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Abstract: The microchannel plate (MCP) is an electron multiplier with millions of micro through-holes that must withstand strong vibrations
and enormous shocks in spaceborne detectors. To ensure the reliability and robustness of the MCP in space applications, we proposed an
equivalent mechanical model of the MCP to investigate its mechanical properties, since the direct creation of the finite element model using
the finite element method (FEM) is not feasible. Then, we developed a test system to verify the effectiveness of the equivalent mechanical
model. The results show that the error of harmonic response analysis and the test result is less than 10 %, which is acceptable. Finally, we
conducted parametric studies of the MCPs and obtained the equivalent mechanical model of the MCPs with different geometric parameters.

This study will help researchers to optimize the MCP for aerospace-grade detectors.
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1. INTRODUCTION

As an unprecedented facility for dark matter research, the
high energy cosmic-radiation detection (HERD) facility in
contrast to alpha magnetic spectrometer (AMS), dark matter
particle explorer (DAMPE), etc., has unique features in terms
of excellent energy detection, particle identification
capability and energy resolution [1]-[3]. Therefore, one of the
most critical components of the facility, the aerospace-grade
image intensifier, must have superiorities such as wide
dynamic range, high aerospace adaptability, low non-
uniformity and low crosstalk. Therefore, it is crucial to
improve the performance of the weakest component of the
image intensifier — the microchannel plate (MCP).

The MCP for spaceborne detectors is a type of multiplier
used to capture electrons, ions, photons, X-rays and other
particles. It is widely used for military and civilian purposes
including national defense, space science, medical diagnosis,
etc. [4]-[10]. The MCP can be considered as a microporous
plate with a regular hexagonal arrangement [11], [12].
Compared to the diameter of the MCP, the pore diameter is
practically negligible. It is mostly composed of silicon
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dioxide (40-50 %), lead dioxide (20-30 %) and other metal
compounds [13], which makes it susceptible to intense
mechanical shocks. To ensure the safety and reliability of the
MCP in the HERD, it is urgent to investigate its mechanical
properties using the finite element method (FEM).

In terms of MCP, most of the existing studies focused on
the investigation of its gain, time characteristics and other
performances, such as the effect of cosmic particles on MCP
[14], a method to improve the quantum efficiency of extreme
ultraviolet MCP [15], the exploration of gain saturation [16],
the investigation of MCP saturation/gain drop [17], [18], and
the investigation of atomic layer deposited MCP [19]. In
addition, the existing studies also investigated the frictional
properties of MCP under the condition of crimping [20], the
design of spring ring for MCP stack [21], the planeness of
MCP [22], etc. Unfortunately, there are only a few studies to
date that deal with the mechanical properties of MCP. Due to
the microporous structure of MCP, the investigation of its
mechanical properties is quite difficult. The mechanical
properties of MCP, including strength and stiffness, fluctuate
in a wide range when the geometric parameters and material
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properties change. Therefore, it is important to study the
mechanical properties of MCP and establish a mechanical
model for MCP, which could help in the optimization of MCP
for aerospace-grade detectors.

The main contributions of this study can be summarized as
follows. To ensure the reliability and robustness of the MCP
in space applications, the study of the mechanical properties
of the MCP is particularly important. Considering that the
MCP has millions of micro through-holes, it cannot be
directly modeled by the FEM. Therefore, we proposed an
equivalent mechanical model of an MCP using FEM, the
effectiveness of which was verified by a sine sweep test using
a laser Doppler vibrometer (LDV) to obtain an equivalent
mechanical model of the MCPs with different geometric
parameters. In the future, this study can help researchers to
design and optimize MCP for space-grade detectors.

2. THEORY OF THE EQUIVALENT MODEL OF MCP

For ultra-thin microporous plates such as MCP, their
mechanical properties can hardly be optimized and improved
by direct modeling, which is why the equivalent mechanical
model of MCP is absolutely necessary.

