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Fig. 1. Detecting model setting.

2.2 BTFSEESHREGFRIE

By 2B RIRAREE T EWRNE T
RO S, LR AR GF b T I 15
B, BEREHR M A AUE BAIRCR, R — g5
IERYJRER, B AR R AL SNM BRTHE T, $26
AR, B 1 2 BES UG BRI R B 2 B
R HFHAE T ANYSIAR, KEarahZz
HIECHU R BEZ T R M BT SIS, 3=
B AN AR AN G AR 1] F) £ B e, o Ao
BN S B BRI ARG sr, W m] A TR
HIURHE B RREZ T N R AU R AR R, —
WMRAEZ T, EERRENZ T 58 Y

021401-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 Z 3R Acta Phys. Sin. Vol. 71, No. 2 (2022) 021401

il R
1 PRI EE#1
LN L 0 W A
k
L
S itk
; \ / — #3
NN A NN WA

2 BT LRSS R (SO kAU A R T
WO RGBT LT MET)

Fig. 2. Diagram of multimodal imaging of muon (Green tra-
jectories are the effective scattering muons and blue traject-
ory is the effective muon producing secondary induced neut-

rons).
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Fig. 3. Flow chart of SSIM objective evaluation.
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Fig. 4. Validation model of scattering module.
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ent on different materials with a thickness of 10 cm: (a) Solid

angle distribution; (b) plane angle distribution.
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Table 1.

passing through 10 cm of various materials.

M Ly/em SEHG{EHO/rad  BIS(EHO/mrad  MIXHREZE /%

Multiple scattering for 4 GeV muons

U 032
Pb  0.56
Fe 1.76
Al 8.89

21.58
15.92
8.67
3.74

21.49
15.94
8.64
3.62

0.42
0.13
0.35
3.31
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Fig. 6. Validation model of induced neutrons.
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2 WA T

Table 2. Rate of neutrons that are emitted from
bare cubes of uranium.
SRR A S TR
HEU LEU DU

1 MeVHZ 1 30.8 11.7 9.35
1 MeVIEZ T 0.0538 0.0193 0.0164
2 GeVi 1 0.0291 0.0152 0.0116
2 GeVIEZT 0.0286 0.0130 0.0124
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Fig. 7. Secondary neutron spectrum that result from negat-
ive muon : HEU (red), LEU (green), DU (blue).
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Fig. 9. Imaging results of the line pair model in different imaging time.
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Fig. 11. Amount of reconstructed multimodal information of

the object model in different imaging time.
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Fig. 12. Imaging results of lead cube and cladding model: (a) Scattering imaging image of lead cube; (b) scattering imaging image of

cladding model; (¢) multimodal imaging image of cladding model.
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Fig. 13. Reference image and gray images of three imaging methods.
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Image quality evaluation of multimodal imaging of muon
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Abstract

Both the information about the scattering of muons due to their interaction with material and the
information about the material-stopped muons generating secondary induced neutrons effectively are used for
multimodal imaging of muon. In order to evaluate the image quality of multimodal imaging of muon, the
detection model is established based on Geant4 and the reliability of the detection model is verified. Both the
multiple Coulomb scattering module and the muon induced neutron module prove to be reliable. The
multimodal imaging simulation program is developed, and the images are reconstructed on the basis of the
simulated data. Four imaging models are developed. The first model is a line pair model used to study the
spatial resolution of reconstructed images with imaging time ranging from two hours to two weeks. The line pair
model is composed of U and the length of each line pair is set to be 100 mm. The cross sections are set to be

2, 62 mm?, 10> mm?, 102 mm?, 20> mm?, are 20> mm?, respectively. The second model is a

42 mm?, 4> mm?, 62 mm
cube model used to study the material resolution of reconstructed images with imaging time ranging from one
hour to twelve hours. The side length of each cube is 100 mm. The third model is the cladding model used to
test the reliability of multimodal imaging images in complex shielding situations. The outermost layer is of lead,
with the side length being140 mm and the thickness 40 mm. The middle layer is of iron, with the side length
being 100 mm and the thickness 40 mm. The innermost layer of 2*U, with the side length being 60 mm. The
last letter model is used to calculate the structural similarity of reconstructed images, with imaging time
ranging from half an hour to twelve hours. The letter model is made of 2*U and consists of cubes with side
length of 50 mm. The letters “E” and “P” are made up of 16 cubes and 15 cubes respectively. The spatial
resolution reaches 4 mm when imaging time is within 12 hours. The ?*U and other common high-z, medium-z,
and low-z material can be distinguished when imaging time is on the order of hours. Muon scattering imaging
image of the cladding model will cause misjudgment. However, the multimodal imaging image can correctly
reflect the existence of ?%U. The structure similarity between the reconstructed image and the reference image
in different imaging times proves that multimodal imaging has higher quality than single imaging method. The
study indicates that the multimodal imaging of muon has better imaging quality; can adapt to more complex
imaging scenes and has more advantages in the detection and recognition of special nuclear material than muon

imaging method with single interaction information.

Keywords: cosmic ray muon, multimodal imaging of muon, image quality
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