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A B S T R A C T

Neutron coded imaging has been developed as a powerful tool to diagnose the two-dimensional (2-D) shape and
size of a deuterium–tritium (DT) plasma in nuclear fusion. Compared with direct neutron radiography, it can
extend the spatial resolution of the imaging system, whereas the image reconstruction process is necessary to
deblur the coded image due to existence of the coded aperture. The Current reconstruction scheme is based on
the linear imaging system, which requires the point spread function (PSF) at the center of field of view (FOV).
However, there are three limitations with respect to imaging quality under this reconstruction scheme: one is
the destruction of linear system as the coded aperture size increasing; one is the spatially translational variance
of point spread function (PSF); another one is the system misalignment. Therefore, the coded aperture needs
to be well designed to address those limitations. In this paper, we proposed a novel reconstruction scheme
for neutron coded imaging with four-dimensional (4D) PSFs. Systematical comparisons of reconstructions with
PSF at the center of FOV and 4D PSFs within FOV were performed. The results show reconstructions with
4D PSFs always achieve a similar accuracy no matter with the type and size of coded apertures, as well as
precision of system alignment, whereas those with the PSF at the center of FOV show a different but lower
accuracy. 4D PSFs are recommended to reconstruct the source image in neutron coded imaging.
. Introduction

Neutron coded imaging [1–4] has been developed as an important
ool to diagnose the thermonuclear ignition of a deuterium–tritium (D–
) plasma. It is used to measure the size, shape and symmetry of D–T
eaction by employing 14.1 MeV fast neutron emitted from the fusion
eaction zone. Those parameters can be used to predict the success of
eaching ignition and regarded as the reference for capsule design. As
hown in Fig. 1, the neutron coded imaging system is composed of a
usion neutron source, a coded aperture made of high-Z material, such
s gold and tungsten, and a scintillator-based imaging detector. The
agnification system is formed with the coded aperture, where the
agnification coefficient is a ratio of L2 to L1. Hence, the spatial res-

lution of the system, limited by the detector, is greatly extended [5].
lthough higher spatial resolution is offered, blurred image, termed as
oded image, is formed due to existence of the coded aperture. The
econstruction process is necessary to obtain high quality image. The
urrent reconstruction scheme is based on the linear imaging system,
hich requires the point spread function (PSF) at the center of field of
iew (FOV), where PSF is defined as the detector response with respect
o a point source [6,7]. Under the scheme, unfolding algorithms [8,9]

∗ Corresponding authors.
E-mail addresses: ffww123@stu.xjtu.edu.cn, mingfei.yan@riken.jp (M. Yan), huasi_hu@mail.xjtu.edu.cn (H. Hu).

with convolution theorem, developed in optical or X (𝛾)-ray fields,
were widely applied to reconstruct the source image in neutron coded
imaging. However, there are three limitations with respect to imaging
quality under this scheme: one is the destruction of linear system as
the coded aperture size increasing; one is the spatially translational
variance of PSF; another one is the system misalignment.

At the early years of fusion diagnosis, pin hole [10,11], widely
used in optical imaging, was applied in neutron coded imaging due
to its high spatial resolution. Besides the spatial resolution, signal
to noise ratio (SNR) is another crucial factor in terms of imaging
quality. To achieve a high SNR image, a larger-size aperture is expected.
Cone hole [12,13] and array hole [14,15] were designed under this
requirement. However, larger-size aperture may lead to lower spatial
resolution, while destruction of the linear characteristic of imaging
system. Thus a compromise between resolution and SNR needs to be
weighted in coded aperture design.

Because 14.1 MeV fast neutron has a mean free pass of 3 cm in
gold and tungsten, the coded aperture does not behave as it in optical
or X (𝛾)-ray coded imaging. Its edge can be transmitted by the fast
neutron, which makes the PSF spatially translational variance to some
ttps://doi.org/10.1016/j.nima.2022.167038
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Fig. 1. Neutron coded imaging.
Fig. 2. Source of spatially translational variance PSF.
xtent. As shown in Fig. 2, the intercepts between the neutron paths and
he coded aperture are different, i.e. 𝑇1≠T2 and 𝑇3≠T4, in case of the

point source located at or off the center of FOV, respectively, leading
to the difference in 𝐷1 and 𝐷2. Image reconstruction under the current
scheme, which only employs the PSF at the center of FOV, may result
in poor imaging quality. The problem is more severe in diagnosing
large size neutron source as Z-pinch driven fusion source (∼cm) [16].

lthough the problem could be partially solved by developing a spa-
ially translational invariance coded aperture [17,18], the design of

coded aperture with high resolution and SNR, along with spatially
ranslational invariance, is a challenge. Moreover, the current scheme
lso requires well alignment of the source center, coded aperture center
nd detector center [19]. It indicates the necessity of establishing an
lignment system for neutron coded imaging.