To solve the difficulty of creating a complete 3-
dimensional (3D) model, the majority of researchers equate
this structure with uniform pores to a solid. Among them, Slot
and O'Donnell determined effective in-plane elastic constants
with different ligament efficiencies for thick perforated plates
with square and triangular penetration patterns, using the
equal displacement method under generalized plane strain
conditions [23]. Yang considered micro-pore optic (MPO)
plates with millions of micro-square pores with a width of
20 um as anisotropic uniform plates with the same properties,
whereupon only the in-plane mechanical properties of MPO
plates were estimated [24]. Baik used the average hole size to
analyze the deformation behavior of the perforated sheet with
non-uniform holes under uniaxial tension, and his study only
concerned the apparent in-plane material properties of the
sheet [25]. However, the in-plane and out-plane material
properties of the perforated plates with triangular penetration
patterns are sparse, and the effect of geometric parameters on
the material properties has not been fully investigated.

Fig. 1 shows the MCP with a solid border and the
equivalent mechanical model. The MCP with a solid border
consists of a plate with millions of micro through-holes
arranged in regular hexagons and a rim. The plate with
millions of micro through-holes arranged in regular hexagons
corresponds to an orthotropic solid with the same diameter,
and the rim of the MCP is still the main material of the MCP.
For the borderless MCP, the material property is orthotropic.
Nevertheless, certain potential factors are not taken into
consideration. These include the secondary electron emission
layer, the conductive layer generated by hydrogen reduction
and the effect of the bias angle on the strength of the MCP.
The 3D Cartesian coordinate system is also defined in Fig. 1.
The defined z-axis in Fig. 1(a) is perpendicular to the surface
of the MCP, and the x-axis and y-axis in Fig. 1(a) are all
parallel to the surface of the MCP. In Fig. 1(b), the Young’s
modulus in the x-direction E, is parallel to the first main
material direction - the x-axis, the Young’s modulus in the y-
direction E|, is parallel to the second main material direction

175

- the y-axis, the Young’s modulus in the z-direction E, is
parallel to the third main material direction - the z-axis. The
origin in Fig. 1 is in the center of the surface of the MCP.
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Fig. 1. (a) The schematic diagram of the MCP with a solid border,
(b) The equivalent mechanical model of the MCP with a solid
border.

3. RESULTS

A. Acquiring material properties of main material of MCP

Obtaining the material properties of the main materials of
MCP is a prerequisite for creating an equivalent mechanical
model of MCP. Since we do not know the material properties
of MCP supplied by northern night vision (Nanjing), we first
conducted tensile tests to determine the Young’s modulus,
Poisson's ratio, shear modulus and tensile strength. The
Young’s modulus E is the ratio of stress to strain per unit area
of a material under tension or compression and can be
expressed as

g PL
E=2=—2

e (L-Lg)Ag
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where ¢ is the stress, ¢ is the strain, P is the load provided by
the universal material testing machine, A, is the initial cross-
sectional area, L, is the initial gauge length and L is the gauge
length at a given point. The Poisson's ratio v refers to the ratio
of the transverse normal strain to the axial normal strain of a
material under uniaxial tension or compression. The shear
modulus G is related to E and v and can be written as

_E
T 2(14v)

)

The tensile strength g, is the maximum load-bearing
capacity of the material under static tension. For brittle
materials, such as the base material of the MCP - lead glass -
the tensile strength is the breaking strength of the material.

Table 1. Tensile test results of Type 1.

