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In this study, we report the fabrication and characterization of a prototype metal photocathode pulsed X-ray tube
(MPPXT) integrated with a microchannel plate (MCP) structure. Key structural parameters of the X-ray tube were
optimized using CST Particle Studio and the Non-dominated Sorting Genetic Algorithm II (NSGA-II), which we
applied to guide the fabrication of the prototype. Au photocathodes with various deposition times were char-
acterized, with a deposition time of 150 s yielding a maximum photocurrent of 20.45 nA. When the optimal Au
photocathode was integrated into the prototype, the electron multiplication characteristics of both single- and
dual-MCP configurations in an X-ray tube were systematically characterized for the first time. The single-MCP
configuration at 1000 V achieved a tube current of 35 pA, with a current gain of ~1.76 x 10°%. The dual-MCP
configuration at 1800 V further improved the multiplication efficiency, producing a tube current of 223 pA
with a gain of ~1.17 x 10*. Imaging experiments showed a minimum focal spot size of 0.27 x 0.47 mm, which
was consistent with simulations. Moreover, the MPPXT achieved stable pulse modulation at 2 MHz. Thus, the
proposed MPPXT exhibited enhanced output intensity and offered the advantage of convenient high-speed
modulation. These results demonstrate that the proposed method is promising for applications in high-speed
imaging, X-ray communication, and scintillator time-response measurements.

1. Introduction

With advances in science and technology, continuous X-ray sources
no longer meet the demands of certain high-resolution applications such
as X-ray communication, high-speed imaging, and scintillator time-
response measurements. Pulsed X-ray tubes (PXTs) have thus attracted
considerable attention for their high spatiotemporal resolution and
controllable emission. PXTs generate pulsed radiation by modulating
cathode electron emission or X-ray switching. Based on their modulation
mechanisms and structural characteristics, they are typically catego-
rized as grid-controlled [1,2], field-emission [3-5], or
photocathode-based [6,7]. Among these types, photocathode pulsed
X-ray tubes (PPXTs) operate on the principle of photoemission and use
photocathodes as electron sources. They offer superior performance,
including convenient modulation and pulse widths of several hundred
picoseconds. Combined with mature optical modulation technologies,
they enable stable pulsed X-ray output with a high repetition rate, with
broad prospects for ultrafast imaging and scintillator time-response

characterization. In 1992, Hamamatsu Photonics introduced the
N5084 PPXT, which achieved a pulse width of ~100 ps and a tube
current of 50 pA and thus demonstrated the feasibility of this approach
[8].

PPXTs can be classified into semiconductor and metal types based on
the photocathode material. Semiconductor photocathodes (e.g., alkali
antimonides) exhibit high quantum efficiency (QE > 0.1) [9,10], which
enables mA-level tube currents. For instance, Timofeev et al. developed
an alkali photocathode X-ray tube that achieved a current of 1 mA under
455-nm illumination, with a modulation rate of up to 0.8 MHz [11].
Zhang et al. proposed a pulsed X-ray tube based on an S20 (multi-alkali)
photocathode that achieved a repetition rate of 12.5 MHz and a pulse
width of 4 ns, which sufficed to enable precise measurements of scin-
tillator decay [12]. However, semiconductor photocathodes are
air-sensitive and require ultrahigh vacuum conditions (~10~% Pa) to
maintain stability and lifetime [13]. In contrast, metal photocathodes (e.
g., Au, Cu) exhibit lower QE (107°-10%) [14,15] but provide faster
response, excellent chemical stability, and longer lifetimes, which makes
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them more suitable for operation in ambient environments. Neverthe-
less, their low QE limits the output current to the nanoampere or even
picoampere level, which restricts their application in PPXTs.

