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Abstract: A newly proposed low-noise and high temporal resolution X-ray imaging detector based on the curved solenoid design is described
in this paper. Three-dimensional models are developed in CST Particle Studio (CST-PS) to systematically investigate the temporal and
spatial magnifications. The effects of the ramp rate of the modulation signal between the photocathode and the acceleration mesh, the
different electron emission positions of the photocathode, the magnetic field strength, and the distance between the microchannel plate
(MCP) and the curved solenoid outlet on the overall performance of the whole structure are studied, which shows that the electron emission
position has a dominant effect over the temporal transit and temporal dispersion. Additionally, the temporal magnification factor increases
with the ramp rate of the modulated signal. Within the effective photocathode of @16 mm, the temporal magnification factor exceeds 13.
Furthermore, the spatial magnification is linearly proportional to the distance between the MCP and the solenoid outlet, suggesting that

MCPs of varying sizes can be effectively coupled.
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1. INTRODUCTION

X-ray detectors are a well-established instrument used in
large scientific devices, including large-scale laser systems
and high-energy ion beam facilities [1]-[3]. Microchannel
plate (MCP) providing both high gain, high sensitivity, and
small size is a promising electron multiplier device,
especially in night vision and single particle aerosol mass
spectrometry [4]-[6]. The x-ray detector based on MCP offers
advantages such as a rapid response time and direct detection
capabilities [7]-[9]. This technology can effectively detect the
instantaneous emission of X-ray signals generated by high-
energy-density materials, facilitating the diagnosis of their
parameters [10]. However, the neutron signal accompanying
the X-ray signal is both time-synchronized and spatially
aligned. Components of an X-ray detector, including the
cathode and MCP, are capable of responding to neutrons. At
the same time, the interaction of high-energy neutrons with
the materials comprising the X-ray detector generates
secondary radiation and associated effects. The resultant high
background and elevated noise levels produced by these
neutrons adversely affect the signal-to-noise ratio (SNR) of
the X-ray detector and may also inflict permanent damage to
the detector itself. Although shielding technology for harmful
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neutron radiation has advanced significantly, the extraction of
optoelectronic  signals generated by X-ray signals
concurrently and spatially amid a strong neutron radiation
background remains underexplored and unreported in the
literature.

In this paper, we present the design of a compact, low-
noise X-ray detector with high temporal resolution,
specifically designed to extract X-rays from a strong radiation
background. This objective is accomplished by substituting
conventional solenoids with 90-degree bent solenoids. This
innovation of different coaxial designs of the cathode and
MCP also results in a lower noise floor, which is essential for
the detection of X-ray photons.

2. CONCEPT DESIGN AND SIMULATION DETAILS

To obtain optoelectronic information against a backdrop of
intense radiation, a novel X-ray detector with a curved
solenoid is proposed in this paper. The schematic diagram is
presented in Fig. 1 (lower section). Compared to the existing
X-ray detector (upper section) [11]-[14], the structure of the
new design has undergone significant changes. The new
detector comprises a photocathode, an acceleration mesh,
acurved solenoid, and an MCP detection screen. All
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components are situated within a high-vacuum chamber, and
the dimensions of this compact structure are just
110 mm x 110 mm. A 1 mm accelerating gap is established
between the photocathode and the mesh to create a high
acceleration field, with the ultra-fine mesh exhibiting
a transmittance of approximately 60 %. The drift solenoid is
designed in a quarter-spherical form, mainly to isolate high-
energy neutron signals. The X-ray activates the photocathode,
resulting in the emission of electrons that are proportional to
the light intensity. Subsequently, these electrons are
accelerated into an angle-sensitive detector or through a 90-
degree bent solenoid, facilitated by accelerating and
electronic drift electrodes. Ultimately, the photoelectrons

mesh
photocathode

Al

Red: y-ray, neutron or other

enter the MCP for multiplication. Notably, the directions of
electron emission and light incidence are perpendicular,
which helps prevent direct penetration of light and stray
particles, thereby reducing noise. This paper focuses
exclusively on the electron transport from the photocathode
to the input surface of the MCP and does not address the
electron multiplication within the MCP, as this topic has been
extensively studied. It is important to note that in the CST
modeling, ten hollow cylindrical solenoids are bent at an
angle of 10 degrees to create the electronically drifted section
of the 90-degree bent solenoid, as shown in Fig. 1 (lower
section). The applied voltage distribution is presented in
Table 1.

high energy signal:
Blue: X-ray or visible light.

solenoid MCP
9@} | { z‘/DOISe

90°-bent-solenoid

Red: y-ray. neutron or other

high energy signal:

Blue: X-ray or visible light.
mesh

MCP

Fig. 1. Schematic diagram of the traditional (upper) and novel (lower) X-ray detector.