No. Width Thickness  Young’s modulus
[mm] [mm] [GPa]

1 25.10 2.99 60.77

2 25.08 3.04 65.87

3 24.99 2.81 65.75

Average 25.06 2.95 64.13

specimen

Biaxial
Extensometer

Gauge length

Tensile . ;

In accordance with the GB/T1040.1-2018 standard, two
tensile specimens of different sizes are machined to obtain
different material properties. The whole process of the tensile
tests performed is shown in Fig. 2. In order to minimize the
error caused by the tests, three identical specimens (referred
to as Type 1) were used for the tests under the same
conditions to obtain the Young’s modulus (Fig. 2(a)). In
Fig. 2(a), the two clamped parts of Type 1 are fixed in the
universal testing machine and the biaxial extensometer is
fixed on the Type 1, which is used to measure the deformation
of the specimen, then, the universal testing machine starts
stretching slowly and evenly until the tensile specimen
breaks. Fig. 2(b) shows the condition when Type 1 breaks,
and the gauge length of Type 1 is 100 mm. Six identical
specimens (referred to as Type 2) were used for the tests
under the same conditions to determine the Poisson's ratio
(Fig. 2(c)). In Fig. 2(c), two uniaxial strain gauges arranged
perpendicular to each other are used to measure transverse
and axial strain, respectively. The gauge length of Type 2 is
50 mm.

Table 1 lists the results of the Young’s modulus of Type 1,
and the Young’s modulus E of the main material of MCP is
averaged as 64.13 GPa. Table 2 shows the results of Poisson's
ratio and tensile strength, so V =0.27, and g,= 31.7 MPa,
respectively. According to (2), G =25.208 GPa can be
obtained.

Uniaxial strain
gauges

S

1448

(b) (©)

Fig. 2. (a) The experimental setup of the tensile test for the specimen Type 1, which can obtain the Young’s modulus, (b) The image when
Type 1 breaks the end of tensile tests, (c) The end of tensile test of Type 2.

Table 2. Tensile test results of Type 2.

No. Width Thickness Poisson's Tensile strength
[mm] [mm] ratio [MPa]

1 15.16 4.18 0.294 42.826

2 15.06 4.16 0.296 35.995

3 15.04 4.34 0.259 28.721

4 15.01 4.16 0.176 26.163

5 15.08 4.13 0.202 23.390

6 15.04 4.18 0.406 33.400

Average 15.07 4.19 0.272 31.700
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where Ej, E,, -

The main material of MCP is actually high lead silicate
glass, and the approximate calculation equation for the
Young’s modulus of silicate glass can be expressed as

E:E1P1+E2P2+E3P3+'“+Enpn (3)
,E, are the elasticity coefficients and
P;, P,, P, -+, P, are the percentages of oxides. The Type 1 and

Type 2 samples consist of approximately the compositions

given in Table 3, so that the Young’s modulus of MCP is
approximately 63.082 GPa, which is comparable to the
64.13 GPa from the tensile test. The result proves that the data
measured in the tensile test are credible.
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Table 3. The composition and elasticity coefficient of MCP.

Composition  Percent Elasticity oefficient
[%] [GPa]

SiO; 44.4 70

Al20s 1.2 180

Na;O 3.2 61

K20 6.5 40

PbO 25.0 46

Bi.O3 19.7 70

B. Establishing the equivalent mechanical model of MCP

In this study, we applied the FEM to obtain an equivalent
model of the MCP, where the whole process can be
approximated as the determination of the material properties
of the equivalent model of the MCP. In the FEM, the force

vector {F} is equal to the stiffness matrix [K] multiplied by
the displacement vector {6}. The correlation between the
stress vector {c} and the strain vector {&} can be written as

{0} = [D]{e} (4)

where [D]is the elasticity matrix. The stress state and the
strain state at any position of an object can be determined by

six stress components and six strain components, respectively.