To address the limitations above, we proposed a novel reconstruc-
ion scheme for neutron coded imaging with four-dimensional (4D)
SFs. The performances of the two types of reconstruction schemes
ere comparatively studied. The contents of this paper were organized
s follows: firstly, the mathematical theory of coded image reconstruc-
ion was introduced; secondly, the PSFs of Z-pinch neutron source
maging system were simulated by the Monte Carlo code MCNP6,
nd the spatially translational invariance of different types of coded
pertures was quantitatively compared; thirdly, the systematical com-
arisons of reconstructions with PSF at the center of FOV and with 4D
SFs for different complexities of phantoms under different types of
pertures were performed in case of the source at and off the center of
OV, respectively.
2

2. Materials and methods

2.1. Theory of coded image reconstruction

The code image reconstruction shares the common image recon-
struction theory. It can be described as a constraint optimization
problem. In consideration of the sparse characteristic of image gradi-
ent [20], the objective function is either:

�̂� = arg min
𝑿≥𝟎

‖𝒀 − 𝑷 ⊗𝑿‖

2
2 + 𝛼TV ⋅∬ ‖∇𝑿‖2 𝑑𝑥𝑑𝑦 (1)

or:

�̂� = arg min
𝑿≥𝟎

‖𝒀 −𝑴 ⋅𝑿‖

2
2 + 𝛼TV ⋅∬ ‖∇𝑿‖2 𝑑𝑥𝑑𝑦 (2)

Where 𝒀 =
(

𝑦1,𝑦2,⋯ ,𝑦i,⋯ ,𝑦R
)T, 𝑷 =

(

𝑝ij
)

∈ 𝑷 R × 𝑷 S, 𝑴 =
(

𝑚ij
)

∈
𝑴R × 𝑴S, and 𝑿 =

(

𝑥1,𝑥2,⋯ ,𝑥j,⋯ ,𝑥S
)T are termed as coded image,

PSF at the center of FOV, 4D PSFs within FOV and source image
to be reconstructed, respectively; ⊗ represents two-dimensional (2D)
convolution; ⋅ represents multiplication; ∬ ‖∇𝑿‖2 𝑑𝑥𝑑𝑦 and 𝛼TV are the
sparse constraint term and sparse coefficient, respectively. Coded image
represents the detector response to the source to be diagnosed, which
is obtained from real measurement or theoretical calculation. Fig. 3
shows two types of PSF used in neutron coded imaging. PSF at the
center of FOV is calculated by assuming a point source located at the
center of the source plane; 4D PSFs within FOV are obtained from PSFs
calculated by assuming a point source located at each position of the
source plane, respectively. The differences between the two equations
are that only PSF at the center of FOV is utilized in Eq. (1), while 4D
PSFs at different positions within FOV are utilized in Eq. (2).
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Fig. 3. Two types of PSF used in neuron coded imaging.
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To ensure the comparisons of reconstructions with PSF at the center
f FOV and with 4D PSFs under a fair environment, the same algorithm
o solve Eqs. (1) and (2) is necessary. In our previous study, a heuristic
lgorithm, an improved adaptive genetic algorithm (IAGA) [7], was
roposed to solve the equations adequately, albeit no other algorithms
eported. The algorithm executed as: the pixel value on an initial image
as randomly assigned; then the image evolved through selection,

rossover, and mutation operations until the residual met the conver-
ence condition; finally the reconstructed image was obtained. IAGA
as proved to be a better algorithm with respect to the reconstruction
ccuracy than other commonly used deterministic algorithms to solve
nverse problems. Therefore, it was applied to the image reconstruction
n this paper.

.2. Monte Carlo simulation

Fig. 4 shows the neutron coded imaging setup for diagnosis of Z-
inch driven fusion source that emits 14.1 MeV neutrons. The detector
s scintillation fiber arrays, consisting of 199 × 199 pixels with a size of
500 μm×500 μm×5 cm (thickness). The magnification of whole system
is 5. Different types of aperture curves were applied in this study: pin
hole, cone hole, array hole and inverse radius of curvature (IRC) hole.
Specifications of each aperture are shown in Fig. 5: pin hole has a
diameter of 0.5 cm; cone hole is made of two stages with the left-to-
right diameters of 0.5 cm, 0.6 cm and 1.2 cm, respectively; array hole
consists of 6 pin holes, among which the central one has a diameter of
0.2 cm, and the 5 surrounded ones have 0.25 cm in diameter; the radius
of curvature of IRC hole varies inversely with distance from the source
plane, with the left-to-right diameters of 0.5 cm, 0.48 cm and 0.6 cm,
respectively. In this study, PSFs and coded images were simulated by
the Monte Carlo code MCNP6 [21] with ENDF/B-VII.1 cross section
library, where the energy deposition of recoil protons, from the elastic
scattering reaction of neutron and hydrogen in the fiber core, is tallied
as detector responses. In PSFs simulation, 0.98 × 0.98 cm2 fusion source
s divided into 99 × 99 meshes, the center of which is placed with

point source one by one. The neutron yield of the fusion source is
ssumed to be 1012 n/s.

