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Abstract: Concerns about the impact of space radiation on spacecraft and their internal instruments
have prompted the need for effective protection. However, excessive protection can increase the costs
and difficulty of space launches, making it crucial to achieve better shielding protection of lighter
weights. In real space orbits, we observed the interference of charged particles on photon-counting
imaging detectors and plan to address this issue by adding a shielding ring to the side wall of the
detector input terminal. Additionally, a local protection structure was proposed for electronics, where
the outer edge was increased to enable particles to reach the same thickness as the shielding box
within the PCB range. This approach resulted in an omnidirectional spatial shielding thickness that
was nearly identical at any point on the PCB surface. Furthermore, we used the Monte Carlo method
to calculate the energy loss of electrons and protons in materials such as aluminum (Al), tantalum
(Ta), and high-density polyethylene (HDPE). Through this analysis, we determined the optimal mass
ratio of Al, Ta, and HDPE to achieve the lowest ionization doses at an object’s location in the particle
environment of the FY-3 satellite orbit. This protection strategy provides a useful design concept for
photoelectric detection instruments with high sensitivity.

Keywords: photon-counting imaging; MCP detector; radiation effects; radiation shield; all-directional
protection

1. Introduction

A photoelectric device will be subjected to a variety of challenging space radiation
environments, including exposure to the inner and outer Van Allen radiation belts sur-
rounding the Earth, as well as solar and galactic cosmic rays, plasma radiation, ultraviolet
radiation, and other forms of radiation [1,2]. The South Atlantic Anomaly (SAA), located
at a longitude 90° W to 20° E and latitude 0° S to 40° S, is the region where the inner
radiation belt is closest to the Earth’s surface [3,4]. This area, which covers a large part of
South America and the South Atlantic, has an unusually high density of charged particles,
primarily consisting of high-energy protons and electrons.

When charged particles interact with photoelectric devices or materials, various radia-
tion effects arise, such as total ionizing dose (TID), single event effect (SEE), displacement
damage dose effect (DDD), and charge effect on the material surface [5,6]. The DDD effect
is a critical concern for semiconductor photodetectors, as it shortens the lifetime of minority
carriers through the interaction of radiation particles with lattice atoms in photoelectric
materials. In contrast, photon-counting detectors based on MCP are less susceptible to
the DDD effect [7,8]. Soft errors, such as single event upset (SEU), or hard errors, such as
single event latch-up (SEL) or single event burnout (SEB), are caused by highly energetic
particles and lead to SEEs. Microprocessors and memory devices are highly vulnerable to
SEEs, while photon-counting imaging detectors and analog circuit elements are relatively
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insensitive to SEEs. [9]. Therefore, TID is the primary concern for photodetectors and
certain integrated circuits in this work. It is essential to implement protective measures
that mitigate the damage and failure rates caused by space radiation, based on the mission
requirements of space instruments and the specific characteristics of the orbit environment.

The most commonly used radiation particle models in aerospace engineering, such
as AP-8/AE-8 [10], only provide information about the omnidirectional flux of particles
and lack directional information about particle incidence. However, space environment
monitors on satellites such as FY-3A and FY-3B have been able to obtain high-energy
electron and proton spectra and directivity data [11,12]. By using the equipment’s normal
direction and the satellite’s attitude, it is possible to calculate the angular distributions
of ejected particles. The results indicate that directional flux is related to the coverage of
the ejection angle and that spatial radiation dose has significant anisotropy. In addition,
high-intensity particle radiation also exhibits an extremely strong directional distribution.

The design of instrument structure and thermal analysis typically focuses on achieving
a lightweight design [13,14]. Even if radiation resistance is assessed, it is typically only
carried out for single-layer and composite materials, and all-directional protection is not
considered [15-17]. Our team has developed two scientific instruments, the Extreme
Ultraviolet Camera [18,19] and the Wide-angle Aurora Imager [20,21], that were launched
into orbit in 2013 and 2017, respectively, using photon-counting imaging detectors. In
addition, our recently developed solar X-ray and Extreme Ultraviolet Imager [22], which
began operations at the end of 2021, also uses photodetectors, such as a CCD and a four-
quadrant photodiode. During the operation of the aforementioned instruments, short-term
and long-term effects of the different types of detectors have been observed, especially the
interference of charged particles on photon-counting imaging detectors. Due to satellite
space constraints, it is difficult to completely avoid the direction of strong radiation in the
instrument’s installation position, the lens pointing, and the placement of signal processing
circuits. Therefore, it is necessary to further optimize the structure of protective boxes and
explore methods of uniform thickness protection in all directions, resulting in better weight,
volume, and protection.