Therefore, in the Cartesian system, the stress vector and the
strain vector can be described as

{O'}= [Ux Uy Oy Txy Tyz sz]T (5)

and

Yaz]"
_ o oow auw v v aw ow o’ (6)
“lox o8y o0z oy ox o9z 9y ox oz

{e} = [&

& & VYxy Vyz

where oy, 0,0, are normal stresses, t,,, 7,,, T,, are shear
stresses, &y, &y,&, are normal strains and &y, £y, &, are
shear strains. For orthotropic materials, the elasticity matrix
can be described as

[D] =
r 1-vyzVzy Uxy+VUxzVzy  VzxtVyzVzy 0 0 0 1
EyE;¥ ExE,¥ EyE;¥
Vxy+VxzVzy 1-Vy Vs Vyz+VyzVxz 0 0 0
EyE,¥ ExE;¥ ExEy¥
Vax+VyzVzy  Vyz+VyxUxz 1=VyyVyx 0 0 0 (7)
EyE,¥ ExEy¥ ExEy¥
0 0 0 Gy 0 0
0 0 0 0 G, 0
0 0 0 0 0 G
In the matrix,
y = 1=VxyVyx—VyzVzy—VzxVxz—2VxyVyzVzx (8)
ExEyE;

According to the symmetry of the elasticity matrix, the
conclusion is that

ExVyx = EyUy,y 9
Eyv,y, = E vy, (10)
E, Uy = Exvyy (11)

where Ey, E,, E, are the Young’s modulus along the three
principal axes, vy, vy, Vy, are Poisson's ratio  and
Gyy, Gy, Gy, are the shear modulus.

When a system is in equilibrium, the work of the external
force on the virtual displacement W,,,; is equal to the work of
the internal force on the corresponding virtual displacement
Wi, which is the principle of virtual work. And it can be
written as

Win = {637 [[[{B} {DHBH&}dV
Wour = {6} {F} = {6} {K}{6}

(12)
(13)

where {B} is the strain-displacement matrix varying with the
element type, so that the stiffness matrix can be expressed as

(K] = [[f{B} {DHB}dV

It must be ensured that the force vector of the MCP is equal
to that of the equivalent model and that the displacement of
the MCP is equal to that of the equivalent model. When the
element types are determined, the elasticity matrix of the
equivalent model is obtained accordingly, in other words, the
nine independent elastic constants of the equivalent model
(Ex, Ey, E7, 5y, V)2, Vs Gay, Gy, Gy,) are determined.

To obtain the nine elastic constants of the equivalent model,
we chose an analysis model of six smallest units of the MCP
in the x-direction and nine smallest units of the MCP in the y-
direction in the numerical analysis, where the smallest unit of
the MCP is defined as an independent honeycomb-like
structure, as shown in Fig. 3(a). Therefore, for the equivalent
model, the smallest unit can be defined as a regular hexagon
with side length p/+/3. To obtain the nine elastic constants of
the equivalent model, the corresponding calculation methods
are carried out as follows:

(14)

1. E;: Under a 2-dimensional (2D) plane stress condition,
a roller constraint is added as a boundary condition at
the edge Cx of the selected part of the MCP, and
a concentrated force E, is applied at the edge CFx in the
x-direction, as shown in Fig. 3(b). The Young’s modulus
is from Section 3, therefore the maximum displacement
of the part of the MCP can be determined. Under the 2D
plane stress condition, the orthotropic elasticity
properties are pre-set, a roller constraint is added as the
boundary condition at the edge Cx* of the selected part
of the MCP, and a concentrated force F, is applied in the
x-direction at the edge CFx*, as shown in Fig. 3(e). The
Young’s modulus in the x-direction Ey, is adjusted until
the error between the maximum displacement of the
MCP in the x-direction and the maximum displacement
of the equivalent model in the x-direction is less than
1 %. Therefore, E; can be obtained.
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2. Ej, vy, and Gy, Under the 2D plane stress condition,
aroller constraint is added as a boundary condition at
the edge Cy of the selected part of the MCP and
a concentrated force F, is applied in the y-direction at
the edge CFy, as shown in Fig. 3(c). Under the 2D plane
stress condition, the orthotropic elasticity properties are
pre-set, a roller constraint is added as a boundary
condition at the edge Cy* of the selected part of the MCP,
and a concentrated force F, is applied in the y-direction
at the edge CFy*, as shown in Fig. 3(e). E;, is obtained
when the maximum displacement of the MCP is
approximately equal to that of the equivalent model in
the y-direction. vy, is obtained when the maximum
displacement of the MCP is approximately equal to that
of the equivalent model in the x-direction. Gy, is
obtained by

