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As a non-destructive testing technology, neutron imaging plays an important role in various fields, including material
science, nuclear engineering, and fundamental science. An imaging detector with a neutron-sensitive image intensifier has
been developed and demonstrated to achieve good spatial resolution and timing resolution. However, the influence of the
working voltage on the performance of the neutron-sensitive imaging intensifier has not been studied. To optimize the
performance of the neutron-sensitive image intensifier at different voltages, experiments have been performed at the China
Spallation Neutron Source (CSNS) neutron beamline. The change in the light yield and imaging quality with different
voltages has been acquired. It is shown that the image quality benefits from the high gain of the microchannel plate (MCP)
and the high accelerating electric field between the MCP and the screen. Increasing the accelerating electric field is more
effective than increasing the gain of MCPs for the improvement of the imaging quality. Increasing the total gain of the MCP
stack can be realized more effectively by improving the gain of the standard MCP than that of the nMCP. These results offer

a development direction for image intensifiers in the future.

Keywords: neutron detector, neutron imaging, microchannel plate, image intensifier
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1. Introduction

Due to the long penetration, isotope sensitivity, and other
unique properties of neutrons, neutron imaging has become
an invaluable tool in non-destructive fields. In recent years,
based on the developments in neutron sources and neutron de-
tection technology, advanced neutron imaging methods have
been developed. For example, energy-resolved neutron imag-
ing has advantages in the residual stress testing of industry
materials and the component analysis of specific isotopes. -]
Phase-contrast neutron imaging improves imaging quality
mainly by edge enhancement, which increases the visibil-
ity of sub-resolution structures and low-attenuation contrast
materials.[>* Polarized neutron imaging provides the possi-
bility to visualize magnetic fields.>*! Among all these neutron
imaging methods, neutron detectors are crucial in determining
the quality of neutron imaging.

A neutron detector composed of a neutron-sensitive scin-
tillator, optical lens, and imaging camera is a widespread and
cost-effective approach to achieving high imaging quality.[’"]
In such a detector, neutrons are converted into light by the scin-
tillator, and then the light is focused on the camera to acquire
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images. To avoid neutron damage on the imaging chip, a re-
flecting mirror is also needed. In some experiments, an im-
age intensifier must be employed to multiply the light emitted
from the scintillator. For example, when performing energy-
resolved neutron imaging, a time-stamping camera was used
to collect the light emitted from the phosphor screen.!'?! To
reject the electronic noise, the pixels of the camera are diffi-
cult to trigger when the number of incident photons is less than
1000. An additional imaging intensifier is necessary in such a
detector to ensure the light bright enough. A high-speed cam-
era is appropriate to monitor the dynamic process of targets
with high frame speeds. To acquire images with high signal-
to-noise ratio, there must be enough light incident to a pixel
in a single frame.[!'! It is appropriate to use an image intensi-
fier in such an imaging system. Moreover, for high-resolution
imaging performed in low-flux neutron sources, the number
of scintillation photons detected by the pixel may be insuffi-

U2] The introduction of

cient due to the low neutron intensity.

an image intensifier removes the photon statistics limitation.
Although the ability of light magnification provided by

the image intensifier is necessary for these neutron imag-

ing systems, the presence of an image intensifier also makes
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the imaging system complex. In our previous work, a
neutron-sensitive image intensifier was developed by coupling
a neutron-sensitive microchannel plate (nMCP), a standard

131 Tn such

microchannel plate (MCP), and a phosphor screen.
a device, the process of neutron conversion and light magnifi-
cation can be realized, which helps to decrease the complex-
ity of the imaging system. It not only meets the demands of
specific neutron imaging experiments, such as energy-resolved
neutron imaging and high-resolution imaging in low-flux neu-
tron sources, but can also be used in normal neutron imaging
experiments. Comparing with the combination of a phosphor
screen and a standard image intensifier, there are some ad-
vantages for neutron-sensitive image intensifier. The normal
image intensifier is sensitive to the environment photons be-
cause of the high quantum efficiency of the photocathode. This
means that even a single photon from the environment incident
to the image intensifier contributes to the noise of the imaging
result. As a result, an imaging system equipped with a normal
image intensifier needs strict protection from the light. With
regard to the neutron-sensitive imaging intensifier, it has al-
most no sensitivity to the ambient light; therefore, it is almost
free from protection from the light. In addition, with the com-
bination of the phosphor screen and standard image intensifier,
the clusters triggered by the neutron events are multiple sep-
arated points.['*l With a neutron-sensitive image intensifier,
the clusters triggered by neutrons are spatially continuous. 3]
This means that analyzing the neutron events in a neutron im-
age intensifier is easier and clearer than that in a standard im-
age intensifier.