The main objective of this work is to provide complete protection for both the detec-
tors and electronics in the system. The protective box design was investigated based on
geometry relations, in addition to shielding implementation for the detectors. The Geant
4 Monte Carlo Simulation Toolkit [23,24] was used to simulate particle-material interac-
tions and evaluate the shielding characteristics of materials. The optimal combination of
multilayer shielding materials was calculated using the particle environment at the FY-3
satellite’s orbit altitude. All materials thicknesses mentioned in this paper were converted
to equivalent Al thicknesses for better weight comparison. Finally, future improvements
and potential solutions were outlined.

2. Materials and Methods
2.1. Protection for Detector

Our imaging detector, which we previously developed [25], utilizes an advanced
microchannel plate to enhance image quality. The detector consists of a photocathode,
a position-sensitive anode, and the microchannel plate, as illustrated in Figure 1a. The
detector functions by converting weak light into photoelectrons through the photocathode,
which are then multiplied by the V-type cascade microchannel plate to create an electron
cloud. The multiplied electron cloud accelerates under the electric field and falls onto the
sensitive anode, which is read by the analog front-end electronics. Then, the position de-
coding formula is applied to obtain the photon’s position, and photon counting is achieved.
After a certain integration time, the gray image of the photon signal can be obtained.

The microchannel plate is a large array of two-dimensional distribution electron
multiplier tube array. Each microchannel hollow tube can be considered a micro continuous
amplification photomultiplier tube, as illustrated in Figure 1b. It is composed of leaded
glass with a high quadratic emission coefficient. The current gain (i) of MCP is usually
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determined via the ratio of channel length (L) to channel diameter (d), which can be
approximated as:

w=el*i, (1)

where p is the current gain of MCP and ¢ is the secondary electron emission coefficient of
MCP channel wall, which is determined by channel material and electric field intensity.
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Figure 1. Schematic structure of a photon counting imaging detector. (a) Principle of imaging
detectors; (b) single channel section of MCP.

If charged particles of space radiation penetrate the shielding layer and impact the
inner wall of the microchannel plate at a certain energy and angle, secondary electrons
will be excited in a manner similar to real photoelectrons. These secondary electrons then
multiply and eventually form electron clouds at the output end, which can lead to false
counts. As seen from Formula (1), the closer the position where the charged particles hit
the inner wall of the microchannel plate is to the input end (as marked in red in Figure 1a),
the larger the length-diameter ratio, the more times electron multiplication takes place,
the higher the photoelectric pulse, and the easier it is for electronics to recognize it as a
count. On the other hand, when the charged particles interact with the side wall of the
microchannel plate near the output end, the length-diameter ratio will be relatively small
and the gain will also decrease, potentially preventing it from being identified by electronics.

In Figure 2, the radiation protection structure of the detector is depicted. The detector
is enveloped by an Al shell that provides electromagnetic shielding and acts as the first
layer of radiation shielding. The optical system is connected to the front end of the detector,
which only covers a portion of the detector’s total area and should not directly face the
incident particles. A low-noise electronic readout circuit is connected to the front end,
while the processing circuits can be placed at a slight distance. When illuminated from
the side of the MCP, the diameter is equal to the thickness, resulting in an increase in the
detection efficiency [26]. Consequently, a shielding ring is added to the side wall of the
detector input end—the most sensitive area. The width of the shielding ring (Ws), shown
in blue in Figure 2b, can be determined based on disturbance and weight constraints.