Gp, = 22 (15)

XY T 2(1+vyy)

. E;, vy, and Gx,: The face Sz at the selected part of the
MCP is fixed as the boundary condition and
a concentrated force F, is applied in the z-direction at
the face SFz, as shown in Fig. 3(d). The face Sz* on the
equivalent model of the MCP is fixed as the boundary
condition and a concentrated force F, is applied in the z-
direction at the face SFz*, as shown in Fig. 3(f). Thus,

(b)

CFy*

Cx™

(d)

}’[_'
X Oy

©)

E;, is obtained when the maximum displacement of the
MCP is approximately equal to that of the equivalent
model in the z-direction. vy, is obtained when the
maximum displacement of the MCP is approximately
equal to that of the equivalent model in the y-direction.
Gy is obtained when the maximum displacement of the
MCP is approximately equal to that of the equivalent
model in the x-direction.

4. G,,: The face Sz at the selected part of the MCP is fixed
as the boundary condition and a concentrated force F,,
is applied in the x-direction at the face SFz, so Gy, can
be obtained when the maximum displacement of the
MCP is approximately equal to that of the equivalent
model in the x-direction.

5. Gy,: The face Sz at the selected part of the MCP is fixed
as the boundary condition and a concentrated force F,,,
is applied in the y-direction at the face SFz, so Gy, can
be obtained when the maximum displacement of the
MCP is approximately equal to that of the equivalent
model in the y-direction.

Therefore, when there is a type of electrodeless MCP with

a pore diameter of 6 um and a thickness of 0.5 mm with an
open area ratio of 60 %, the equivalent elastic constants are
obtained as Ey = 4.02 GPa, E;, = 5.46 GPa, E; = 25.68 GPa,
vgy =029, vy, =0.055 vy, =0.041, Gy, =1.84GPa,
Gy, =5.91 GPa, Gy, = 6.36 GPa.

CFx

CFx*

®

Fig. 3. (a) The smallest unit of the common MCP (top view). Schematic diagrams that show the analysis model of the MCP under plane
stress in the (b) x-direction, in the (c) y-direction and (d) under the 3D analysis model of the MCP in the z-direction. Schematic diagrams
that show the analysis model of the equivalent model of the MCP under plane stress (e) in the x-direction and y-direction and under the 3D
analysis model of the equivalent model of the MCP in the (f) z-direction.
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When the electrodes on the surface of the MCP are
considered, the model is rebuilt as shown in Fig. 4. The
material of the electrode is Ni80Cr20, its density is
8400 kg/m3, the Young’s modulus is 268.5 GPa and the
Poisson's ratio is 0.303. The thickness of the electrode on the
surface ty;c is 300 nm, the coating depth on the input
surface xdi is 0.5 times the pore diameter, the coating depth
on the output surface xdo is 2 times the pore diameter and the
maximum thickness of the electrode in the inner wall of the
channel t is 1.3 um, and the analysis method is the same as
the analysis of the electrodeless MCP. Consequently, for
a type of MCP with a pore diameter of 6 um, a thickness of
0.5 mm and an open area ratio of 60 %, the equivalent elastic
constants are obtained as E; =4.40 GPa, E; =5.87 GPa,
E; =25.69GPa, vy, =0.25 vy, =0.062, vy, =0.046,
Gyy= 2.054 GPa, G;,= 5.91 GPa, Gx,= 6.36 GPa.

/ channel
7~ wall

elctrode

(b)

Fig. 4. Schematic diagrams demonstrating the electrodes of (a) the
input surface and (b) the output surface of the MCP.