China Spallation Neutron Source (CSNS) is the fourth
high-flux pulsed spallation neutron source facility in the
world. !5 At CSNS, an energy-resolved neutron imaging in-
strument has been established. A neutron detector based
on a neutron-sensitive image intensifier coupled with a time-
stamping camera is one of the candidates for the imaging de-
tector for this instrument. In our previous study, we showed
that 25 pum spatial resolution can be achieved and a prelim-
inary energy-resolved neutron imaging experiment was per-
formed using such a detector. However, as a crucial device
for the detector, the performance of the neutron-sensitive im-
age intensifier has not been optimized. The working voltage is
an important parameter to determine the gain of the neutron-
sensitive image intensifier. The electron drift process is also
influenced by the voltages, which are related to the image qual-
ity. In this paper, the change in the light yield and the image
quality with the working voltage were studied. A conventional
neutron imaging experiment was conducted by coupling with
a camera. The results of this paper will guide the development

of the neutron-sensitive image intensifier in the future.

2. Design of the neutron-sensitive image intensi-
fier

The structure of the neutron-sensitive image intensifier is
shown in Fig. 1(a). It includes a neutron-sensitive microchan-
nel plate, a standard MCP, and a phosphor screen. The nMCP
and the standard MCP were manufactured by the China Build-
ing Materials Academy and sealed as a neutron-sensitive im-
age intensifier by Northern Night Vision. Ltd. The nMCP is
the key component of the neutron-sensitive image intensifier,
which determines the performance quality, such as detection
efficiency and spatial resolution. In this work, the nMCP is
doped with 20 mol% '°B,03 with 8 um pore diameter, 10 um
pitch, and 3° bias angle. According to the calculation, 36%
detection efficiency of thermal neutrons could be achieved.
Compared with the Gd-doped nMCP in other institutes, the
boron-doped nMCP provides better neutron—gamma discrim-
ination capability and spatial resolution. Meanwhile, the gain
of the nMCP was suppressed to a low level during manu-
facturing to further improve the neutron—gamma discrimina-
tion capability.['®) A standard MCP with 10 pum pore diam-
eter, 12 pm pitch, and 12° bias angle was followed with the
nMCP to decrease the ion feedback effect and increase the to-
tal gain of the neutron-sensitive image intensifier. The nMCP
and the standard MCP were spaced by a 0.1 mm thickness
electrode. The electron clouds converted by neutron events
were then collected by the phosphor screen. With regard to
the phosphor screen, the influence of the light yield, emis-
sion spectrum, and decay time should be considered. The
material of the phosphor screen determines the time proper-
ties of the neutron-sensitive image intensifier. In this study,
Y3Al5017:Ce (P46) was selected. It has a fast decay time and
relatively high light yield. The peak of the light spectrum is
about 530 nm, which is located in the high quantum efficiency
range of typical image sensors. The P46 phosphor screen can
be replaced by P47 when the timing resolution is the most con-
cerning performance. Figure 1(b) shows a photograph of the
neutron-sensitive image intensifier. It is a portable device of
about 65 mm diameter.

To study the performance of the neutron image intensi-
fier under different working voltages, a voltage divider was
also designed. The MCPs can be regarded as the parallel-
ing resistance and capacitance in a circuit. When providing
a high voltage to an MCP electrode directly, the potential of
other electrodes is also influenced. To overcome this problem,
a voltage divider was designed, as shown in Fig. 2. To en-
sure that each channel of the power supply operates normally,
the output current of each channel should be positive. In this
study, the resistance of the nMCP is 2200 M, and that of the
standard MCP is 113 MQ (at 500 V). The resistance of Ry, R,
and Rz is 10 MQ, 10 MQ, and 2 MQ, respectively; Ri1, R22,
and Rj33 are all 100 kQ.
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Fig. 1. (a) A diagram of the neutron-sensitive image intensifier. (b) A photograph of the neutron-sensitive image intensifier.
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Fig. 2. A diagram of the voltage divider.

3. Results and discussion
3.1. The relative light output at different voltages

Light output is one of the crucial parameters of the image
intensifier, which influences the signal-to-noise ratio and the
contrast ratio of the imaging results. It is important to study
the changes in the light output with the voltages of the neutron-
sensitive image intensifier.

