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Monte-Carlo Simulation of Output Electron Cloud from a Microchannel
Plate in a Saturation Mode
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Abstract; The performance of microchannel plate (MCP) detectors, including the temporal and spatial
resolutions, varies significantly for MCPs work in a saturated mode due to high intensity illumination. In
this paper, the influence of positive charges which accumulate on inner channel wall was added to a
electron cloud motion model. It is the main difference between the MCP model in a saturated and a non-
saturated mode. The kinetic characteristics of the electron clouds were calculated and analyzed.
Simulation results show that the Energy Distributions Of Electrons (EDOEs) , in a saturated mode, have
a similar shape for MCPs with different electrode penetrate depth. This is very different from the results
obtained in a non-saturated case. It is concluded that these phenomena come from the accumulation of
positive charges near the exit of the channel. The EDOEs fit well with the experimental data of related
literature, which verifies the correctness of this model.
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0 Introduction

Microchannel plate (MCP) has many advantages, such as high gain, high temporal resolution, and
high spatial resolution et al.l"?. It is widely used in the detection of particles and photons, such as the UV
image intensifier"!. The image qualities, including the temporal and spatial resolutions, vary significantly

while MCP detectors are illuminated with different intensities of lightst"!. There are lots of researches on
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the performance of the MCPs irradiated with low-intensity light**, but few researches on the performance
of MCPs in high-intensity environment, such as in photoelectric counteraction.

Theoutput Energy Distribution Of Electrons (EDOE) and Angle Distribution Of Electrons (ADOE)
have important influences on the image quality of MCP'™ ., According to previous literatures, most of
studies focus on the EDOE and ADOE for MCPs work in a linear mode. Chen L' got very close
approximation of EDOE, but didn’t discuss the ADOE. Price and Fraser'” studied the ADOE and EDOE
specifically, but the calculated curves only fit well with the experiment data at low energy. Yan L et al.™™
calculated the ADOE and EDOE of MCP, and got the MTF function of the MCP while it works in a linear
mode. In summary, there are few reports about ADOE and EDOE of MCP in saturation mode(when MCP
is irradiated with high intensity light).

Numerical method isa important way to study the avalanche process of electrons in MCP*, It means
to track electrons with Monte Carlo method. This method could be used to study the MCP gain"®’, transit
time"*Y, EDOE and ADOEP7. The main disadvantage of this method is the large amount of
computation, especially for 3D models. Besides, professional programming skills are also required due to
the problem of non-convergence when numerical method is used in characterizing real devices.

With theimprovement of computing power and the development of commercial software, simulations

L1011 1n this paper, we modeled the

of the avalanche processes by numerical methods become feasible
cascade process of the electrons in MCP by COMSOL Multiphysics. By comparing the transit time, EDOE
and ADOE of the MCP between the non-saturated mode and the saturated mode, we got the characteristics
of MCP with different geometries. Simulation results fit well with available experimental data, indicating
that this model can be used in the analysis of the performance of MCP with different geometries in a

saturated or non-saturated mode.

1 Model and method

1.1 Three-dimensional MCP model

MCP is a glass wafer consist of parallel array of millions of tiny electronic channels fused together
with channel pore size in the range of 4-20 um. Channels are arranged in a regular hexagonal structure'!,
and length to diameter ratio is in the range of 40 : 1 to 60 : 1. The channel is coated with metal electrodes
at its both ends, and the penetrate depth of the electrode is about 0.5 to 3 times the diameter of the
channel. The channel material is lead silicate glass.

As for the actual MCPs, parameters of the 3D model are summarized in Table 1.

Table 1  Parameters in 3D model

Parameter Value
Diameter/ pm 10
Length/pm 400
Bias angle/ (%) 8
Dielectric constant''"’ 6

In COMSOL Multiphysics, the 3D geometry of the microchannel plate is shown as Fig.1. Considering
the mutual influence of the electric fields between adjacent channels, the adjacent six tubes should be taken
into account to calculate the accelerating electric field generated by the voltage between the two electrodes.

Fig.2 shows the cross section of the MCP model in XOZ plane. Voltage between the photocathode and
the entrance of MCP is 20 V and the primary electrons are accelerated in this field until they fly into the
channel. The initial energy of primary electrons is 1 eV. The offset voltage across the MCP electrode is
1 000 V, which produces an accelerating electric field. The primary electrons are accelerated by the field to
hit the channel wall, resulting in secondary electrons. Then the secondary electrons are accelerated and

collide with the wall until they fly out of the channel.
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Fig.1 3D geometry of the MCP in COMSOL Multiphysics Fig.2 Cross section of the MCP

In MCP, each channel acts as an independent electron multiplier. The influence of the electron clouds
in adjacent channels can be ignored. This simplification is reasonable and accord well with experimental
results while MCPs run at low frequency or ultraviolet environment.
1.2 Secondary electron emission model

In this model, it is important to represent the electron emission process from the channel wall. The
mean yield of secondary electrons is determined by the incident energy and incident angle of primary
electrons. The incident energy V,,(#;), at which the incident electron colliding with the wall will produce

the maximum secondary electron yield, can be expressed as follows™*

Va0 =V,00)/ \/cos b, (D
where V. (0) is the energy of getting maximum yield while the electron incidents at normal angle, and 0, is
the incident angle. As for the lead silicon glass, V,,(0) in the literature is in the range of 200~300 eV, in
this model we set it to 270 eV.