Table 1. Voltage and current parameter distribution.

Voltage [V] .
Components Photocathode Mesh MCP Number of single turns  Current of turns [A]
Parameters —1200 -300 0 40 200

3. SIMULATION RESULTS AND DISCUSSIONS

A

The electric and magnetic field distributions at various off-
axis distances in this novel low-noise X-ray detector were
calculated using the finite integral method, as illustrated in
Fig. 2. The strong electric field between the cathode and

Electromagnetic field distribution
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acceleration mesh imparts energy to the photoelectrons,
while the curved solenoid magnetic field alters the
trajectories of the photoelectrons. However, for high-energy
neutrons, the strong electric and magnetic fields have no
significant effect. Nonetheless, this bent solenoid structure
can effectively reduce background noise generated by high-
energy neutrons.
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Fig. 2. Electromagnetic field distribution. (a) Electric field distribution; (b) Magnetic field distribution.

B. Transit time distribution

Due to the variations in axial electric and magnetic fields
as well as the operating paths, the transition time of

photoelectrons emitted from the photocathode is
approximately several hundred ps. Fig.3 shows the
trajectories of the photoelectrons across the entire

photocathode. Fig. 4 presents the transit time distribution of
the photoelectrons at various off-axis distances, ranging from
—10 mmto 10 mm (corresponding to a photocathode diameter
of 20 mm). The simulation results indicate that the overall
transit time of the tube is about 10 ns, with a transit time
spread of approximately 1 ns. The optimal value occurs at
x = —2 mm, where the transit time and transit time spread of
the detector are 8.77 ns and 29 ps, respectively.

eV

Fig. 3. Photoelectron trajectories from the whole photocathode.
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Fig. 4. Transit time and transit time spread versus the photocathode
positions (slit direction).

C. Temporal resolution modulation factor

The electron-pulse dilation is the result of the driven pulse
applied to the photocathode and the accelerating mesh. The
temporal magnification M from the cathode to the input
surface of the MCP can be estimated by

M—1+ L { L ! 1} 1
6=t Jaeim V& & .
U, =uy —k(t; —ty) (2

where L is the length of the electron drift region, t, and t, are
the times at which the electron beam front and end enter the
solenoid, respectively. e is the electron charge and m is the
electron mass. k is the gradient of the ramp pulse unit in V/ps.

3D particle-in-cell (PIC) simulations were conducted to
assess the temporal magnification of the X-ray detector. The
X-ray detector, which features a negative time-varying
potential applied to the photocathode-accelerating mesh gap,
has a ramp rate of 5, 10, 15, 20, and 25 V/ps. This confi-
guration was chosen to emit photoelectrons with both initial
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energy dispersion and directional dispersion from the center
of the photocathode. This setup was used to observe the
influence of the modulation ramp rate on the time
magnification of the X-ray detector. Fig. 6 illustrates the time
magnification at the object point located at the center of the
photocathode under various modulation pulsed ramp rates.
From Fig.5, it can be concluded that, due to the
electromagnetic field of the bending structure drift systems,
the time magnification is smallest at x = —2 mm, rather than
at the center of the photocathode.

22 T T T

20

=]
T

Temporal magnification
>
:
AY

-20 -15 -10 -5
The pulse voltage rate/V-ps']

Fig. 5. Temporal magnification versus the ramped pulsed ramp rate.

Temporal magnification versus the distance from the
photocathode center is shown in Fig. 6. It is obvious that the
temporal magnification increases with the increasing
distance. Temporal magnifications of the X-ray detector at
different photocathode distances are all higher than 13. With
the enlargement of the photoelectron emission region, the
uniformity of the electromagnetic field intensity becomes
worse, thereby affecting the trajectory of the electrons, which
in turn affects the temporal magnification. The lowest tem-
poral magnification is 13.8 at an off-axis distance of -2 mm.
The temporal magnification difference of all the calculated
photocathode distances is no more than 0.95, which implies
good uniformity. Combining Fig. 4 and Fig. 6, the effective
photocathode area of the X-ray detector is of @16 mm.
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Fig. 6. Temporal magnification versus the photocathode

illuminated position.
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Fig. 7. Temporal magnification versus the distance between the
solenoid outlet and the MCP.