In the field of neutron detection, the light output is com-
monly defined as the number of photons generated by neutron
absorption. Many methods of light output measurement have
been developed in previous studies, such as the pulse method,
a method based on the measurement of the intrinsic resolution
of the photomultiplier, a single-electron method, and the com-
parison method.!'”l An experiment based on the comparison
method was conducted at CSNS beamline 20. The compari-
son method, which is based on the comparison of light inten-
sity from the tested detector and the reference detector with a
certain light intensity, is convenient for measuring the relative
high light output of the detector. To study the change in the
light output with the voltages, we take the light output of the
neutron-sensitive image intensifier under certain conditions as
the reference in this experiment. In this way, the difference
in the response efficiency (for the neutron beam and the ac-
companying gamma rays) between the reference detector and
test detector can be eliminated. A diagram of the experiment
is shown in Fig. 3(a). A neutron imaging detector was pre-
pared using a neutron-sensitive image intensifier, a reflecting

mirror, an optical lens, and a CMOS camera (PCO edge 4.2).
Non-linearity less than 0.5% can be achieved by the CMOS
camera used in this experiment, which means the relationship
between the grayscale and the light intensity can be regarded
as linear. The diameter of the neutron beam was limited to
10 mm diameter to avoid overexposure.

Figure 3(c) shows a typical imaging result from the neu-
tron beam acquired by the neutron-sensitive image intensi-
fier. The bright circle in Fig. 3(c) corresponds to the re-
gion irradiated by the neutron beam. The larger dark cir-
cle in Fig. 3(c) corresponds to the whole effective area of
the neutron-sensitive image intensifier. The light intensity in
this region is mainly contributed by the dark counts for the
MCPs, which is largely lower than that of the neutron beam
region. The spectrum corresponding to Fig. 3(c) is shown in
Fig. 3(d). It can be divided into a peak contributed by the
bright neutron beam, and a continuous spectrum contributed
by the dark counts. In this experiment, the light output and the
dark counts for different conditions were quantitatively calcu-
lated from the mean of the peak and that of the continuous
spectrum, respectively. To avoid overexposure of the imaging
sensor, the grayscale in this experiment is controlled below
65536 by limiting the voltage of the neutron-sensitive image
intensifier. We did not study the maximum light output of the
neutron-sensitive image intensifier, but the trend of the light
output changed with the voltages.

The neutron-sensitive image intensifier is influenced by
the gain of MCPs and the properties of the P46 screen. The
light output can be acquired by adjusting the voltages of the
nMCP (represented as V), the standard MCP (represented as
V,), and the space between the MCP and the screen (repre-
sented as V3). During the experiment, Vi, V,, and V3 were
changed dividedly: V| was changed from 600 V to 950 V,
where V, was 950 V and V3 was 3000 V; V, was changed from
800 V to 1150 V, where V| was 750 V and V3 was 3000 V;
and V3 was changed from 2500 V to 4600 V, where V| was
750 V and V, was 950 V. Each condition was measured for 10

frames, and each frame was exposed for 5 s.
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Fig. 3. (a) A diagram of the experimental setup for the light output measurement. (b) A photograph of the experimental detector. (c) A
typical imaging result for the neutron beam acquired by the neutron-sensitive image intensifier. (d) A typical light intensity spectrum of the

neutron-sensitive image intensifier.

The light output for V; at 750 V, V, at 800 V, and V3 at
3000 V was taken as the reference condition. Then, the rela-
tive light output can be calculated according to

_ Yo — Yoo
YRet — Y2

ey)

T

where Y; is the relative light output, and Yny1 and Yget are the
light intensity of the tested conditions and the reference con-
ditions of the neutron-sensitive image intensifier, respectively.
Here, Yp and Yp, are the backgrounds contributed by the dark
counts for the tested conditions and the reference conditions.
Using Eq. (1), the variation of ¥; with V;, V, and V3 was cal-
culated and is presented in Fig. 4. Obviously, the relative light
output increases with the increase in the voltages of nMCP
(V1) and MCP (V). In Fig. 4(a), it is found that the speed of
increase in Y; is faster at the higher V| and V;, which is con-
sistent with the gain curve for the MCPs. '8 This is due to the
increasing secondary electron yield for MCPs with the higher
secondary electron energy in the channels. Besides the im-
provement in the MCP voltages, V5 results in a higher increase
in the relative light yield ¥; when compared to the improve-
ment in the nMCP voltage by V. This is due to higher electron
multiplication gain in the standard MCP than that in the nMCP.
With the nMCP, the neutrons can be absorbed anywhere in the
nMCP substrate. The gains of the electron multiplication for
the deeply absorbed neutron are less than those of neutrons ab-
sorbed at the top of the substrate. This decreases the average
electron multiplication gains for the nMCP. With the standard
MCP, most electrons initiate electron avalanches at the MCP
surface. The electron multiplication gain for the standard MCP
is more than that for the nMCP, which means the total gain of