The maximum yield of secondary electrons as a function of the incident angle of primary electron is
givenas-'*
0m(0) =8,(0expla(l——cosf;)] (2)
where a is closely related to the channel material. As for the lead silicate glass, the value of a is between
0.4 and 0.6, so we set it to 0.5 in this model®. 8, (0) represents the maximum yield while colliding at
normal angle, which ranges from 3.0 to 4.0. We take it to be 4.0.
When primary electron incidents at angle 0; and with energy V;, the mean yield of secondary electron

could be expressed as''*

BV:/V . (0
B—1+[Vi/V.(0) ]

where f3 is a variable determined by the channel material. It must be bigger than 1 and its general value is 1.3"%'.

a(Viaé\i):8,H(9;) (3)

The actual number of secondary electron is a random number assigned by sampling a Poisson
distribution with a mean value of 6 (V;,8).

The initial energy of each secondary electron follows a Maxwell-Boltzmann probability
distribution**

P(E,) =C(E./Ey)exp(—E./E,) (4)
where E, is the most probable energy. As for lead silicate glass, the typical value of E, is 2~3 eV and is
taken to be 3 eV in this model™ . C is the normalization constant.

The initial emission angle of each secondary electron is independent of the state of the primary
electron. The azimuth angle ¢ is sampled from a uniform distribution with the range of 0 to 2= and the
polar angle 0 is sampled from a cosine distribution with the range of 0 to /2.

P (0) =cos(®) (5)
1.3 Tracking
In the 3D model, when the electron flies into the channel, it will be accelerated by electric field. So

electron’s velocity v and displacement s are determined by the ballistic trajectory function as follows
d
E[mv(x,y,z)]:qE(x,y,z) (6)
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where E is the electronic field.

In a non-saturated mode, the electronic field in the channel only comes from the voltage between the
two electrodes. This built-in electric field can be calculated by the following formula

E, =—VV (8)
where V represents for the voltage between the two electrodes.

The penetrate depth of the electrode has a significant influence on the distribution of the built-in
electric field. Fig.3 shows the calculated electric field while the penetrate depth to channel diameter ratio
(h/D)issettol, h/D=1; V,=—95 V; Vyeu=—75V; V4 =—20 V; V=0 V. It is clear that, the
electric field in the electrode region is weaker than in other regions, and is not uniformly distributed. This
type of distribution has the effect of decreasing the width of ADOE™",

4

P elecl

) CHHEEED %

Fig.3 Equipotentials and electric field near the exit of channel

elec2 coll

When MCP works in a saturated mode, the electric field generated by positive charges on the inner
surface of the channel can’t be ignored. According to the law of conservation of charge, positive charges
accumulate for N —1 per secondary emission on the internal surface of the channel, where N is the yield of
secondary electron. The electric field produced by positive charges could be calculated by Poisson equation

Ve (ege. E,) =p, (9
where p, represents for the total positive surface charge density. The total electric field in the channel is the
sum of E; and E,.

In order to calculate the electric field generated by the positive charges in COMSOL Multiphysics,
first an accumulator need to be set to count the value of the total positive charges on the inner surface of
the channel in charged particle tracing interface, and then the electrostatics interface is applied to calculate
the field from the positive charges. The tolerance of the voltage was set to be 0.01 V when calculating the
electric field. The maximum time step was 0.1 ps and the total calculation time was 200 ps when tracing

the electrons.

2  Comparisons

2.1 Transit time

To analyze the effect of saturation on the kinetic

[ng
=

characteristics of the electrons in the channel, we have

carried out a lot of simulations with different number

—
w
T

of incident electrons. In Fig. 4, we represent the

variation of the number of output electrons with the

—
(=]
T

number of incident electrons. When the incident

electron is less than 20, the number of output

<
[

electrons increases linearly with the number of input o  Simulated data

Fitting curve

electrons, indicating that the gain of the channel is

Number of output electrons/(x10°%)

0

almost constant. However, when the incident electron 0 50 100 150 200 250 300 350 400
Number of input electrons

is greater than 20, as the number of incident electrons
increases, the gain begins to decrease gradually, which Fig.4 Variation of the number of output electrons with the
means the occurrence of gain saturation. number of incident electrons

Fig.5(a) and (b) show the positions of electron clouds at different time with 20 and 200 incident
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particles, respectively. As we can see, the electron clouds move toward the channel exit along with the
avalanche process. Once a small amount of particles are introduced at the entrance, there appears a large
number of particles in the channel. It means that the channel has a very high gain. Compared with Fig.5
(b), the electron cloud in Fig.5 (a) appears to be closer to the channel exit at the same time. This

phenomenon is more pronounced in Fig.6.