Detector

Shielding layer layer

Aluminum shell > 4 photocathode

Analog front-end electronics
(a) (b)

Figure 2. (a) The structure of detector assemblies; (b) profile of an imaging detector module.
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2.2. Local Protective Structure of Electronic Devices

Electronics are more focused on TID than on transient disturbances, which have
been previously mentioned in regard to photon-counting detectors. A protective box is
designed specifically for use with electronics in space, as illustrated in Figure 3. The box
is composed of two separate boxes that enclose the sensitive electronic components and
extend horizontally from the side walls, creating a finite boundary. Due to the design of
the box, the equivalent thickness of the shield increases quickly when the incident angle is
nearly parallel to the PCB, thus increasing the range of particles that can enter the PCB.

() (b)

Figure 3. Model of local protective structure with finite boundary. (a) Overall view of the box;

(b) sectional view of the box.

Figure 4 shows the geometrical dimensions of the outer edge of the protective box after
optimization. The width of the edge is represented by Dp, and its thickness is indicated
by Dr. The wall thickness of two local protective boxes on and off the PCB is denoted by
Dg. Whether the material is single or multi-layered, its equivalent density can be given by
Pefr- The thickness of the PCB is marked as Dp, and its equivalent density is described as
pp- To ensure a uniform thickness in all directions, the width and thickness of the outer
edge should abide by the following limits:

2
0
(e + D +(0p? = (22 x (D, @
P

Pp
DT 2 DK — X Dp, (3)

Peff
Here, the equivalent thickness of the PCB is noted as Pi% x Dp. For any position

on the top surface of the PCB, the width of the outer edge Dr must be true in order for
Equation (2) to be fulfilled. This ensures that the equivalent Al thickness of the path A
length in the PCB is always greater than or equal to the side wall Dk, as illustrated in
Figure 4a. When the thickness of the outer edge Dr is increased in order for Equation (3) to
be true, then for any position on the top surface of the PCB, the equivalent Al thickness
corresponding to the path B length from incident particles is always greater or equal to the
side wall D, as depicted in Figure 4b.

Since radiation can come from any angle, particles enter the substance from all di-
rections at a 47t solid angle. The ray-tracing method was used to introduce multiple rays
into the omnidirectional space from position O in order to be analyzed. As illustrated
in Figure 5, the omnidirectional area is divided into several rooms with a small enough
solid angle. The arrow on the ray OP marks the small space. The angle between the OP
projection and the positive X axis in the XOY plane is denoted as ¢ (ranging from 0° to
360°), while the angle between the OP and XOY plane is defined as 6 (—90° to +90°). With
this information, the omnidirectional space radiation dose at point O of the device can be
expressed as:
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90°  1360°
Do = / - / " D(T(,0))dpd6, ge(0°,360°) Be(—90°,90%), @)
where T(¢,0) represents the thickness of the shielding material penetrated by the ray.
D(T(¢,0)) indicates the radiation dose of the space corresponding to the ray OP through
the shielding substance T(¢, 0).

When the ray passes through the multilayer materials, the total shielding strength at
this position can be given as follows:

So =Y 0(ep) (i) X dpe (i), 9e(0°,360°) 6e(—90°,90%), (5)
i=1

where p(, ) (i) is the density of the i-layer shielding material experienced in the range of
(¢,0) rays. d(, ) (i) is the path length of the i-layer shielding material experienced in the
range of (¢, 0) rays.

\
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Figure 4. Path diagram of incident particles where two ultimate angles, incidents A and B. (a) The
length of the red line between the two solid intersections represents the path A length in the PCB;
(b) path B of the blue line is divided into two lengths, namely the path in material density p.fs and
the path in material density pj.
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Figure 5. Angle representation of ray tracing. The red arrow line represents one of several rays.

The angular resolution of the incident particle is preset to 10°, and multiple ray vectors
are emitted into omnidirectional space based on a spherical coordinate system by selecting
any origin in the PCB plane. When the ray vector intersects the structural model entity, it
passes through the model and produces two points of intersection—one for the incoming
ray and one for the outgoing ray. The (x, y, z) coordinates of both points are measured
separately in order to obtain the Euclidean distance of each intersection pair. This distance
is then calculated according to the coordinate values of all intersection pairs in order to
determine the total path length of shielding material passed by the omni-directional rays at
the origin.
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2.3. Shielding Materials