PSFs for different types of coded apertures are shown in Fig. 6,
here at the first row are simulated PSFs with source at the center of
OV; at the second row are simulated PSFs with source off the center

f FOV by 0.49 cm horizontally and 0.49 cm vertically; at the third row

3

re PSFs obtained by translation of the PSF with source at the center
f FOV, with the left pixels filled with 0. PSFs at the first row indicate
hat the neutron intensities at central area are high and the edge areas
re blurred; they are rotationally symmetric for pin hole, cone hole,
nd IRC hole because their centers are the same as the center of FOV,
xcept for the 5 surrounded ones in array hole because they are off the
enter of FOV. It can be understood as spatially translational variance of
SF. It is more evident as the off-center distance increases, as shown in
igures at the second row. The degree of spatially translational variance
f PSFs can be quantitatively measured by correlation coefficient (CC):

𝑐 =

∑Q
j=1

(

𝑓 (j)
𝑠𝑖𝑚. − 𝑓

(j)
𝑠𝑖𝑚.

)(

𝑓 (j)
𝑡𝑟𝑎𝑛. − 𝑓

(j)
𝑡𝑟𝑎𝑛.

)

√

∑Q
j=1

(

𝑓 (j)
sim. − 𝑓

(j)
𝑠𝑖𝑚.

)2
∑𝑄

𝑗=1

(

𝑓 (j)
𝑡𝑟𝑎𝑛. − 𝑓

(j)
𝑡𝑟𝑎𝑛.

)2
(3)

Where 𝑓 (j)
𝑠𝑖𝑚. and 𝑓

(j)
𝑠𝑖𝑚. are the simulated neutron intensity on each

ixel of PSF, and the averaged neutron intensity on PSF, respectively,
hen source is off the center; 𝑓 (j)

𝑡𝑟𝑎𝑛. and 𝑓
(j)
𝑡𝑟𝑎𝑛. are the corresponding

intensities obtained by translation of the PSF when the source at the
center; 𝑐𝑐 ∈ [0, 1]. A smaller CC indicates higher degree of spatially
ranslational variance. According to the correlation coefficients, the
egree of spatially translational variance of PSFs for the four types
f coded apertures is as follows: array hole > pin hole > IRC > cone
ole. It is notable that the integrated neutron intensity is as follows:
one hole > array hole >> IRC hole ≈ Pin hole, which hints the linear
haracteristic of imaging system of cone hole may be destructed due to
ts large aperture size. In addition, CC can also be used to measure the
econstruction accuracy of reconstructed image, compared with source
mage. A larger CC indicates higher reconstruction accuracy.

. Results and discussion

.1. Image quality assessment

To quantitatively assess the reconstruction accuracy of reconstructed
mage, two indicators were applied. One is the correlation coefficient
escribed by Eq. (3). The other is the peak to noise ratio (PSNR), which
s expressed as:

𝑆𝑁𝑅 = 10 log10

(

𝑀𝑆𝐸
)

(4)

𝑆2
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Fig. 4. Neutron coded imaging setup for diagnosis of Z-pinch driven fusion source.

Fig. 5. Different types of coded apertures: (a) pin hole; (b) cone hole; (c) array hole; (d) IRC hole.

Fig. 6. Spatially translational variance of PSFs for different types of coded apertures.
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Fig. 7. Source images of three types of phantoms: (a) ‘‘E’’ letter; (b) ‘‘multiple bubbles’’ letter; (c) offset ‘‘E’’ letter.
Fig. 8. Coded images and reconstructed source images of ‘‘E’’ letter at the center of FOV under different types of apertures.
l

Fig. 9. Comparison of residuals of reconstructions for ‘‘E’’ letter with different types
of PSF under pin hole.
t

5

Where S is the maximum pixel value in the image. MSE is the mean
squared error between two images, which can be defined as:

𝑀𝑆𝐸 = 1
𝑄

Q
∑

j=1

(

�̂�j − 𝑥j
)2 (5)

Where �̂�j and 𝑥j are the reshaped reconstructed image and source
image, respectively. The unit of PSNR is dB. A larger PSNR indicates
higher reconstruction accuracy.