F\SG ps
=170 98

(a) N=20 (b) N=200

Fig.5 Evolution of spatial distribution of secondary electron cloud in channel
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Fig.6 Normalized density of electron cloud along the axis of channel at different time
Fig.6 shows the electron density distributions along the channel axis at different time. The curves are
cut off at 400 pum where some of the electrons have {lown off the channel. When 1 =120 ps, the curves
appear upturned at the area of 390 pm<CZ <400 pm both in Fig.6 (a) and Fig.6 (b). It means the
accumulation of electrons at the electrode area. Whereas, there are obvious difference between the curves
at 1 =140 ps in Fig.6(a) and (b): the curve in Fig.6(b) is significantly higher than the curve in Fig.6(a) at
the area of 350 pm<CZ<C390 pm. Similar phenomenon also appears at t =160 ps. It is concluded that in a
saturated mode, the proportion of the electrons accumulated in front of the electrode area is much higher
than that in a non-saturated mode.
Fig.7 shows the transit time distribution of
the electrons with 20, 80, 140 and 200 electrons.
We can see it clearly that these curves approximate

the Gaussian distribution. The instant at which the

2

o
o

g
=

output electron pulse reaches its peak amplitude is

N
==

about 160 ps for different number of primary
electrons, which is consistent with Ref. [ 4],
that the effect

significant influence on the transit time of the

e
[}

indicating saturation has no

Normalized particle number/(a.u.)

(=)

130 150 170 190 210 230 250
Time/ps

channel. But the saturation effect makes the transit % 110

time curve expand obviously. As the number of the
input the full
width at half maximum ( FWHM ) of these curves
increases gradually, The FWHM of the curve with N =20 is 40 ps, while the FWHM of the curve with

Fig.7 Transit time distribution of the output electrons with

electrons increases,

different number of primary electrons
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N =200 becomes 60 ps. Therefore, more primary electrons will make the electron clouds more dispersed
and will eventually reduce the time resolution of the MCP detectors.
2.2 EDOE

Koshida et al.""* measured the EDOE as a function of incident current. It was found that the electrons
with energy greater than 50 eV decrease significantly as the incident current increased. Price™ also
obtained similar results through simulations.

Fig.8 (¢) shows the EDOE calculated in this paper. With the increase in the number of incident
particle, the proportion of the emission electrons with energy between 10 eV to 30 eV increases, which is
in good agreement with the conclusion in Ref.[15]. The variation of the proportion of electrons with
different energy leads to the gradual disappearance of the sub-peak in EDOE.

Fig.8(b) shows the calculated data of Ref.[5]. Obviously, the results in the saturated mode agree well

with experimental results''*'"

in Fig.8(a) at low energy, but the fit deviating at higher energy. In our
calculation, curves in Fig.8(c) show very good fits whether at low energy or at high energy both in the
saturated mode and non-saturated mode. The main difference between these two simulations is the method
of calculating the influence of the saturation effect. In Ref.[ 5], the electric field generated by the wall

charge is calculated by a empirical formula, but in this paper we use the Poisson formula.
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(a) Measured in Ref.[16] (b) Calculated in Ref.[5] (c) Calculated in this paper

Fig.8 Calculated andmeasured EDOEs

In the case of linear gain, the penetrate depth of the electrode has a marked effect on the EDOE of the
channel. Fig.9(a) shows the EDOE of the channels with different h to D ratio. We can see it clearly that
the increase in the ratio helps to suppress the tail of the distribution and improve the monochromaticity of
the output electrons. When ratio=0.5, ratio=1 and ratio=1.5, the EDOEs appear two obvious peaks. The
main peak is at low energy, while the sub-peak is at high energy. Increasing the ratio significantly suppress
the height of the sub-peak.

The EDOEs of the output electrons in a saturated mode are showed in Fig.9(b). The differences
between the EDOEs with ratio=0.5, 1 and 1.5 reduced gradually. It means that the performances of the

MCPs with different geometries trend to be converge when exposed to strong light.
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Fig.9 EDOEsfor channels with different h/D ratio
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2.3 ADOE

In Ref.[ 18], Bronshteyn measured the ADOE and concluded that the FWHM of the ADOE curve is in
the range of 5 to 15 degrees. In Fig.10(a), the FWHMSs of the ADOEs in a non-saturated mode, which
show no systematic variation with /D, are about 10°. Our result is consistent with the data by
Bronshteyn'”’, but is larger than the data by Price!®™, which is about 2°.

