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Abstract

Neutron-induced gamma-ray imaging is a spectroscopic technique that uses characteristic gamma rays to infer the elemen-
tal distribution of an object. Currently, this technique requires the use of large facilities to supply a high neutron flux and
a time-consuming detection procedure involving direct collimating measurements. In this study, a new method based on
low neutron flux was proposed. A single-pixel gamma-ray detector combined with random pattern gamma-ray masks was
used to measure the characteristic gamma rays emitted from the sample. Images of the elemental distribution in the sample,
comprising 30 X 30 pixels, were reconstructed using the maximum-likelihood expectation—-maximization algorithm. The
results demonstrate that the elemental imaging of the sample can be accurately determined using this method. The proposed
approach, which eliminates the need for high neutron flux and scanning measurements, can be used for in-field imaging
applications.
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1 Introduction

The non-destructive testing of objects is essential in applied
and fundamental research. Among the various testing param-
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structure and elemental composition of bulk samples.
Neutron imaging has been developed as a reliable non-
destructive testing technique in the form of neutron radi-
ography and tomography. As many nuclides have sharp
neutron absorption peaks in the epithermal neutron energy
region, the composition of the sample can be obtained by
analyzing the neutron spectra. Thus, in combination with
neutron spectral measurements, this technique, also called
neutron energy resonance imaging (NERI), can be used
to determine the elemental distribution of a sample [5].
This technique primarily relies on a pulsed neutron source.
The neutron spectrum can be determined using a time-of-
flight (TOF) spectrometer, which is the standard equip-
ment for measuring the energies of neutrons of a pulse
source. Some leading spallation neutron sources, such as
ORNL (USA), ISIS (UK), PSI (Switzerland), and CSNS
(China), have built these platforms and have been applied
in nuclear material detection, archaecometry, and material
science [6-9]. Relatively small accelerators such as laser-
driven proton accelerators have also been proposed for
NERI [10].

Neutron-induced gamma-ray activation is a technology
based on thermal neutron capture (TNC) and inelastic neu-
tron scattering (INS) reactions [11, 12]. The nuclides react
with neutrons and emit prompt gamma rays, which are then
identified and quantified by analyzing the energies and inten-
sities of gamma rays; these have been widely applied for
elemental composition analysis. For example, this technol-
ogy has been applied in environmental science (water, soil,
sediment, etc.) [13, 14], threat material detection [15], and
determination of industrial materials such as coal, cement,
and well logging [16—18]. It has also been demonstrated
in imaging applications as diverse as the visualization of
drugs for cancer treatment, detection of nuclear materials,
elemental imaging for in vivo measurements, and archaeom-
etry [19-21]. Compared with the NERI technique, neutron-
induced gamma-ray imaging can be performed using a neu-
tron source with a continuous model and greater sensitivity
for light elements.

Most studies were performed by scanning a sample with
a collimated neutron beam and/or using a collimated sin-
gle detector to collect gamma rays [22]. Elemental imaging
information was obtained by moving the sample. Conse-
quently, the detection equipment must be installed in reac-
tors or spallation sources capable of supplying a high neu-
tron flux (107 — 10°%cm™2 - s7!) to obtain sufficient signal
counts. The spatial resolution is of the order of a few millim-
eters, and the acquisition of a complete image is also highly
time-consuming under these conditions. The measurement
time is typically several days, depending on the required
number of pixels. Some array gamma-ray detectors, such
as the Compton camera, have also been applied for imaging
reconstruction [23]. However, because of the coincidence
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measurements and small size of the pixel crystal, the detec-
tion efficiency was unsatisfactory.

These are the main limiting factors, particularly in in-field
applications. The gamma-ray signal may be too weak to dis-
criminate when performing elemental imaging with radioac-
tive neutron sources or portable neutron generators. In our
previous work, a setup based on a D-T neutron generator
was built and used for the elemental distribution analysis of
metal materials [24]. However, owing to the low signal-to-
noise ratio (SNR), only 4 cm X 4 cm spatial resolution could
be achieved. To increase the SNR, one method is the utiliza-
tion of associated particle (AP) technology, which is mainly
used for the D-D and D-T neutron generator. The 2H(d,n)?
He and *H(d,n)*He reactions yield neutrons as well as a ‘He
ion and a “He ion, respectively, and the *He and “He ions
can be considered as APs of the corresponding neutrons. As
per conservation of momentum, neutrons and APs are emit-
ted from one another at 180°. Thus, if the direction of the
AP is obtained, the path of the neutron can be determined;
this is also known as AP collimation. By spatially resolv-
ing the APs and setting a time gate after each signal, the
neutrons are tagged and their induced gamma rays from the
target volume of the sample can be discriminated against
the gamma rays produced from the outside volume or other
background. This approach has been verified and applied to
medical applications [25]. However, the cost of AP neutron
generator is high. The detection efficiency is also very low
because of the coincidence measurement. Consequently, the
detection process is time-consuming, and the spatial resolu-
tion of the imaging is unsatisfactory.

A possible solution for the in-field application of neutron-
induced gamma-ray imaging is the development of coded
aperture imaging [26]. This technology relies on a patterned
mask placed in front of a source (light, X-ray, neutrons, etc.)
or detector array. The pattern is carefully designed to allow
the reconstruction of the object. When an object is imaged
through a coded aperture, the acquired image is a superposi-
tion of the signals through various regions of the mask. The
aperture coding pattern modifies the signal distribution in a
known manner. By analyzing the recorded signal intensity,
the original object can be effectively reconstructed using
decoding algorithms. Numerous patterns such as random
arrays, uniform redundant arrays (URA), and modified uni-
form redundant arrays (MURA) combined with detector
arrays have been used for nuclear detection imaging [27-29].
However, as mentioned previously, the efficiency of the
detector array is unsatisfactory, particularly for spectrum
analysis.