One approach to enhance the output current of metal photocathode
pulsed X-ray tubes (MPPXTs) is to optimize the thickness of the metal
photocathode to improve its QE [16,17]. Although previous studies have
confirmed that the QE of metal photocathodes depends strongly on their
thickness, a direct relationship between photocathode thickness and
output tube current has not yet been systematically reported for
MPPXTs. In contrast, the output current can also be increased by inte-
grating an electron multiplication structure to compensate for the
insufficient photocurrent. For example, NASA developed an Mg photo-
cathode X-ray tube incorporating electron multiplication, which ach-
ieved sub-nanosecond pulses with output currents of only several tens of
pA [18].In 2021, Kamezawa et al. proposed a novel MPPXT employing a
Mg-coated channel electron multiplier (CEM) and successfully demon-
strated dynamic X-ray elastography of a breast phantom at a tube
voltage of 30 kV, a tube current of 20 pA, and a modulation frequency of
115 Hz. Their results thus verified the feasibility of the technique [19].
Although CEMs can provide gains up to 10°, their typical temporal
response is on the order of several ns, which may limit the temporal
resolution of the X-ray tube. In contrast, a microchannel plate (MCP)
achieves electron gain via secondary electron emission within an array
of microscopic channels. With an applied bias, electrons undergo
repeated wall collisions, generating a secondary electron cascade and
hence avalanche multiplication. The short transit distance in the chan-
nels can yield a small transit time spread (sub-nanosecond or
picosecond-level), benefiting high-speed modulation. In 2018, the au-
thors [20] proposed a laser-modulated pulsed X-ray source based on an
MCP, and in 2024 [7] we constructed an MCP-MPPXT prototype in a
dynamic vacuum system. This prototype achieved a tube current of 195
pA, 10 MHz modulation, and a pulse width of 50 ps for dynamic imag-
ing. Nevertheless, the multiplication characteristics of different MCP
configurations and the optimal thickness of metal photocathodes remain
insufficiently characterized and require further systematic investigation.

In this work, we designed and implemented an MPPXT with an in-
tegrated MCP. Key structural parameters were optimized using CST
Particle Studio (CST) combined with the Non-dominated Sorting Genetic
Algorithm II (NSGA-II). Subsequently, the photocurrent characteristics
of Au photocathodes with varying thicknesses were systematically
investigated, and the MCP was adopted to enhance the electron flux and
X-ray emission intensity. Finally, a prototype MPPXT was fabricated and
tested in a dynamic vacuum system, and the multiplication performance
of both single- and dual-MCP configurations was comprehensively
characterized. The results demonstrate that the developed MPPXT pro-
vides a technical foundation for high-current X-ray sources with high
modulation frequency, and the device shows great potential for appli-
cations in high-speed imaging and scintillator time-response
measurements.

2. Simulation and optimization of MPPXT
2.1. Structure design of MPPXT

The proposed MPPXT consists of five primary components, including
a UV light source, a metal photocathode, an MCP, a focusing electrode,
and an anode assembly, as illustrated in Fig. 1. The UV light source is
used to excite the metal photocathode to emit photoelectrons. The
photocathode material is deposited as a thin film on the inner surface of
an optical window to form a transmissive structure. The MCP is placed
~300 pm behind the photocathode to amplify the limited photoelec-
trons. The cylindrical focusing electrode generates an electrostatic field
that confines electron trajectories and improves beam collimation. The
anode assembly comprises a reflective anode target and an anode shield.
This configuration ultimately produces X-rays with high brightness and
low divergence from the reflective target surface.
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Fig. 1. Schematic diagram of the MPPXT.

2.2. Optimization of structural parameters

Electron bombardment—in which electrons accelerated by an elec-
tric field strike the anode—is a critical process in the operation of
MPPXTs. The structural parameters of the focusing electrode and anode
assembly strongly influence electron trajectories and their distribution
on the anode surface and thus determine the quality of the output beam
of X-rays. Optimizing these parameters allows control of the electron
focal spot and enhances current density, which results in a small spot
and high-brightness X-ray emission. Because an MCP contains millions
of microchannels, full-scale modeling of the electron multiplication
process is computationally prohibitive. Therefore, we focused only on
simulating the electron transport process from the exit of the MCP to the
anode target. CST was used to model the three-dimensional electro-
magnetic fields and to perform particle-transport simulations. Given the
large number of structural parameters and the complexity of the
objective functions, NSGA-II was adopted to address the multi-
parameter, multi-objective optimization problem [21]. In this work,
MATLAB acts as the workflow controller and couples CST and NSGA-II
via CST's COM automation interface. NSGA-II proposes candidate deci-
sion variables, which MATLAB assigns to the CST parametric model to
update the geometry and run simulations; MATLAB then extracts the
objective values and passes them back to NSGA-II for the next genera-
tion. This iterative procedure continues until convergence, yielding a set
of Pareto-optimal solutions [22]. The computational cost is dominated
by CST evaluations and scales approximately with the product of the
population size and the number of generations. With a 50 x 50 setting,
2500 CST runs are required, resulting in a total runtime of approxi-
mately 3 days, depending on the per-run simulation time and available
computing resources.

