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a b s t r a c t

The nMCP (Neutron sensitive microchannel plate) combined with advanced readout electronics is widely
used in energy selective neutron imaging because of its good spatial and timing resolution. Neutron
detection efficiency is a crucial parameter for the nMCP. In this paper, a mathematical model based on the
oblique cylindrical channel and elliptical pore was established to calculate the neutron absorption
probability, the escape probability of charged particles and overall detection efficiency of nMCP and
analyze the effects of neutron incident position, pore diameter, wall thickness and bias angle. It was
shown that when the doping concentration of the nMCP was 10 mol%, the thickness of nMCP was 0.6 mm,
the detection efficiency could reach maximum value, about 24% for thermal neutrons if the pore
diameter was 6 mm, the wall thickness was 2 mm and the bias angle was 3 or 6�. The calculated results are
of great significance for evaluating the detection efficiency of the nMCP. In a subsequent companion
paper, the mathematical model would be extended to the case of the spatial resolution and detection
efficiency optimization of the coating nMCP.
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

CSNS(China Spallation Neutron Source) with a power of 100 kW
and a pulse repetition frequency of 25 Hz is first pulsed neutron
source in China and an Energy resolved Neutron Imaging Instru-
ment(ERNI) is planning to be built at CSNS [1,2]. The nMCP detector
is a favorable choice for ERNI because of its high spatial resolution
of sub-15mm [3] and timing resolution of sub-microsecond [4]. MCP
is a thin glass plate composed of millions of parallel channels in a
honeycomb-like packed structure [5]. The standard MCP is not
sensitive to neutrons which can be realized by doping neutron
sensitive nuclides (such as 6Li, 10B and natGd) in the glass substrate
[6,7]. The nMCP detector was constructed by A.S.Termsin et al.
ngqh102@sina.com (Q. Zhang), sun

by Elsevier Korea LLC. This is an
based on the 10B doped nMCP and Timepix readout electronics. A
series of experiments were performed by them at SNS of USA and
ISIS of UK [8,9], and the nMCP detector has been determined to be
the detector for IMAT instrument at ISIS and VENUS instrument at
SNS.

Neutron detection efficiency is a key parameter for evaluating
the nMCP detector. Anton Tremsin et al. proposed an theoretical
model for 10B doped nMCP of the square channel geometry [10].
Neutron absorption probability, the probability of secondary
charged particles escaping into open channels and the total
neutron detection efficiency were calculated under different
neutron incident angles and position coordinates, as well as
different pore diameters and wall thicknesses respectively. Wang S
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et al. calculated the detection efficiency of the nMCP doped and
coated by 10B and natural Gd with Monte-Carlo method [11].
Z.W.Ma et al. simulated the detection efficiency and the spatial
resolution of 10B doped nMCP in various geometrical configurations
[12]. J. Pan et al. established a mathematical model to calculate the
neutron absorption efficiency of natural Gd doped under different
neutron incident angles and position coordinates [13].

In this paper, the mathmatical models were constructed to
calculate the neutron absorption probability, the probability of
secondary charged particles escaping into channels and the total
detection efficiency. The results are valuable for evaluating the
detection efficiency of the nMCP.

2. Mathematical model of neutron detection efficiency

When an incident neutron interacted with a10B atom, the nu-
clear reaction was shown in fomula (1). In the glass substrate, this
nuclear reaction had 94% probability of producing 0.83 MeV of 7Li
particles with a range of 1.91 mm and 1.47 MeV of a particles with a
range of 3.54 mm and 6% probability of generating 1.0 MeV of 7Li
particles with a range of 2.15 mm and 1.8 MeV of a particles with a
range of 4.23 mm [10].

10Bþ n/7Lið1:0MeVÞþ4Heð1:8MeVÞ 6%
10Bþ n/7Lið0:83MeVÞþ4Heð1:47MeVÞ þ gð0:48MeVÞ 94%

(1)

P¼ P1 � P2 � P3 (2)

The neutron detection efficiency was shown in formula (2),
where P1 was the neutron absorption probability, P2 represented
the probability of the secondary charged particles escaping into
channels, P3 was the probability of the avalanche signal being
detected, whichwas generally equal to 1 [10]. In this simulation, the
neutron energy was 0.0253eV. The incidence direction of the
neutron beam was perpendicular to the surface of nMCP and the
neutron beam was a uniform beam of a hexagon with a length of
pore diameter(shown in Fig. 1).

