Silica glass 73 79 14
Sapphire 1035 435 40
SiC ceramic 550 410 120

@ Springer
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5 Conclusion

The study utilized MC simulations to optimize the anode
and substrate of the ZnO nanowire, cold cathode FPXS to
enhance the X-ray fluence response. A microstriped tung-
sten anode array is beneficial for enhancing X-ray fluence.
A microsemi-ellipsoidal anode with a recessed design can
enhance the efficiency of electron-stopping reactions, thus
increasing the transmitted X-ray fluence. Considering the
filtering effect of X-rays and the physical properties of
the substrate material, sapphire can effectively reduce the
attenuation of the X-ray fluence. The simulated results can
guide the fabrication and optimization of ZnO nanowire cold
cathode FPXS in the future.
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