3.2. Reconstructions for sources at the center of FOV

To show the performance of 4D PSFs on addressing the limitations
of non-linear imaging system, spatially variant PSF, and system mis-
alignment, we compared the reconstructions with PSFs at the center
of FOV and with 4D PSFs under different types of coded apertures. As
shown in Fig. 7, three types of phantoms, ‘‘E’’ letter, more complex
‘‘multiple bubbles’’ letter at the center of FOV, and ‘‘E’’ letter off
the center of FOV by 0.49 cm horizontally and 0.49 cm vertically,
were used as the source images to be reconstructed, which have a
total size of 0.98 × 0.98 cm2 and 0.429 × 0.429 cm2 for the central
etters, respectively. The size of each part varies in each letter, with
he minimum width of 0.078 cm in the ‘‘E’’ letter, and the minimum
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Fig. 10. Coded images and reconstructed source images of ‘‘multiple bubbles’’ letter at the center of FOV under different types of apertures.
Fig. 11. Coded images and reconstructed source images of ‘‘E’’ letter off the center of FOV under different types of apertures.
iameter of 0.072 cm in the ‘‘multiple bubbles’’ letter. In the recon-
truction, 2D convolution between the source image and the PSF was
alculated as follows: (1) transforming the two images from spatial
omain to frequency domain by Fourier transform, respectively; (2)
ultiplying the two images in frequency domain; and (3) transforming

he multiplied result from frequency domain to spatial domain by
6

inverse Fourier transform. To ensure fair comparisons of reconstructed

images, we tried to make the IAGA algorithm show its best performance

in each reconstruction by using the optimal parameters, which were

selected according to the largest PSNR by sweeping out the parameter

space, in particular the sparse coefficient 𝛼 .
TV
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Fig. 8 shows the simulated coded images and reconstructed images
f ‘‘E’’ letter at the center with PSF at the center of FOV and with 4D
SFs, respectively. Notably, same as the cross section of scintillation
iber arrays, coded images have a size of 9.95 × 9.95 cm2; same as the

source image, reconstructed images have a size of 0.98 × 0.98 cm2. In
general, the code images are blurred by four types of coded apertures,
but the ‘‘E’’ letter can be identified after image reconstruction. CC
and PSNR of images reconstructed with PSF at the center of FOV are
as follows: IRC hole > pin hole > array hole > cone hole. Because
of good performance to treat spatially translational variance of PSF,
IRC hole achieves the best result. As the cone hole has the largest
aperture size, which may destruct the linear characteristic of imaging
system, resulting in the worst result. However, CC and PSNR of images
reconstructed with 4D PSFs under different types of coded apertures
are similar but systematically larger, compared with reconstructions
with PSF at the center of FOV. Its advantage can also be observed
from smaller residual in the iterations, as shown in Fig. 9. It indicates
that reconstructions with 4D PSFs could treat limitations of non-linear
imaging system and spatially variant PSF.

From the reconstructed images of ‘‘E’’ letter, we may feel that the
reconstruction accuracy is acceptable because structures of the source
image can be clearly identified with the PSF at the center of FOV.
However, as shown in Fig. 10, obvious aberrations were observed
in reconstructed images of ‘‘multiple bubbles’’ letter with PSF at the
center of FOV. The neighborhood ‘‘bubbles’’ almost can barely be
distinguished under cone hole and array hole, whereas reconstructions
with 4D PSFs show good performance. Therefore, 4D PSFs are quite
useful in reconstructing complex sources.

3.3. Reconstructions for sources off the center of FOV

To imitate the system misalignment in real neutron coded imaging,
we observed the reconstruction accuracy of source image by offsetting
the ‘‘E’’ letter source. As shown in Fig. 11, shape aberrations for
offset source become more severe than those for the sources at the
center reconstructed with PSF at the center of FOV, in particular the
upper part of ‘‘E’’ letter; furthermore, lots of artifacts appear in the
marginal region of the source image. That is because the spatially
translational variance of PSF becomes more severe as the off-center
distance increases. However, almost the same reconstruction accuracy
was observed in reconstructions with 4D PSFs. It clearly demonstrates
that 4D PSFs is a powerful tool to address the problem of system
misalignment.

4. Conclusions

We have presented the limitations of non-linear imaging system,
spatially variant PSF, and system misalignment in neutron coded imag-
ing under current reconstruction scheme. Image reconstructions with
4D PSFs were proposed to address those limitations. Comparative study
of reconstructions for different complexities of phantoms at and off
the center with the PSF at the center of FOV and with 4D PSFs was
performed. The results demonstrate reconstructions with 4D PSFs al-
ways achieve a similar reconstruction accuracy no matter with the type
and size of coded apertures, as well as precision of system alignment,
whereas those with the PSF at the center of FOV show a different but
systematically lower reconstruction accuracy. Reconstructions with 4D
PSFs can significantly lighten the burden of coded aperture design and
system alignment in neutron coded imaging.

Notably, 4D PSFs used in current reconstruction is calculated from
Monte Carlo simulation. The method to obtain the real one in experi-
ment will be further investigated in the future.
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