the MCPs can be improved more effectively by increasing the
secondary electron yield of the standard MCP.
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Fig. 4. (a) Curves of the relative light yield with different nMCP (V})
and MCP (V,) voltages. (b) Curves of the relative light yield with dif-

ferent screen (V3) voltages.

Figure 4(b) shows that the curves of the relative light yield
Y; changed with the V3 voltages. In contrast with the trend in
Fig. 3(a), the light yield increases linearly with the V3 voltages.
This reflects the relationship between the energy of the accel-
erated electrons and the deposition energy of these electrons
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on the screen. Moreover, because of the presence of residual
gas between the standard MCP and the screen, more electrons
reach the screen with the increase in the accelerating electric
field, which also contributes to this trend. According to Fig. 4,
the relative light yield of the neutron-sensitive image intensi-
fier improves about 72 times compared with the reference con-
ditions. The error of this measurement is only contributed by
the fluctuation of the neutron flux. Due to the stability of the
accelerator, the neutron beam fluctuation is evaluated at about
1%. In the future, an experiment to measure the absolute light
output of the neutron image intensifier will be conducted.

3.2. Imaging quality with different voltages

Imaging quality is the key performance for the final imag-
ing results. Using a commercial test target (such as the USAF
target!!?] and the Siemens-star target!'3]), the quantitative spa-
tial resolution can be acquired by analyzing the line pair in
the images. However, the analysis of the spatial resolution via
this method requires the data statistics to be high enough. It is
not an appropriate method when a series of conditions need to
be tested because of the high cost of beam time. Besides, the
imaging quality can also be estimated by imaging using a spe-
cific knife or step-edge pattern.!?>->!1 The point spread func-
tion (PSF) can be derived according to the knife or step-edge
image. The spatial resolution of the imaging system can be
determined using these methods, but a specific target should
be prepared. For the experiments without a target, it would
be interesting if the image quality could be analyzed based on
the inherent pattern of the imaging system. In this experiment,
we try to compare the imaging quality under different voltages
based on a small crack on the MCPs. Among the millions of
channels of the MCP, there are always some broken channels,
resulting in no gain in the corresponding region and shown

as a dark spot in the imaging results (Fig. 5(d)). In the re-
gion with no gain, there are still photons that are spread from
the surrounding region registered by the image sensor. In the
imaging results, the relationship between the grayscale distri-
bution in the dark spot and the image quality is discussed first.

Assuming that a system has unit magnification, the object
irradiance distribution of a surface light source with a dark
spot f(x,y) can be described by

)L (Va2 +yr > ),
f(x;y)_{()’ (\/‘m<r0)7 2

where r is the radius of the dark spot. When the light goes
through the imaging system, the light spreads and results in
the image blurring. The response in the image plane g(x,y)
can be calculated using the convolution of the f(x,y) and
PSF(x,y), where PSF(x,y) is the point spread function of the
imaging system. Typically, the PSF(x,y) is assumed to be a
two-dimensional Gaussian function with the standard devia-
tion opsp. Then, the g(x,y) in such conditions can be calcu-
lated by breaking the continuous response into a set of point
sources at specific locations, each with a PSF(x,y) at a par-
ticular location, as shown in Fig. 5(a). The response in the
cracked region is contributed by the spread of light from the
surrounding area. Then, by projecting the g(x,y) to the X axis
and fitting the projected curve using a Gaussian function, as
shown in Fig. 5(b), the standard deviation of the fitted curve
Orit can be acquired. It is found that oy, is proportional to the
standard deviation of the PSF function opsg. This implies that
the image quality can be evaluated according to the og. Al-
though the quantitative resolution cannot be acquired via this
method, it is convenient to compare the imaging quality in dif-
ferent parameters and thus contribute to the optimization of
the neutron-sensitive image intensifier.
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Fig. 5. (a) A diagram of the image response for a surface light source with a dark spot. (b) The projected curve of the image irradiance
distribution g(x,y). (c) The relationship of opsr and the standard deviation of the grayscale in the dark spot op;. (d) A typical neutron beam
imaging result acquired by the neutron-sensitive image intensifier. (e) A zoomed image of the dark spot in (d). (f) The projected curve for (e).
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Figure 5(d) shows an image of the 10 mm diameter neu-
tron beam acquired by the neutron-sensitive image intensifier.
A dark spot caused by the MCP’s cracked channels can be
seen. For convenience, the grayscale of each pixel in Fig. 5(d)
go(x,y) was converted to g1 (x,y) using