2.1. Mathematical model of oblique cylinder channel and elliptical
pore

The manufacturing process of the MCP included the following
several steps. Firstly, the mono-fiber glasses were drawn, and were
stacked into the multi-fiber glass. Secondly, the multi-fiber glass
was pressed and fused into a boule. Thirdly, the boule was sliced
according to the bias angle, and the slices were ground and
Fig. 1. Schematic diagram of the hexagonal neutron beam.
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polished. Next, the polished slices were subjected to chemical
processing, hydrogen reduction and electrode evaporation. Finally,
the test and inspection would be done and MCP could be gotten.
Considering the manufacturing process of the MCP, the oblique
cylindrical channels and elliptical pores were obtained when cy-
lindrical mono-fibers were sliced at a bias angle. As we know, the
reason was that an elliptical section curve was obtained when a
plane with a bias angle sliced a cylinder. The geometric parameters
of nMCP were defined as follows, L was the thickness of the nMCP,
d was the pore diameter, w was the wall thickness, and q was the
bias angle.

In order to describe this elliptical pore, the ellipse focus co-
ordinates and the sum of two distances to the focal points, which
was the major axis of the ellipse needed to be calculated. Two
spheres were placed inside the cylinder which were tangent to the
side and the elliptical plane of the cylinder respectively. Side view
of oblique cylindrical channel and elliptical pore were shown in
Fig. 2. The diameter of the cylinder was d and the bias anglewas q in
Fig. 2 (a). Thus, PM¼NQ¼d/2, <PMO¼<QNO ¼ q and the co-
ordinates of tangent point P and Q (elliptical focus) were (-d/2tanq,
d/2tanq). The distances between point H on the ellipse and two
focus were HP and HQ. The elliptical major axis length was equal to
HP þ HQ¼HE þ HF ¼ EF ¼ MN ¼ d/cosq. The elliptical minor axis
length was equal to d. So the equation of the elliptical pore was
shown in formula (3).

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
xþ d

2
tan q

�2

þ y2

s
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
x� d

2
tan q

�2

þ y2

s
¼ d

cos q

x2 þ y2 ¼ d2

4
ðq ¼ 0+Þ

(3)
2.1. Mathematical model of neutron absorption probability P1

The probability of neutron absorption was given by formula (4),
where Leff was the effective absorption length of neutrons within
the nMCP substrate, N10Bwas the number of 10B atoms per unit

volume of the nMCP substrate. s was the cross section (3844 b) for
the 10B(n,a) [14].N10B could be calculated by formula(4). Where, r

was the density of nMCP, A10Bwas the molecular mass of 10B2O3, NA

was Avogadro’s number, w10Bwas the mass percentage of 10B2O3,

wmole
i was the mole percentage of material i.

P1 ¼ 1� exp
�
� Leff N10Bs

�
;N10B ¼

r,w10B

A10B
,NA;w10B ¼

A10Bw
mole
10BP

iAiwmole
i

(4)

Li ¼
2

cos q

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2

4
�ðy� yiÞ2

s

xmax ¼ xi þ
L
2
tan qþ Li

2
xr1 ¼ xi þ

L
2
tan q� Li

2

xmin ¼ xi �
L
2
tan q� Li

2
xr2 ¼ xi �

L
2
tan qþ Li

2

(5)

Leff was related to the neutron incident position, nMCP thick-
ness, pore diameter and wall thickness, bias angle. A schematic
diagram of the neutron passing through single channel was shown
in Fig. 3. The central coordinates of the channel were (xi,yi). In the
XOYplane, the section curve of the nMCP channel was elliptical, and
the neutron incidence point was P(x, y). The elliptical chord length



Fig. 2. Side view of oblique cylindrical channel and elliptical pore.

Fig. 3. Geometric model of individual channel.
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MN was equal to Li in the x direction which could be calculated
according to the elliptic formula (5). In the XOZ plane, the side view
of nMCP channel was parallelogram whose four vertex coordinates
were xr1, xmax, xmin and xr2. If the neutron incident point P(x,y)
satisfied the condition in formula (6), it indicated that the neutron
would pass through the channel. The neutron trajectory length Lp
within a channel could be expressed as formula (7). When the
neutron passed through n channels, the effective absorption length
could be calculated according to formula (8), where the Lpi was the
neutron trajectory length through the channel i.

xmax > x> xmin; yi þ
d
2
> y> yi �

d
2

(6)

xr2 > xr1 xr1 > xr2

Lp ¼

2
66666664

x� xmin
tan q

ðxmin < x< xr1Þ

Lðxr1 < x< xr2Þ
xmax � x
tan q

ðxr2 < x< xmaxÞ

Lp ¼

2
6666666664

x� xmin
tan q

ðxmin < x< xr2Þ

Li
sin q

ðxr2 < x< xr1Þ

xmax � x
tan q

ðxr1 < x< xmaxÞ
(7)
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Leff ¼ L�
Xn
0