C. Verification of the equivalent mechanical model of MCP

To verify the accuracy of the equivalent mechanical model
of the MCP, we selected two MCPs with an outer diameter of
50 mm, a thickness of 0.5 mm, a pore diameter of 6 um, an
open area ratio of 60 % and a solid edge diameter of 44 mm,
numbered DY21080001-157C # 495 and UES5006. The
selected DY?21080001-157C # 95 is an MCP that can be
directly mounted in the detector, but no electrodes are applied
to the surface of sample UE5006. The schematic diagram and
the front view of the verification system are shown in Fig. 5.
A pressing ring with an inner diameter of 40 mm is used to
fix the MCP in the vibrating fixture. The vibrating fixture is
attached to the vibration exciter with several pressure plates
and bolts, and an accelerometer is mounted on the vibrating
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fixture as a control point near the pressure ring. Since the
weight of the MCP (approximately 2 g) is much lower than
that of the accelerometer (approximately 10 g), we used
a non-contact measuring device - the LDV - to measure the
displacement of the MCP. The displacement resolution of the
LDV we chose is 1 picometer, and the linear error is less than
or equal to 1 %. The fiber laser head of the LDV is mounted
on a tripod and must ensure that the laser hits the center of the
upper surface of the MCP and that the fiber laser head is
adjusted so that the signal light of the control box is as strong
as possible. The MCP has a porous structure, therefore, when
the laser shines directly on the MCP, some spots appear. In
response to this situation, we stick a reflective film with
a diameter slightly larger than the diameter (22 um) of the
laser spot in the center of the surface of the MCP.

signal light

Control box

Fiber laser head

laser spot
(b)

Fig.5. (a) Schematic diagram of the verification
(b) Front view of the verification system (on scene).

system,

The vibration conditions provided by the vibration exciter
are used for verification tests and harmonic response analysis
(0.5 g between 10 Hz and 2000 Hz, with the sine sweep rate
of 4 oct/min). The finite element model is modified several
times to match the experimental results for which the material
properties are taken from the previous section. The data
provided by the LDV are the time-varying displacement
values, while the data obtained by harmonic response analysis
are the frequency-varying displacement values. To obtain the
natural frequency of the MCP, the data provided by the LDV
must be converted to the frequency domain.

During the sine sweep test, the frequency varies with time,
so the characteristics of the data provided by the LDV are
formulated as follows. First, the displacement decreases with
time. Second, the curve obtained is sinusoidal. Third, the
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frequency increases logarithmically with time. Therefore, we
perform a short-time Fourier transform (STFT) to convert the
displacement values into frequency-domain data. Then we
select an appropriate window size to perform a piecewise
Fourier transform, after which a Flattop window is used to
mitigate the leakage of the Fourier transform and correct the
amplitude.

Fig. 6 shows the displacement curves of the sample
DY21080001-157C # 495 measured with the LDV and
calculated with the FEM. Since Fig. 7 shows the first two
orders of the mode shapes of the validation system and their
natural frequencies, only the first natural frequency exists in
the frequency range from 5 Hz to 2000 Hz, with the peak at
1600 Hz caused by the perturbation of the vibration fixture.
Table 4 shows the measured results and the FEM results of
the two samples. Since all these errors are less than 10 %, the
acceptability of the created equivalent mechanical model is
thus conformed. Possible explanations for the errors are that
there are slight differences in the boundary conditions and
that there are slight differences in the contact methods
between the simulation and the test.

T T T T T T T T T T T
1000 =

— LDV
—FEA
100 E

(1208.50, 3.58)

(1222.37, 3.52)

Displacement(pum)

0.02 1 1 1 1 1 1 1 1 1 1 )l
10 190 370 550 730 910 1090 1270 1450 1630 1810 1990

Frenquency(Hz)

Fig. 6. The displacement curve measured by the LDV and the
displacement curve of the sample DY21080001-157C # 495
obtained by FEM.
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+0.000e+00

Y
Step: Step-1
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Deformed Var: U Deformation Scale Factor: +6.141e-05
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+8.055¢+01
+7.384e+01
+6.713e+01
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+5.370e+01
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+3.356e+01
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(b)

Fig. 7. (a) The first-order and (b) second-order mode shapes of the
validation system.