In the simulation model, as shown in Fig. 2(a) and (c), the plane at z
=1 mm was defined as the MCP output surface, from which an electron
source emitted 16,358 electrons. In Fig. 2(c), the electron transport
trajectories toward the anode target are shown, where the color repre-
sents the electron kinetic energy (eV) on a linear scale and thus illus-
trates its evolution along the trajectories. To simplify the optimization
and achieve an electrically safe clearance, the distance between the
focusing electrode and the anode shield was fixed at 20 mm. The opti-
mization parameters included the starting (f begin) and ending positions
(f end) of the focusing ring, the inner radius (f in), the focusing electrode
voltage (f V, not shown in the figure), the aperture radius of the anode
shield (s_aperture), and the distance between the shield and the anode
target (shield anode). These served as decision variables in the NSGA-II
optimization framework. Compared with our previous work [7], in
which NSGA-II was used to optimize only the focusing electrode ge-
ometry and axial position while the anode structure was kept fixed, the
present study further extended the optimization scope to jointly opti-
mize the focusing electrode and the anode assembly (anode shield and
anode target). Accordingly, the decision variables were expanded to
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Fig. 2. Schematic diagrams: (a) Photocathode structure. (b) Simplified model of the MPPXT. (c) Electron transport trajectories and optimized structural parameters.

include the focusing electrode voltage and the anode assembly param-
eters (s_aperture and shield anode), in addition to the focusing electrode
geometry.

To enable a direct comparison with our previous work [7], the
objective functions were kept the same, namely the anode electron
collection efficiency (C,), the electron focal spot radius (Rgrsg), and the
electron transit time (TT). These parameters respectively represent
electron transmission efficiency, spatial resolution, and temporal syn-
chronization of the MPPXT. C, is defined as the ratio of electrons
collected on the anode monitoring surface to those emitted from the
MCP, with an ideal value of C, = 1. Rgpsgr represents the scale of the
electron focal spot on the anode monitoring surface and can be con-
verted into the effective focal spot size of the X-rays (Rxrss) by incor-
porating the anode target angle. TT refers to the time required for
electrons to travel from the MCP surface to the anode monitoring plane
and generate a peak output signal. With C, constrained to 1, the opti-
mization balanced Rgrsg and TT to determine the optimal structural
parameter set. Table 1 compares the optimized structural parameters
and corresponding simulation results between the present study and our
previous work [7]. The optimized MPPXT in this work achieved a
smaller focal spot and a shorter electron transit time, suggesting

Table 1
Comparison of optimized parameters and simulation results of the MPPXT in the
present work and in Ref. [7].

Parameter This work Ref. [7]

f begin 4.54 mm 2.54 mm

fend 9.48 mm 9.60 mm

fin 10.41 mm 9.78 mm
s_aperture 6.92 mm -

shield anode 10.52 mm -

fv 2300 V -

Rxrss 0.08 x 0.13 mm 0.26 x 0.80 mm
T 0.69 ns 0.87 ns

improved spatial and temporal performance. Fig. 3 compares the elec-
tron focal spot distribution on the anode monitoring surface before and
after optimization. The pre-optimization case in Fig. 3(a) corresponded
to an empirically selected baseline geometry based on our previous
prototype design and was used to construct the initial model for the
NSGA-II optimization. Compared with the baseline case, the
post-optimization configuration (Fig. 3(b)) achieved an ideal C, and
exhibited significantly improved electron beam focusing with a mark-
edly reduced focal spot size. Furthermore, the TT decreased from ~1 ns
to ~0.69 ns after optimization, indicating a clear enhancement in tem-
poral performance.

3. Fabrication and characterization of Au photocathodes
3.1. Preparation of Au photocathodes

Au was selected as the photocathode material because it provides
stable photoelectron emission under the ultraviolet illumination condi-
tions used in this study and is chemically stable in both ambient air and
vacuum. This stability improves the repeatability of photocurrent
measurements under vacuum conditions [7]. In addition, Au films can
be reproducibly deposited by sputtering with well-controlled thickness,
enabling a systematic study of thickness-dependent photoemission.