Once charged particles enter a shielding material, they interact with the nuclei and
electrons along their path, resulting in a gradual loss of energy. Depending on the degree
of energy loss, the particles may either pass through the material, lose some energy, or
become fully absorbed by it. When a proton interacts with a target substance, ionization
and excitation occur due to inelastic collision with electrons. The resulting free electrons
then interact with atoms based on their energy and direction. The energy loss rate due
to ionization and excitation in a unit plane density can be calculated using the Bethe
Formula (6) [27]. The energy lost by a proton in % unit path is referred to as the stopping

E

power of the matter to the charged particle, or — o

dE 47te*NoZ 2mv>
( ) - " { St ©)
mon

 pdx mv?A nI(l - B?)

where e denotes the Coulomb charge, Ny is the Avogadro constant, Z represents the atomic
number of the substance, m stands for the proton mass, v is the proton velocity, A is the
atomic weight of the substance, I represents the average excitation energy of the substance
atom, and f is the ratio of the proton velocity to the speed of light.

Unlike proton energy loss mechanisms, due to their large mass and small scatter-
ing angle, the path of protons in matter can be approximated as a straight line and
bremsstrahlung energy loss can be disregarded. However, aside from ionization and
excitation, bremsstrahlung radiation is produced when electrons interact with target ma-
terials. This is caused by the electron approaching the nucleus and interacting with its
Coulomb field, resulting in energy being converted into radiation. The energy lost by
radiation can be expressed as:

4 2
< dE) _4eN0ZEg{ 183 1], @)
r

Todx ). T 137medA | 715 T 18

where mg stands for the electron mass, c is the electron velocity, and E, represents the
electron energy.
The ratio of radiation energy loss rate and ionization energy loss rate of electrons in a

substance is approximately:
_dE
pdx ), Ny E.Z

(_LE> "~ 7007 ®)
pdx ) jon
The total energy loss rate of the electron in the material is then given by:
dE 4¢*NoZ?E. [, 183 1 700
< pdx)T 137moct A {”21/3 + 18” + EeZ]’ ©

Formula (6) shows that the amount of energy protons lose is inversely proportional
to the square of their velocity. The rate of energy loss starts increasing before the proton
comes to a complete stop. As the proton’s energy decreases, the cross-section of interaction
increases, resulting in more energy deposition. Therefore, this mechanism dominates before
the proton stops completely, and almost all of the energy is deposited near the slice of
material at the end of the range. The range in the material increases exponentially with an
increase in proton energy. Hence, a shielding material with enough thickness is required to
prevent high-energy protons from penetrating.

Formula (9) shows that the energy loss rate of electrons is proportional to the energy
of the electron, with more energy lost at the beginning of the range. As electrons lose
energy, their velocity decreases, leading to an increase in interaction cross-section and more
energy deposition. With more energy lost, electrons have less energy deposition. Therefore,
two conflicting processes produce maximum energy deposition at the front end of the range.
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The range in the material increases nearly linearly with an increase in electron energy. A
shielding material with a certain thickness can attenuate most of the electron energy.

The energy loss rate of protons and electrons per unit length of material is approxi-
mately proportional to Z/ A, but electrons are also subject to the elastic scattering of nuclei,
equivalent to increasing shielding thickness. The energy loss rate of elastic scattering is
proportional to Z2/A. Table 1 shows the three commonly used material properties. Al
has a greater Z/A than Ta, which means that Al shields protons better than Ta, while
for electrons, Ta shields electrons better than Al due to elastic scattering. As shown in
Formula (9), bremsstrahlung increases rapidly with an increase in incident electron energy.
A material with a high atomic number, such as Ta, can attenuate more energy of high-energy
electrons, but the proportion of X-ray energy brought by bremsstrahlung is also significant.
Secondary radiation decreases the initial attenuation effect. HDPE has a lower atomic
number than aluminum, which means it interacts less strongly with electrons and protons.
This can be beneficial in certain situations, as HDPE can more effectively attenuate the
energy of electrons and protons and scatter electrons away from the protected area. This
also means that less mass is required for HDPE to achieve the same shielding capability
as aluminum. Additionally, HDPE is a good insulator, which can help prevent electrical
discharge in the high-voltage environments of photodetectors.

Table 1. Parameters of three materials.