Lpi (8)
2.2. Mathematical model of the escape probability P2

When neutrons were captured by 10B, a particles and 7Li parti-
cles were produced, both of which emitted in opposite directions
and had two ranges respectively. It was shown in Fig. 4 (a) that
when the neutronwas captured at point A, the possible positions of
a particles and 7Li particles were uniformly distributed on the
imaginary escape spherical surface with point A as the spherical
center and the ranges as radii. The probability of alpha or 7Li par-
ticle escaping into an openMCP channel is the ratio of the spherical
surface contained inside an open channel to the total spherical
surface area [10]. In this paper, a Cþþ program was written to
calculate the escape probability P2. First, the scattered points, which
represented the possible positions of particles and were in accor-
dance with the uniform distribution, were generated on the
imaginary spherical surface. Second, the number of scattered points
within the open channel were counted. The model of judging
whether the particles escaped into the open channels could be
simplified into judging whether the scattered points were in the
elliptic pore of the XOY plane after the focal coordinates of the
elliptical pore moved ztanq in the x direction (shown in Fig. 4 (b)).
Finally, the probability P2 of the corresponding neutron absorption
positions would be obtained by dividing this number by the total
number of scattered points on the imaginary spherical surface.

The flow chart of the P2 calculation was shown in Fig. 5. The
escape probability of a particles of 3.54 and 4.23 mm ranges, and 7Li
particles of 1.91 and 2.15 mm ranges were expressed as Pa1

2 ,Pa2
2 ,

PLi12 andPLi22 . The escape probability of a particles and 7Li particles
could be calculated respectively as formula (9). In order to calculate
the total escape probability P2 of these two particles, it was
necessary to produce scattered points of 7Li particle in the opposite
direction while the scattered points of a particle were generated.

This escape probability PLi a1
2 was the probability of a particles with

3.54 mm ranges or 7Li particles with 1.91 mm ranges escaping into

channels. The escape probability PLi a2
2 was the probability of a

particles with 4.23 mm ranges or 7Li particles with 2.15 mm ranges
escaping into channels. The total escape probability could be



Fig. 4. (a) The 3D schematic diagram of the escape sphere of particles (b) Projection in the XOY plane.

Fig. 5. Flow chart of P2 calculation.
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calculated as formula (9).

Pa2 ¼ 0:94Pa1
2 þ 0:06Pa2

2

PLi2 ¼ 0:94PLi12 þ 0:06PLi22

P2 ¼ 0:94PLi a1
2 þ 0:06PLi a2

2

(9)
3. Calculation of neutron detection efficiency P

The thickness of nMCP was set to 0.6 mm considering that the
detection efficiency was required to be larger than 20% for thermal
neutrons at CSNS [15] and the spatial resolution would become
worse with the thickness [12]. In light of the nMCP manufactur-
ability and mechanical stability, 10 mol% 10B doping was currently
achievable level [10], the pore diameter was no less than 6 mm, and
the wall thickness was no less than 2 mm. The bias angle was
necessary to inhibit the ion feedback. Thus, the doping concentra-
tion of B2O3 was 10%, L was 0.6 mm, d was 6e10 mm, w was
2e10 mm, q was 0e12� in this calculation.
3.1. Probability P1(x,y) of neutron absorption

When L ¼ 0.6 mm, d ¼ 8 mm, w ¼ 2 mm and q ¼ 0�, 0.5�, and 6�,
two-dimensional spatial distributions of single neutron absorption
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probability were shown in Fig. 5. It was shown in Fig. 6 (a) that
when q ¼ 0, if the neutron incidence position was inside the ellipse
A0, A1, A2, A3, A4, A5 and A6, the absorption probability was 0. And if
the neutron incidence positionwas outside the ellipse A0, A1, A2, A3,
A4, A5 and A6, the corresponding probability P1 was a fixed value,
0.618 because the effective absorption length was L¼0.6 mm. Fig. 6
(b) showed that when q ¼ 0.5, there were two parts whose ab-
sorption probabilities were relatively large including the regions
which were close to minor axis vertex between ellipses and two
narrow-band regions whose width was 0.66 mm and effective
lengths were 0.6 mm. At the same time, the channel with the co-
ordinate center (0,0) was compressed in the x direction because of
the bias angle. Fig. 6 (c) showed that when q ¼ 6�, there were still
these two narrow-band regions where the absorption probabilities
were largest. The bias angle was so large that the entire incidence
plane could be detected.
̊

̊

3.2. Escape probability P2(x,y) of a and 7Li reaction products

Therewas 94% probability of producing a particles with 3.54 mm
range and 7Li particles with 1.91 mm ranges. These two ranges were
taken as an example to calculate P2(x,y). When L ¼ 0.6 mm,
d ¼ 8 mm, w ¼ 2 mm, q ¼ 6, the 2D spatial distribution of

Pa1
2 (x,y),PLi12 (x,y) andPLi a1

2 (x,y) were shown in Fig. 7. Fig. 7 (a)
showed that the escape probabilityPa1

2 in the middle part of the
three channels and two channels was larger than that in other
parts. Fig. 7 (b) showed that the escape probabilityPa1

2 in the middle
part of the two channels was larger than that in other parts, there
exsisted three layers of approximate hexagonal regions which had a
decreasing efficiency in the middle part of the three channels and
the lowest efficiency appeared right in the center among three
channels because 7Li had a shorter range comparedwith a particles.