To fabricate the Au photocathodes, a Cr/Cu/Ag circular conductive
film was deposited on a pre-cleaned single-crystal magnesium fluoride
(MgF») substrate (32 mm in diameter, 3 mm thick, with an effective area
diameter of 20 mm) using DC magnetron sputtering. This conductive
layer served as the bias electrode for the subsequent metal photo-
cathode. Prior to the deposition of the photocathode material, the sub-
strate was cleaned to remove residual moisture and hydrocarbons. After
cooling, an Au thin film was deposited on the substrate via ion sput-
tering. Argon (Ar) gas supplied a working pressure of 5 x 1072 Torr. The
sputtering current was maintained at 20 mA with a distance between the
target and substrate of ~70 mm. To improve film uniformity, the
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Fig. 3. Electron focal spot distribution on the anode surface: (a) before and (b) after optimization.

substrate was rotated at 18 rpm during deposition. Au photocathodes of
varying thicknesses were fabricated by adjusting the sputtering time to
120, 150, 180, and 210 s, as illustrated in Fig. 4. The deposition rate was
estimated from experimental data as ~6-8 nm/min.

3.2. Photocurrent measurements

Photocurrent was measured using a two-stage structure comprising
an Au photocathode and a Cu anode, supported by ceramic components
and separated by a 300-pm ceramic spacer. The spacer electrically
insulated the negatively biased photocathode from the Cu anode,
enabling reliable photocurrent collection. The structure was placed in a
dynamic vacuum system capable of reaching a pressure of ~1077 Pa.
Photocurrent was measured using a Keithley 6514 electrometer with
two OPTAN-255 J-BL UV LEDs as the excitation source. Two UV LEDs
were employed to provide sufficient optical power and to achieve uni-
form illumination across the photocathode. The LEDs emitted photons at
4.86 eV with a forward current of 100 mA and an average optical power
greater than 1 mW. The photocurrents of the four Au photocathodes
were measured in transmission mode. A diagram of the measurement
circuit is shown alongside a photograph of the experimental setup in
Fig. 5.

Fig. 6 shows the effects of Ugghoge and Upeq on the anode current for
deposition times of 120, 150, 180, and 210 s. As shown in Fig. 6(a), the
anode current increased gradually with increasing Ugqode- When the

Pre-cleaned MgF,

Magnetron
Sputtering

Sputtering Time

120s-210s

bias reached approximately —100 V, nearly all cathode electrons were
effectively collected, and the current increase slowed down, approach-
ing saturation. This indicates that at this bias, the electric field between
the cathode and anode sufficed to accelerate and collect photoelectrons
efficiently. Fig. 6(b) shows that at Ucghode = —100 V, anode current
increased significantly with Upg, which indicates that higher light in-
tensity generated more photoelectrons. At Ug=6.7 Vand T = 150s, the
maximum anode current reached 20.45 nA. With longer deposition
times, increased film thickness reduced both light transmittance and
electron emission, which led to a significant decrease in photocurrent.
When T = 150 s, the thickness of the resulting Au film was ~15-20 nm.

4. Fabrication and testing of MPPXT
4.1. Construction of prototype MPPXT

The MPPXT comprised five main components, including a light
source, a photocathode, an MCP, a focusing electrode, and an anode
assembly. The configuration of the power supply for each component is
shown in Fig. 7(a). The distance between the light source and the
photocathode was set to 10 mm to ensure full illumination of the
effective photocathode area. The photocathode-MCP gap was set to 300
pm to form a close-coupled configuration, thereby improving electron
injection into the MCP. This spacing was kept consistent with that used
in the photocurrent measurements. The MCP-focusing -electrode

Cr/Cu/Ag Conductive Film

Substrate
Cleaning

Ion Sputtering

Fig. 4. Preparation process of Au photocathodes.
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Fig. 5. (a) Photocurrent measurement circuit diagram. (b) Photograph of the experimental setup.
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Fig. 7. (a) Power supply system of the MPPXT. (b) Photographs of the prototype and assembly process.

distance and the focusing electrode-anode assembly distance were set to
3.54 mm and 20 mm, respectively, according to the optimized design
described in Section 2.2. Two 255-nm LEDs were used as the light
source. The photocathode was prepared by ion-sputtering a 150 s Au
thin film. The MCP had an effective diameter of 18.8 mm, a thickness of
0.4 mm, and channel diameter of 10 pm. To evaluate the influence of the
number of installed MCPs on current gain, single- and dual-MCP con-
figurations were compared. The focusing electrode was designed with a
cup-shaped geometry with parameters as listed in Table 1. The anode
assembly comprised an 18° reflective anode target and an anode shield.
Based on this design, a prototype MPPXT was constructed and integrated

into a dynamic vacuum system capable of maintaining pressure below
1077 Pa. The prototype MPPXT is shown in Fig. 7(b). Electron and X-ray
emission experiments were subsequently performed using this system.