Materials Density Atomic Number (Z)  Atomic Weight (A) Z/A
Aluminum (Al) 2.7 g/cm? 13 26.98 g/mol 0.48
High-Density 3 " "
Polyethylene (HDPE) 0.95 g/cm 2.25
Tantalum (Ta) 16.6 g/ cm? 73 180.95 g/mol 0.40

* The atomic weight of polyethylene cannot be defined as it is a polymer composed of repeating units of ethylene
monomer (C2H4).

Because the energy distribution of charged particles in space is continuous, a single-
layer material is not sufficient for effectively shielding the charged particles of all energies.
To achieve better shielding results for different types and energies of charged particles, it is
necessary to use combinations of multi-layer materials.

3. Results and Discussion
3.1. Test of Photon Counting Imaging in Space

Our Wide-angle Aurora Imager has been in orbit for over six years. The detector
utilizes the photon counting detector described in this paper, although it adopts more
conventional Al shielding measures. Instead of a local protective box, the electronics box
uses an overall Al thickening measure. So far, no changes to the function or performance
of electronic devices due to TID have been noticed. To observe the transient disturbance
of charged particles on the detector, a dark background test was performed within the
SAA region.

Figure 6 presents six dark background images taken by two sets of photon-counting
imaging detectors before and after the FY-3D satellite passed through the SAA. Further
information regarding the scientific instrument can be found in our previously published
articles [20,21]. The dark background images were taken in the absence of incident photons,
which determines the detection system’s lower limit of dynamic range. The images were
captured at a latitude and longitude of (14.26° N, 53.95° W) prior to the satellite entering
the SAA region, as seen in Figure 6b,c. The exposures were 50, and the dark count rates
ranged from 0 to 10 kcps. However, the dark count rates increased drastically when the
satellite was in the SAA region, reaching a range of 10 kcps to 20 kcps, as displayed in
Figure 6h, due to the radiation effect of the high-energy charged particles.

Figure 6d,e depicts a single-exposure image taken at (20.42° S, 61.79° W). The number
of bright spots in the image increased significantly, with even the presence of irregular
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bright lines. Correspondingly, Figure 6f,g shows images obtained from the satellite at
(54.06° S, 72.94° W) after it passed through the SAA region. There were also 50 exposures,
and the dark count rates decreased back to their original levels before entering the SAA
region, as shown in Figure 6h.

15

Lalilude {*)

0.5

T T R - T -3 0 £l 1] o 120 1= IS0
Longituda (@)

0
(a) Schematic diagram of satellite trajectory across the SAA region.

(b) ( W) (c) (14.26° N, 53.95° W)

14.26° N, 53.95°

(d) (20.42° S, 61.79° W) (e) (20.42° S, 61.79° W)

Figure 6. Cont.
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Figure 6. Dark background images before and after the Wide-angle Aurora Imager passed through
the SAA. (a) The image was captured by the Doris instrument aboard the Jason—1 satellite and
shows the South Atlantic Anomaly (SAA)—a region close to Earth where the planet’s magnetic field
is relatively weaker compared to an idealized Earth-centered dipole field. As a result, this region
experiences an elevated flux of energetic particles, which exposes orbiting satellites to higher levels of
radiation than usual. The colors on the image, ranging from green to red, represent the increasing flux
of charged particles in the SAA, as the Earth’s magnetic field weakens in this region; (b,c) exposure
numbered 50 instances, with each exposure time 0.34 s; (d,e) exposure numbered one instance, with a
time of 0.34 s; (f,g) exposure numbered 50 instances, with each exposure time 0.34 s; (h,i) dark count
rates of the two detectors corresponding to the trajectory in Figure 6a. The counting rate curves of
detector one and detector two overlap completely, as the counting rate statistics of the instrument are
based on a fixed set of blocks. The curves accurately represent the continuous measurements made in
orbit and are based on real data points.