Fig. 7 displays the temporal magnification variation with
the distance d, which is defined as the distance between the
solenoid outlet and the input surface of the MCP. It can be
seen that the temporal magnification increases with the d and
the simulating curve follows (1). When the distance d is
increased from 0 mm to 40 mm by step of 5 mm, the temporal
magnification increases from 10.7 to 14.8. This increase can
be attributed primarily to the extended travel distance of the
photoelectrons in the drift region.

In the 3D model, a ramp rate of the modulation pulse
voltage of 15 V/ps was applied between the photocathode and
the accelerating mesh. Two electron pulses with a size
of @2 mm are emitted at a distance of 2 mm from the center
of the photocathode (specifically at x = —2 mm). The inter-
val between pulses is 60 ps, with a half-height and full width
of 1 ps. The study investigates the time amplification of
electrons at the MCP detection screen located 2 mm from the
center of the photocathode (x = —2 mm), comparing scena-
rios with and without modulation pulses. Fig. 8 presents the
simulation results, which indicate that in the absence of
modulation pulses, the cathodic electrons accumulate due to
time dispersion. Conversely, when modulation pulses are
applied, the two electron pulses broaden from 60 ps to
830.4 ps, resulting in a time amplification factor of 13.8.
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Time/ns

Fig. 8. Comparison of dilated vs non-dilated signal for input double
peaks separated by 60 ps.
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Fig. 9 shows the corresponding temporal magnification
factor when the photoelectrons emitted from the center of the
cathode are subjected to various magnetic fields under the
condition of a modulation signal ramp rate of 15 V/ps. As the
magnetic field strength increases, the time amplification
factor remains almost unchanged.
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Fig. 9. Magnification versus the magnetic intensity.
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Fig. 10. Demonstration of electric trajectory: (a) t = 230 ps;
(b) t = 1640 ps; (c) t = 3740 ps; (d) t = 4520 ps.

Fig. 10 shows the trajectories of photoelectron pulses at
four distinct time intervals. Fig. 10(a) displays the electron
trajectories at t; =230ps, during which the two
photoelectron pulses orbit near the photocathode with a time
interval of 60 ps. Fig. 10(b) shows the moment when the
photoelectrons enter the inlet of the drift solenoid, occurring
at t, = 1640 ps, where the effect of photoelectron time
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dilation is minimal. Fig. 10(c) presents the trajectory of the
photoelectrons at the outlet of the drift solenoid, at
t; = 3740 ps, where the photoelectron dilation effect
becomes pronounced. Finally, Fig.10(d) presents the
photoelectron trajectory at t, = 4520 ps, at which point the
time dilation effect is most significant as the photoelectrons
approach the MCP detection screen.

D. The spatial magnification

To couple MCPs of varying sizes, we investigated the
spatial magnification between the solenoid outlet and the
MCPs as a function of different distances. In our simulation,
the electron source is emitted from the @16 mm
photocathode. The relationship between spatial magnification
and d is illustrated in Fig. 11. The results indicate that spatial
magnification increases almost linearly with spacing,
reaching a value of 1 when the spacing is 15 mm.
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Fig. 11. Spatial magnification versus the distance between the
solenoid outlet and the MCP.

4. CONCLUSION

In this work, a novel X-ray detector based on a curved
solenoid is designed using three-dimensional electromagnetic
simulation software, CST Particle Studio (CST-PS). The X-
ray detector consists of a photocathode, an accelerating mesh,
a curved solenoid, and the MCP multiplication system. As an
electronic guidance device, the curved solenoid can pass the
background noise of high-energy neutrons, enabling X-ray
detection with high signal-to-noise ratios in high-energy
particle detection environments. The effective working area
of the X-ray detector is greater than @16 mm. The temporal
magnification is related to the position of the electrons
emitted from the photocathode. The temporal magnification
in the entire working area exceeds 13, and the magnetic field
strength has almost no effect on the temporal amplification.
Furthermore, as the ramp rate of the modulated signal
between the photocathode and accelerating mesh increases,
the temporal magnification rises correspondingly, indicating
that the ramp rate of the modulated signal has a pronounced
effect on this factor. The spatial magnification of this X-ray
detector is linearly positively correlated with the distance
between the MCP and the outlet of the magnetic lens,
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allowing for easy matching of MCPs of different sizes. This
study offers valuable guidance for detecting ultrafast X-ray
signals in high-energy background environments.
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