g1(x,y) = 65535 — go(x,y), 3)

where 65535 is the maximum grayscale of a pixel for the im-
age sensor. The converted image is shown in Fig. 5(e). Then,
the oy is acquired by projecting the image in Fig. 5(e) to
the X-axis and fitting the peak using a Gaussian function, as
shown in Fig. 5(f).

The changes in the curves of of with the voltages for V7,
V,, and V3 are shown in Fig. 6. According to the results in
Figs. 6(a) and 6(b), the image quality is improved with the in-
crease in the voltages of the MCPs. For the nMCP and MCP,
the increase in the voltages results in an improvement in the
gain and photon emission from the screen. The contrast ratio
can be improved with such a process and better imaging qual-
ity is achieved. The contrast ratio can be calculated according
to

Imax - Imin

“)

Contrast ratio = ,
max + Imin

where I, is the maximum grayscale and Iy, is the minimum
grayscale in the imaging result. The change in the contrast ra-
tio with voltages is also shown as the dashed line in Fig. 6. In
Fig. 6(c), the imaging quality also improves with the higher
V3 voltages. With regard to the screen, the contrast ratio can
also be improved by increasing the voltage between the MCP

and the screen. Besides, the stronger accelerating electric field
limits the spread of electrons during the transport between the
standard MCP and the screen. This means smaller light spots
can be acquired under the higher voltage.

According to Figs. 6(a)-6(c), the imaging quality varies
monotonically with the working voltages, which is similar to
the trend of the light yield. To understand the relationship
between the light yield and the image quality, curves of the
light yield and the image quality were acquired, as shown in
Fig. 6(d). There are two curves seen in Fig. 6(d). When the
grayscale is higher than 18000, the curve with a smaller og
corresponds to the change in V3. It implies that the imaging
quality can be improved more effectively by increasing V3 than
by increasing Vi and V,. With regard to the MCPs, no differ-
ence was found between increasing the gain of the nMCP and
that of the standard MCP in improving the imaging quality.

Evaluation of the resolution using the “dark spot” method
is not a traditional method. To demonstrate the results ac-
quired via the “dark spot” method in another way, imaging
results for the Siemens-star target under different screen volt-
ages were acquired. The screen voltages were changed from
3800 V to 3000 V. Each condition was measured for 5 min-
utes. The imaging results for 3800 V, 3600 V, 3200 V, and
3000 V are shown in Figs. 7(a), 7(b), 7(c) and 7(d), respec-
tively. The grayscale in each image was adjusted into the
same range. The imaging result with higher voltage is brighter
than that with a lower voltage. Based on the edge between
two lines in Fig. 7(a) (in the square), the line spread func-
tion (LSF) for each image was acquired, as shown in Fig. 7(e).
The full width at half maximum (FWHM) for the LSF of the
lower screen voltage is wider than that of the higher voltage.
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This implies that a better contrast ratio can be achieved using a
higher screen voltage, which is consistent with the conclusion
acquired by Fig. 6. The changes in resolution between differ-
ent voltage conditions are not obvious, because the statistics
in the imaging results are not enough.

@ o)

Intensity (arb. units)

Pixel

Fig. 7. The imaging results of the Siemens-star target with the screen
voltages at (a) 3800 V, (b) 3600 V, (c) 3200 V, and (d) 3000 V. (e) The
LSF curves for the imaging results with different screen voltages.

According to the results in Fig. 4(a), the total gain of the
MCPs can be increased more effectively by increasing the gain
of the standard MCP. Meanwhile, it has been demonstrated
that an nMCP with low gain benefits the neutron—gamma
discrimination.!'®! Therefore, coupling an nMCP with rela-
tively low gain and a standard MCP with high gain achieves
good performances. Development of the materials and method
to improve the secondary electron yield of the MCP channel
surface will be a good way to improve the MCP gain.