In order to improve the quantum efficiency and the electron gain of detectors, materials
with lower work functions are usually implemented for the photocathode of the incident
window of the detector and the aperture of the microchannel plate. When the satellite enters
the SAA region, high-energy charged particles are able to penetrate the protective structure
of the detection system. These particles interact with the photocathode or the aperture wall
of the microchannel plate and produce secondary electrons. After the secondary electrons
have been multiplied, they are output to the detector anode under the influence of an
electric field. This, in turn, is followed by an electronic circuit that converts the electrons
into voltage pulses. The discriminator can recognize and count such pulses, leading to
an increase in the dark count. When the instrument is removed from the SAA region,
high-energy charged particles in space will return to a normal distribution, and the dark
count of the system will fall back to its typical level.

We should remain vigilant to large increases in particle flux in the SAA region caused
by high solar activity years or other space events. If the dark count rates were to approach
the system’s maximum or drop drastically, it would be necessary to reduce or turn off
the high-voltage power supply of the detection system and pause operations while the
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instrument enters the SAA. This is only a makeshift measure though, and to properly
tackle this issue, more effective shielding measures against charged particles need to
be implemented.

Unlike electronics, instantaneous radiation has a significant effect on detectors. In
addition, the quantum efficiency and spectral response characteristic of the photocathode
is altered due to changes in its chemical properties as the total radiation dose increases, and
the electron gain of the microchannel plate is also reduced. In the long-term, both detectors
and electronic devices will suffer a decrease in their lifetimes because of radiation.

3.2. Uniformity of Protection

Since the protective measures outlined in this paper are intended to be implemented
on an upgraded instrument, real-life orbit verification has not yet been conducted. As a
result, we have relied on structural modeling and material simulation analysis to achieve
our verification goals.

This paper takes a specific model as an example to analyze the omnidirectional shield-
ing thickness for the edge devices on the top surface of a PCB in a local protective box.
FR4 epoxy board was selected as the board’s substrate, with a PCB density recorded as
0.93 g/cm® due to the multi-layer structure, PP adhesive, aperture, and copper. Three
widths of the outer edge Dr were used for calculation: 0, 3 mm and 6 mm. Specific
parameters are shown in Table 2.

Table 2. Parameters of the protective box.

Group Dy Dp Dr Dg Peff Pp
1 3 mm 3 mm 2 mm 0 mm 28g/cm® 093 g/cm?
2 3 mm 3 mm 2 mm 3 mm 2.8 g/cm3 0.93 g/cm3
3 3 mm 3 mm 2mm 6 mm 28g/cm® 093 g/cm?

A spherical color temperature diagram can be used to represent the calculation result
of the path length of an omnidirectional ray. Path lengths over 4 mm are indicated with
the same color to distinguish the weak area of radiation protection more clearly, as shown
in Figure 7. When PCB protection or the outer edge of the box are not taken into account,
the lower half space of the edge points will appear as weak areas, that is, the zenith angle
in the range of 100° to 140°. The protective thickness is less than 0.5 mm, accounting for
more than 1/4 of the total 4w omnidirectional space. When the width of the outer edge
Dr increases to 3 mm and 6 mm, the proportion of space area with a protective thickness
less than 0.5 mm decreases significantly. The weak area eventually tends to be close to the
parallel direction of the PCB.

T Y 00 Uk ™

2-axis(a.u.)
2-axis(a.u)

Ty
0.5 -0.5 0

o0
x-axis{a.u.}

0.5

x-axis(a.u.)

(b)

0.5

y-axis(a.u.)

05

(©)

e ————
0

05

0

x-axis(a.u.)

—

0.5

Figure 7. Omnidirectional protection thickness in the absence of PCB protection. (a) Dg = 0 mm;

(b) DE =3 mm; (c) D =6 mm.
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Furthermore, when considering the protective factors of the PCB at a zenith angle of
100°, as illustrated in Figure 8, the range of particles within the PCB can reach over 17 mm,
which is equal to a 5 mm thick Al layer. The worst position of the protective thickness
occurs when the zenith angle is equal to 130°, where the equivalent Al thickness would be
only about 1.5 mm, even with PCB protection. To offset the incident range of particles in
the zenith angle range of 110°-140°, the outer edge of the boundary should be increased.
This would equate to an equivalent Al thickness of 4 mm with a 6 mm wide outer edge.
Additionally, the protective thickness over the whole 47t omnidirectional space can exceed
3 mm.