4.2. Tube current and gain characteristics of MCPs

Fig. 8 shows the current-voltage characteristics of the MPPXT for
single- and dual-MCP configurations at various Up,p. During the mea-
surements, Ugnode Was set to 15 kV, Uspeusing t0 2300 V, and Ucgthode t0
—200 V. The UV LEDs were driven in continuous-wave (CW) mode. Ujq
was proportional to its optical output. High optical power increased
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photocathode emission current and thus increased the tube current. As
Umcp increased, secondary electron multiplication within the MCP was
amplified, which resulted in a pronounced increase in the tube current.
The current gains in the single- and dual-MCP configurations at various
Umcp values were calculated as the ratio of the tube current to the cor-
responding photocathode current. Photocathode currents were
measured from the Cu anode in the bipolar configuration described
above. Ujqg = 5.5V, 6.0 V, and 6.5 V corresponded to 7.5 nA, 12.9 nA,
and 19.9 nA, respectively. The calculated current gains are shown in
Fig. 8(c).

In both single- and dual-MCP configurations, a reduction in gain was
observed with increasing cathode current (controlled by Ujeq). This ef-
fect was primarily attributed to the concentrated emission of photo-
electrons, which confined the incident electron flux to a limited number
of channels and produced a highly localized multiplication process.
Excessive instantaneous electron flux within these channels exceeded
the recharge rate of the channel walls, which reduced local fields,
decreased secondary electron yield, and ultimately caused a notable
degradation in total gain. For the single-MCP configuration at Uy =
1000 V, the tube current reached 35 pA, with a corresponding gain of
~1.76 x 10°. In contrast, the dual-MCP configuration distributed the
total gain between the two MCPs, allowing electrons multiplied in the
first plate to spread laterally before entering the second plate, thus
activating more channels. This spreading effect increased the overall
multiplication efficiency and reduced the current load per MCP, which
mitigated the local field collapse and maintained high secondary emis-
sion efficiency and operational stability. At Umgp = 1800 V, the dual-
MCP configuration achieved a tube current of 223 pA and a gain of
~1.17 x 10* Although a triple-MCP stack could, in principle, provide
higher gain and output current, it would require a higher MCP bias
voltage (Ungp) and may be constrained by vacuum deterioration at
elevated currents, which could compromise stable MCP operation.
Moreover, introducing an additional MCP stage may increase temporal
broadening and degrade timing performance. Accordingly, this study

focused on comparing the single- and dual-MCP configurations. Within
the tested range, the tube current increased continuously with Uy,¢p and
no obvious gain saturation was observed. Based on this trend, higher
output currents—potentially approaching the mA level—may be
achievable by increasing the illumination intensity and/or Up,,. How-
ever, this statement is a trend-based projection and requires further
verification in future experiments under improved vacuum conditions.

4.3. Focal spot evaluation

The focal spot size of the MPPXT was evaluated using the star card
method [23,24]. A 1° star card was used as the imaging object, and a
flat-panel detector (Merak-1313, pixel size: 100 pm) served as the im-
aging device. The experimental setup is shown in Fig. 9(a). The exper-
iment was performed with an anode voltage of 35 kV, a tube current of
20 pA, and a detector exposure time of 10 s. The source-to-object dis-
tance (SOD) and source-to-detector distance (SDD) were 16 and 24 cm,
respectively. The resulting X-ray image is shown in Fig. 9(b).