3.3. Neutron imaging experiment with the neutron-
sensitive image intensifier

To validate the imaging ability of the neutron-sensitive
image intensifier, a neutron imaging experiment with the
Siemens-star target was performed by coupling a conventional
CCD camera (Princeton Instruments, SOPHIA 2048B) with

2048 %2048 pixels and 15 pum pixel size. The voltages of the
neutron-sensitive image intensifier were 750 V for Vi, 950 V
for V,, and 3800 V for V3. The optical magnification for the
optical lens was 0.3. The imaging results for the Siemens-
star target were exposed for 50 minutes and then divided by
an open beam image to eliminate the beam nonuniformity, as
shown in Fig. 8(a). To quantitatively estimate the resolution,
the modulation transfer function (MTF) curve of Fig. 8(a) was
calculated, as shown in Fig. 8(b). Typically, the spatial res-
olution can be represented by the MTF at 0.1. In this result,
the spatial resolution is about 7 Ip/mm, which corresponds to
71 pm per line pair.

Lo e
> N 0 oo
[Nl ey La LRl LRRN LRRN RERRN LRLRN LELRE LSRN LA

MTF

e e oo
RN

O . ey
P PR P T oepe? ——ee |
4 6 8 10 12 14

Spatial frequency (Ip/mm)

Fig. 8. (a) The neutron imaging for the Siemens-star target. (b) The
MTF curve.

In our previous studies, the neutron-sensitive image in-
tensifier was used to perform energy-resolved neutron imag-
ing with spatial resolution for about 100 pm per line pair by
coupling a time-stamping camera with 55 pmx55 pum pixel
size and implementing a centroiding algorithm.!'3 The spatial
resolution can be improved by decreasing the optical magni-
fication with the decrease in the field-of-view (FOV). Com-
pared with the imaging results of this experiment, better spatial
resolution was achieved with the same optical magnification
and smaller pixel size, even though no reconstruction process
was performed. This demonstrates that higher resolution neu-
tron imaging can be easily performed by the neutron-sensitive
image intensifier by coupling to a camera with smaller pixel
size. To further improve the spatial resolution of the neutron-
sensitive image intensifier, the size of the electron cloud emit-
ted by the nMCP and standard MCP should be decreased by
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optimizing the structure of the neutron-sensitive image inten-
sifier. For example, the distance between the standard MCP
and the screen can be decreased (0.7 mm currently). Besides,
an additional electric field can be implemented between the
nMCP and standard MCP to limit the electron diffusion be-
tween the gap. Ideally, spatial resolution better than 20 pm
can be achieved using the neutron image intensifier, which is
limited by the channel diameter and the range of products gen-
erated by neutron absorption. With the ability of high light
yield and high resolution, the neutron-sensitive image inten-
sifier will be a competitive device in various neutron imag-
ing applications, such as energy-resolved neutron imaging and
high-resolution neutron imaging.

4. Conclusion and outlook

The performances of the neutron-sensitive image intensi-
fier changing with the working voltages were studied in this
study. It is shown that the light yield and the imaging quality
both benefited from the increase in the gain of MCPs and the
electric field between the standard MCP and the screen. For
the MCPs, the imaging quality is improved due to the higher
contrast ratio under the higher MCP gain. The total gain of the
MCPs can be improved more effectively by increasing the sec-
ondary yield of the standard MCP. With regard to the screen,
the increase in the electric field between the standard MCP and
the screen not only improves the contrast ratio of the images
but also limits the spread of the electron cloud. This is why
improving the electric field between the standard MCP and the
screen is more effective in improving the imaging quality than
increasing the gain of MCPs. These results provide a direction
to optimize the parameters of the neutron image intensifier in
the future. Moreover, the neutron imaging experiments also
demonstrate that, as well as conducting energy-resolved neu-
tron imaging by coupling with a time-stamping camera, the
neutron-sensitive image intensifier can also be used for high-
resolution neutron imaging by coupling with a camera with
small pixel size.

In the future, the neutron-sensitive image intensifier with
a relatively low-gain nMCP, a high-gain standard MCP, and a
large sensitive area of about 100 mm diameter will be manu-
factured. The structure of the image intensifier will be opti-
mized to further decrease the electron cloud size and improve
the spatial resolution. We believe that it will be a competitive
device in the neutron imaging field because of its high imaging
quality and light yield.
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