The total escape probability PLi a1
2 was shown in Fig. 7 (c) which

showed that the greatest probability appeared in the elliptical rings
around the channels because the particles produced in this region
were the easiest to enter the channels. It was the reason why the
coated nMCP was developed in recent years. The coated nMCP was
manufactured by coating 0.1e5 mm thick neutron sensitive layer to
the inner wall of the channel which could improve the detection
efficiency of the nMCP [16]. However, the coated nMCP is still in the
research and development stage because it is not so long since the
ALD coated technology was applied to the fabrication of the coated
nMCP. At present, the doped nMCP is a more mature scheme
compared with the coated nMCP.
̊



Fig. 6. 2D distribution of neutron absorption probability P1(x,y).

Fig. 7. 2D distribution of escape probabilities Pa1
2 , PLi12 andPLi a1

2 (q ¼ 6).
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3.3. Neutron detection efficiency P

When L ¼ 0.6 mm, q ¼ 6, three average efficiencies P1, P2 and P
with different pore diameters and wall thicknesses were shown in
Fig. 8. It could be seen from Fig. 8 (a) that the average absorption
probability P1 increased with the increase of the wall thickness and
̊
Fig. 8. Three average efficiencies P1, P2 and P
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decrease of the pore diameter. The reason was that when the wall
thickness increased and the pore diameter decreased, the propor-
tion of the substrate area became larger, which led to the increase
of the absorption probability P1. Fig. 8 (b) showed the average
escape probability P2 decreased with the increase of wall thickness,
increased slightly with the increase of the pore diameter. The
̊

with the pore size and wall thickness.



Fig. 9. Three average efficiencies P1, P2 and P with the bias angle q
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reason was that the ranges of secondary charged particles were
fixed, fewer particles could enter the channel when the wall
thickness increased. It could be seen from Fig. 8 (c) that the average
value of the total detection efficiency P decreased with the increase
of the wall thickness and the pore diameter. Therefore, the geo-
metric parameters of d ¼ 6 mm and w ¼ 2 mm for the 10B doped
nMCP should be selected if the higher detection efficiency was
required. The detection efficiency of the nMCP detector based on
the 10B doped nMCP was measured by Tremsin, A.S. and it reached
almost 21% for thermal neutrons [17]. The detection efficiency
calculated in this paper agreed well with the measured value by
Tremsin, A.S. The results verify the validation of the calculation
model in this paper.

When L ¼ 0.6 mm, w ¼ 6 mm and d ¼ 2 mm, three average ef-
ficiencies P1, P2 and P of different bias angles were shown in Fig. 8.
The average absorption probability P1 increased rapidly with the
bias angle from 0 to 1. The reason was that the neutrons, which
penetrated the nMCP directly when the bias angle was 0 were
detected when the bias angle was 1 so that the probability
increased rapidly. Fig. 9 (b) showed that as the bias angle increased,
the average escape probability P2 increased with the bias angle in a
very small range. The reason was that as the angle increased, the
length of major axis of the ellipse increased resulting in more
particles entering the channel. It could be seen from Fig. 9 (c) that
the average detection efficiency P started to increase rapidly with
the bias angle from 0 to 1, and was very stable when the bias angle
varied from 1� to 12�. It should be noted that the positive ions
produced at the output of the rear plate can reach the input of the
front plate during the use of MCP. This is called ion feedback. To
inhibit the ion feedback, the bias angles (3�/13� or 6�/6�) were
commonly used to provide a sufficiently large directional change
for MCP chevrons [18]. Thus, the bias angle can be 3� or 6� for the
nMCP.
̊ ̊

̊

̊

4. Conclusion

In this paper, the oblique cylindrical channel model and the
elliptic equation of pore were established considering the
manufacturing process of the nMCP. The neutron absorption
probability P1, the escape probability P2 and the overall detection
efficiency were calculated according to the mathematical models.
The results are helpful for evaluating detection efficiency of the
nMCP under the condition of different geometrical parameters. In
the next research, the mathematical model would be extended to
the case of the spatial resolution and detection efficiency calcula-
tion of the coating nMCP and the experiments of 10B doped nMCP
̊ ̊
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detector including detection efficiency and neutron-gamma
discrimination will be performed at CSNS.
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