(cycles/time)

Table 4. Comparison between the measured results and the FEM results.

Sample number

The 1% natural frequency [Hz]

Maximum amplitude [um]

Measured FEM Error Measured FEM Error
DY?21080001-157C # 495 1208.50 1222.37 1.15% 3.58 3.52 1.68 %
UES5006 1125.00 1193.65 6.10 % 3.95 3.60 8.86 %

Table 5. The effect of geometric parameters on material properties (OAR = 60 %, p = 1332.504 kg/m?, effective area).

Pore diameter  Ej E; E; Vyy Yy, Vyz Gy Gy, Gy
[um] [GPa] [GPa]  [GPa] [GPa] [GPa]  [GPa]
6 4.40 5.87 25.69 0.25 0.062 0.046 2.054 5.91 6.36
8 4.96 6.87 25.70 0.26 0.073 0.052 2.35 2.69 6.14
10 5.42 7.02 25.68 0.27 0.078 0.055 2.45 5.33 6.04
12 5.70 7.10 25.72 0.28 0.079 0.063 2.50 5.14 5.85
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D. Parametric studies of the MCPs considering different
geometric parameters

A complete MCP contains several major independent
geometric parameters, namely the pore diameter d, the open
arearatio OAR, the thickness of the plate [, the outer diameter
D and the rim of the plate D,. To create the equivalent model
of the MCP, these geometric parameters are explained as
follows.

a. The OAR of the ordinary MCP is generally 60 %. The
detection efficiency of the MCP can be improved by
using an MCP with funnel-type openings, so that the
main OAR of the MCP remains unchanged and the
effect of the funnel is minimized.

b. The material of the equivalent model varies in the
diameter direction, but does not increase or decrease in
the thickness direction compared to the MCP. Therefore,
the material properties of the equivalent model of the
MCP do not vary with the thickness of the MCP.

c. The overall dimension of the equivalent model is the
same as that of the MCP, so that the outer diameter D
and the rim of the plate D, have no influence on the
material properties of the equivalent model.

Hence, the elastic constants of the equivalent mechanical

model of the MCP correlate only with the pore diameter.

By applying the control variable method and FEM, we
obtained the elastic constants of the equivalent model with
pore diameters of 6 um, 8 pm, 10 um and 12 pm, as shown
in Table 5. The material properties for equivalent models of
the MCPs with other pore diameters can be determined by
interpolation.

4, DISCUSSION & CONCLUSION

In this study, considering the requirements of the HERD
facility, the vulnerability of the MCP and its inability to
withstand large shocks, we propose an equivalent mechanical
model of the MCP. When creating the equivalent model,
a special analysis model and boundary conditions are chosen
to apply the FEM and minimize the errors. Then we design
a corresponding system to verify the effectiveness of the
equivalent model by sine sweep tests using the. The results
show that the error of the harmonic response analysis and the
test result is less than 10 %, which is acceptable. The
equivalent mechanical model of the MCP with different pore
diameters is obtained using the control variable method and
FEM, in other words, the in-plane and out-plane material
properties are all determined.

The equivalent mechanical model can be used to model the
detectors with MCP stacks. This model is suitable for MCP
with different materials, such as silicon or borosilicate glass.
Furthermore, the application of this model can be extended to
periodic structures that cannot be modeled directly, such as
optical fiber panels. Furthermore, the model is suitable for the
design and optimization of the MCP for aerospace-grade
detectors.

Despite the aforementioned achievements, certain
shortcomings must be pointed out, which are that the
equivalent mechanical model is only applicable to MCPs with
circular holes. Our future research will focus on improving

the reliability and robustness of the MCP for aerospace-grade
detectors and other detectors and lay the theoretical
foundations for the continuous study of the MCP and its
adaptability in the aerospace field.
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