Fig. 9(c)—(e) show the X-ray images of the star card at different Ug,.
cusing- These images were obtained by performing blur contour recogni-
tion processing on the image shown in Fig. 9(b). The blurred region (D,
black shadow) formed during the imaging may be clearly observed. The
blurred region D was primarily caused by the size and spatial distribu-
tion of the focal spot of the X-ray tube and represents a typical geometric
artifact. A smaller D value indicates a smaller focal spot. The smallest D
was observed at Ufocysing = 2300 V, which indicates an optimal focusing
voltage of ~2300 V, which was consistent with the simulation results.
Given those values for D and the magnification factor M [24], the
minimum focal spot was calculated as ~0.27 x 0.47 mm, compared with
the simulated value of 0.16 x 0.26 mm. The slight deviation from the
simulation was likely due to assembly-induced tolerances and electron
emission nonuniformity at the MCP exit, which may have broadened the
D area and caused a marginal overestimation of the focal spot size.
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Fig. 9. (a) Experimental setup for X-ray imaging. (b) X-ray image of the star card (magnification relative to the actual object: M = 1.5). X-ray images of the star card
showing the blurred region D under different Uspcusing: (€) Ufocusing = 2100 V. (d) Ugocusing = 2300 V. (€) Uocusing = 2500 V.

4.4. X-ray pulse emission characteristics modulating the light source. In this study, a signal generator was used to

produce square-wave signals at various frequencies, which were then

Benefiting from its photoexcitation mechanism, MPPXTs exhibit ul- amplified using a power amplifier to drive the light source. The pulsed

trafast response and enable precise control of X-ray intensity by X-ray signals were detected and analyzed using a self-made yttrium-
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lutetium oxyorthosilicate-silicon photomultiplier (LYSO-SiPM) coupled
detector [25]. The results are presented in Fig. 10. At low modulation
frequencies (red), the X-ray pulse signal (blue) exhibited significant
differences in amplitude and good phase alignment with the input
signal, with the waveform approximating a rectangular shape. As the
modulation frequency increased to 2 MHz, the present LED driving
chain (from the signal generator through the power amplifier to the
LED) became limited by its bandwidth and could no longer maintain
sharp rising and falling edges. Consequently, the optical modulation
waveform was smoothed, and the detected X-ray waveform became
approximately sinusoidal. Nevertheless, the high and low levels
remained clearly distinguishable. In future work, the operating fre-
quency could be further increased by replacing the power amplifier with
a faster pulsed LED driver. A phase delay was also evident between the
input and X-ray output signals, primarily due to the overall temporal
response of the system.

To evaluate the tube current under pulsed excitation, a 50 % duty-
cycle square-wave modulation was applied while maintaining the
operating conditions used to obtain the maximum DC tube current of
223 pPA (Ugnode = 15 kV, Ufocusing = 2300 V, Ucathode = —200 V, Ujeq = 6.5
V, Unep = 1800 V). The modulation frequency was set to 10 kHz, 500
kHz, 1 MHz, and 2 MHz, corresponding to pulse widths of 50 ps, 1 ps, 0.5
ps, and 0.25 ps, respectively. The time-averaged currents read back from
the Wisman high-voltage power supply were 76 pA, 70 pA, 62 pA, and
59 pA at these frequencies. Because the current readback of the Wisman
supply has limited bandwidth, these values represent the average tube
current under pulsed operation rather than the instantaneous peak
current.

5. Conclusion

In this study, we designed and implemented an MCP-based MPPXT
and evaluated its performance experimentally. The size of the electron
spot was reduced and the collection efficiency was improved by using a
combined approach relying on CST and NSGA-II optimization. Experi-
mental characterization showed a maximum photocurrent of 20.45 nA
for the Au photocathode with a deposition time of 150 s. A prototype
MPPXT was then fabricated based on the optimization results.
Compared with the single-MCP configuration with a tube current of 35
pA, the dual-MCP configuration increased the tube current to 223 pA,
which corresponded to a current gain of ~1.17 x 10 This result
demonstrates the considerable advantage of the proposed dual-MCP
structure in enhancing electron multiplication. Imaging experiments
demonstrated a minimum focal spot size of 0.27 x 0.47 mm at Ufscusing =
2300 V, which was in close agreement with simulation results. The re-
sults of X-ray pulse testing demonstrated that the modulation bandwidth
of the MPPXT system was 2 MHz with potential for further increase.
Overall, the MCP-based MPPXT exhibited a high current gain, a small
focal spot size, and high-speed modulation capabilities, which makes it
promising for high-speed X-ray imaging and X-ray communication.
Future efforts to increase the power of the light source, optimize
photoelectron emission uniformity, or increase the MCP operating
voltage are expected to further improve output current.
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