We also get the ADOEs of the channels with different 2 /D ratios in a saturated mode, as shown in
Fig.10(b). We see that, the FWHMs of the ADOEs in a saturated mode are about 10 degrees, which show
no significant difference with the results in the non-saturated mode. However, there are obvious
differences between the ADOEs in Fig.10(a) and (b). The electron number reaches peak value at 8° in the
saturated mode, while in the non-saturated mode the electron number reaches the peak value at 2°, Tt

means that the emission electrons are more divergent in the saturated mode.
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=
T
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— Ratio=1.5

Relative number of electrons/(a.u.)
(=]
N

(=
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=}
W

0
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Electron angle/(°) Electron angle/(°)
(a) Non-saturated (b) Saturated

Fig.10 ADOEs for channels with different ratio

3 Discussions

As Fig. 8 (a) shows, the EDOE in a non-

saturated mode has two peaks. The main peak with MCP
——
a sharp protuberance at low energy and the sub- A

peak with a very long tail at high energy. This \ %

characteristic of the EDOE primarily depends on y

\\’/ B
—a=s

S—- -~

As show in Fig.11, the channel is divided into two =~

[} ~

ME)

the distribution of the electric field in the channel.

parts according to the distribution of the electric

field: region A with a weaker electric field and

region B with remarkable acceleration electric field.

When MCPs work in a non-saturated mode, the

Electron energy

. Fig. 11 EDOE of electrons from different parts of the
output electrons come from both region A and & P

channel

region B, so there are two peaksin Fig.8 (a) . The

electrons emitted from region A result in the main peak in the EDOE, while the sub-peak result from the
electrons from region B.

With the large number of incident electron, the effect of the positive charges can not be neglected.
Since the positive charge in region B changes the original electric field, which makes the electrons collide
with the wall more frequently, shortening the electrons’ accelerating distance and resulting in the
suppression of the tail of the EDOE.

Simulation results validate thispoint. Fig.12 shows the evolution of positive charge distribution on the
inner surface of the channel with 200 input particles from 110 ps to 180 ps. Along with the electronic
avalanche process, the density of the positive charges in the channel increases sharply and finally reaches
its maximum value at region B. When =140 ps, the biggest positive surface charge density is only 1.4 X
107° C/m?, but it sharply increases to 6.84X10* C/m* when t =180 ps.
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(a) =110 ps

(b) =120 ps

(a) =150 ps
<107
0 05 1.0 1520 25

(b) =160 ps

(c) =130 ps (c) =170 ps

(d) =140 ps (d) =180 ps

Fig.12 Evolution of the positive charge accumulatedat the inner surface of channel

Fig.13 presents the electronic field distribution
— 10
1.0 15 20 25 3.0

near the exit of the channel at =180 ps. It is easy

to find that the maximum intensity of electric field
in region B, about 4 X 10® V/m, is nearly 2 times
of the intensity of the built-in electric field in this 130 140 150 160

region, which is about 2.3X10% V/m. It is easy to

Fig. 13 Equipotentials and electronic field generated by

conclude that the positive charge accumulated in .
positive charges at 180 ps
the inner surface of the channel significantly change
the electric field distribution in region B, and it also has a great influence in region A.
In region B, the electric field generated by the positive charge is perpendicular to the channel axis,
which forces electrons to collide with the wall in advance and therefore shorten the distance for electrons to
accelerate. It indicates that the proportion of the electrons with energy higher than 50 eV decreases

obviously as the number of incident electrons increases'”

. In addition, the number of the secondary
electron decreases with the energy reducing, which explains the gain saturation of the MCP. Compared
with region B, region A is much closer to the channel exit. Electrons from region A are more divergent,

which explains the angle dispersion of electron clouds in a saturation mode.

4 Conclusion

In this paper, we present a 3D model of MCP established in COMSOL Multiphysics, and calculate the
influence of the wall charges on the electron clouds in the channel. The transit time, ADOE and EDOE of
the output electron clouds are simulated and analyzed both in a saturated and non-saturated mode. In the
saturated case, the accumulated positive charges on the inner surface of the channel significantly affect the
electric field near the exit of the channel, and change the kinetic characteristic of the electron clouds. As a
result, the angle of the output electron become divergent and the energy trend to concentrate in a narrow
range at low energy. The reduction of the energy of the electron cloud further affects the gain of MCP,
leading to gain saturation. These simulation results are in good agreement with the experimental data,
indicating the effectiveness of this model.
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