In cases of extreme weight constraints, the width of the outer edge can be designed at
3 mm. This results in protective thickness, which is relatively uniform in the overall space,
with the weak area being reduced to 2.9 mm only when the zenith angle is approximately
110°. The outer edge of the enclosure should be combined with the range of particles in the
PCB. It is important to maintain radiation protection while minimizing the size of the outer
edge to keep the overall weight of the protective box as low as possible.

Due to the high sensitivity of the photon-counting imaging detector mentioned in
Section 2.1, an outer edge structure may also be considered in order to provide protection
for the detector inlet. As the exposed area of the peripheral wall of the detector is dominant,
applying three layers of materials, as mentioned in Section 3.2, would be beneficial in these
areas to prevent charged particles from penetrating too far, thus improving the sensitivity

of the detection system.
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Figure 8. Omnidirectional protection thickness with PCB. (a) Dg = 0 mm; (b) Dp = 3 mm;
(¢) Dg = 6 mm.

3.3. Simulation of Multilayer Shield

Taking the particle environment of the FY-3 satellite’s orbit as input, the flux of
electrons and protons in the radiation belt and the solar proton fluence can be used as a
planar source. The AE-8 MAX and AP-8 MAX models, developed by the NSSDC of the
United States, are used to determine the electron and proton beams of the Earth’s radiation
belt, respectively. Additionally, NSSDC’s King model (95% confidence) is used for solar
proton fluence. This paper computes the radiation dose received by the satellite’s position
over an 8-year mission, with orbital parameters provided in Table 3.

Table 3. Orbital parameters of FY-3 satellite.

Index Parameters
Categories NPSSO
Orbital altitude 836.0 km
Orbital inclination 98.75°
Orbital eccentricity <0.0025
Orbital period 101.5 min

Longitude of ascending node 14:00 PM
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As depicted in Figure 9a, the electron flux distribution in the radiation belt showcases
an energy range from 0.04 MeV to 6 MeV, with flux concentration in energies less than
3 MeV. Similarly, Figure 9b illustrates the proton flux distribution within the same zone,
where the energy range is mainly between 0.1 MeV and 300 MeV, with flux intensity
primarily below 100 MeV. Lastly, Figure 9c elucidates the solar proton fluence distribution,
featuring an energy range predominantly between 0.1 MeV and 500 MeV, with high fluence
concentration in values lower than 50 MeV.
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Figure 9. Particle environment in the orbit of the FY-3 satellite. The horizontal axis represents the
energy of incident particles, while the main vertical axis shows the integral flux of omnidirectional
particles. Additionally, the secondary vertical axis displays the differential flux of particles. The
particle flux density per unit energy is a measure of the number of radiant energy particles that
impinge on a surface over a given period of time, divided by the product of the surface area,
characteristic energy of the particles, and the time interval. (a) Electron flux distribution in the
radiation belt; (b) proton flux distribution in the radiation belt; (c) solar proton fluence distribution.

The multi-layer shielding materials have a three-layer planar geometry consisting of
Al, Ta, and HDPE arranged in sequence (Al-Ta-HDPE). The distance between the object
and the shielding layer is 5 mm, and the object thickness is chosen for typical 0.1 mm
semiconductor silicon wafers used in the device. The total equivalent Al thickness for the
shielding materials was selected as 3 mm, 5 mm, and 7 mm, and the shielding calculation
results for the three materials with different thickness ratios are shown in Figure 10. When
the equivalent Al thicknesses of Al, Ta, and HDPE are 0.7 mm, 2.8 mm, and 3.5 mm,
respectively, the total equivalent Al thickness is 7 mm, yielding the lowest TID in the object,
which is 71% lower than the maximum dose. However, for total equivalent Al thicknesses
of 3 mm or 5 mm, even if the three materials reach the best mass ratio, the lowest ionization
dose in the object is only 57 % lower than the highest dose.

Under the same mass, different combinations of materials can yield different shielding
results. Simulation analysis can estimate the better shielding effect of some materials with
different thickness components. Even with the same mass ratio of three materials, the
ionization dose trends obtained in the object differ. The relative thickness of shielding
materials varies dynamically with the energy of incident particles. When the energy is
large, the thickness of shielding material will be relatively small, which is not enough to
completely attenuate the electron energy. In such cases, Ta has better shielding results
than Al and HDPE. When the incident energy is small, the thickness of shielding materials
will be comparatively large, which can completely block the incident electrons. However,
bremsstrahlung produces X-rays that contribute significantly to the ionizing dose in the
object, making the combination of appropriate shielding materials relatively effective.
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Figure 10. Ionization dose of various particles predicted by the FY-3 satellite orbit after multilayer
shielding. At a certain total thickness, TID was obtained by different thickness ratios of three
materials. The X and Y coordinates represent the equivalent aluminum thickness of Ta and Al
thickness, respectively, while the remaining equivalent aluminum thickness is assigned to HDPE. To

Ta thickness in A) {mm)

facilitate comparison and comprehension, the maximum TID is used as a normalization benchmark.
It is evident from the figure that TID is significantly different for the various proportions of Al, Ta,
and HDPE under the same weight. (a) The total thickness is 3 mm; (b) the total thickness is 5 mm;
(c) the total thickness is 7 mm.

We conducted a comprehensive evaluation of the photon-counting imaging system,
analyzing its sensitivity, maximum counting rates, and dark counts under various shielding
conditions. The sensitivity and maximum counting rates are dependent on the quantum
efficiency of the detector, the gain, and the system’s response time. Our results, presented
in Table 4, indicate that a local shield does not affect sensitivity or maximum counting rates
since it does not obstruct the inlet light. To determine the effectiveness of the shielding
ring proposed in Section 2.1, we simulated the changes in dark count rates under three
conditions: multi-layer material as a whole, local shielding, and single-layer Al shielding.
The materials used in the shielding layer, from outside to inside, were Al, Ta, and HDPE.
Our results showed that the local shielding ring achieved the same radiation protection
effect as the global shielding while reducing the weight requirement. However, the single-
layer Al shielding scheme had a weaker radiation protection effect than the previous two,
due to the simulation’s use of an omnidirectional uniform radiation model. This resulted
in charged particles being able to penetrate the Al layer more easily, causing more electron
multiplication at the detector input.

Table 4. Performance analysis of various shielding configurations.

Shielding e Maximum
Configurations Sensitivity Counting Rates Dark Count Rates
. . . -1
Whole shielding with 8.79 c01'mt —Sl 350 keps 0.068 *
three layers Rayleigh
Local shielding with 8.78 count s~ "
three layers Rayleigh~! 351 keps 0.079
. _ . . 71
Smglg layer shleldmg 8.80 c01'1nt _sl 350 keps 1%
using aluminum Rayleigh

* The results were normalized using the performance data obtained with single-layer aluminum shielding as
a reference.

4. Conclusions

Charged particle radiation can have short and long-term effects on a photoelectric
detection system. In particular, photon-counting imaging detectors are highly sensitive
to transient charged particles, leading to an increase in dark noise. To block charged
particles, the most sensitive area of the detector’s input side wall requires an additional
shielding ring. To reduce TID damage to electronic devices, the protective structure’s
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geometry is crucial. By including the outer edge of the finite boundary and considering
the non-metallic structure’s equivalent thickness, which refers to the particle’s range in the
PCB, the all-directional protection of every point is achieved. In addition to the protective
structure’s geometry, selecting appropriate shielding materials is also crucial. Charged
particles have a broad energy distribution and penetrate shielding materials differently
depending on their range. Multilayer materials provide superior shielding results compared
to monolayer materials. Adjusting the mass ratio of different materials can determine
optimal shielding strategies with the same mass. It is important to consider the equipment’s
particle environment in orbit in order to choose the right shielding material and mass
ratio combination.

Further research will be conducted on the shielding properties of materials such as
aluminum alloy and boron-polyethylene, which are suitable for aerospace applications
due to their toughness and thermal stability. The installation of shielding materials and
their distance from protected objects will also be studied in order to improve shielding
effect and reliability. Based on these strategies, a photoelectric detection instrument is being
considered for the next generation of Fengyun satellites.

5. Patents

The method of radiation protection for electronic equipment in space was patented by
the State Intellectual Property Office of China on 9 October 2022.
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