One innovative approach is the utilization of a single-
pixel detector combined with various coded masks, known
as single-pixel imaging. In this approach, a large size detec-
tor is used, which can effectively record the gamma-ray
spectrum. It operates in a manner similar to coded aperture
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Fig. 1 (Color online) a Schematic diagram of the neutron-induced gamma-ray imaging setup. b, ¢ Decay scheme of *¢Cl and ''*Cd for partial

gamma rays, respectively

imaging. However, single-pixel imaging modulates the
signal over time instead of space. In contrast to the highly
pixelated position-sensitive detectors used in coded aper-
ture imaging, the modulated signal is detected by a limited
number of time-sensitive detectors; it involves the use of a
moving mask to attenuate incoming particles. This approach
shows promise for enabling efficient and effective imaging
with simplified hardware and reduced costs and has been
successfully used in many imaging technologies, including
those based on terahertz waves, X-rays, visible light, and
neutrons [30-32].

In this study, the feasibility of a single-pixel imaging
technique for neutron-induced gamma-ray imaging was
verified. The gamma rays emitted from the sample to the
single-pixel detector were spatially modulated by inserting
a series of coded collimators. By analyzing the signals in the
presence of each collimator, two-dimensional (2D) images
of different elements can be reconstructed, which requires a
much lower flux intensity and number of measurements than
traditional methods.

2 Materials and methods
2.1 Experimental setup
Figure 1(a) illustrates the experimental setup. An **! Am—Be

radioactive neutron source with an activity of 0.3 Ci was
placed at the center of a paraffin box, and neutrons were

led through a channel with a diameter of 10 cm. As shown
in the inset in Fig. 1(a), an object containing Cd and NaCl
was placed along the path of the neutron beam. Four 1-mm-
thick Cd plates were positioned at the four corners whereas
five 5-mm-thick NaCl plates were placed in the remaining
regions. When the target nuclides (!'3Cd and *Cl) captured
thermal neutrons through ¥Cl (n, y) 3°Cl and ''3Cd (n, y)
114Cd reactions and entered the excited state, various gamma
rays were produced from their de-excitation. The inset shows
an image of the sample and illustration of thermal neutron
capture reactions. Figure 1(b) and (c) shows the partial decay
schemes of 3°Cl and ''*Cd, respectively, with high thermal
neutron-capture cross-sections. The gamma rays used for
image reconstruction were 558 keV (Cd) and 1164 keV (CI)
because of their large cross-sections. Various collimators
with random patterns of blocked pixels were placed behind
each sample. The characteristic gamma rays were spatially
modulated after passing through the collimator mask and
collected using a hyperpure germanium (HPGe) detector.

2.2 Single-pixel imaging method
In neutron-induced gamma-ray imaging, the net peak area of
prompt gamma rays emitted from a sample can be calculated

using the following equation [11]:

m
A= MdDNAaet, 6))
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where A is the net peak area, m (g) and M (g - mol™") are the
mass and molar mass of the nuclide, respectively, ® (cm™2.
s7!) is the average thermal neutron flux within the sample,
N, is Avogadro’s number, o (cm?) is the partial thermal neu-
tron capture cross-section, € is the detection efficiency, and ¢
(s) is the measurement time.

The basis of this technique is to use various masks and
detect the signals of correlations between the masks and the
sample. An image can be reconstructed by multiplying each
mask by the corresponding signal. For an image with the
total number of pixels N = P, X P,, Eq. (1) can be expressed
as

al Nyo
A=) T )
n=1

where m,, is the mass of the nuclide in the nth pixel, @ , is
the thermal neutron flux in nth pixel, and € , is the detec-
tion efficiency for nth pixel. For each pixel, it becomes an
isotropic volume gamma-ray source with pixel dimensions
after thermal neutron irradiation. These gamma rays move
through and interact with samples. Because of these interac-
tions, some gamma rays lose energy and disappear, whereas
others exit the sample and traverse the collimator to the
HPGe detector, where they are counted. In this study, the
ratio of the counted gamma rays to the number of gamma
rays emitted from the pixel volume source is defined as the
pixel detection efficiency.

Fig.2 (Color online) a Sche- (a)
matic diagram of one of 30

collimators. b Monte Carlo

simulations used to calculate the

detection efficiency matrix [g,,].

¢ Patterns of 30 collimators
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Inspection of Eq. (2) reveals that the parameters M, N,,
®,, o, and ¢ are constants for a specific sample and the
given measurement conditions. The measured net peak
area depends on m, and € ,. If the aim is to use only L
(L < N) measurements for image reconstruction, the
principle of the proposed method can be summarized as
follows:

A =[g,][m,], 3)

where [A] is a L X 1 column vector, [m,] is the image with
N pixels ordered in a N X 1 vector, [¢,]is a L X N detection
efficiency matrix, whose /th (1 </ < L) row corresponds to
the /th measurements. The number of pixels in an image
depends on the efficiency matrix.

In this study, the maximum-likelihood expecta-
tion—-maximization (MLEM) algorithm is used to recon-
struct the image. The MLEM algorithm, which is valid
for data with a Poisson distribution, has been widely used
for image reconstruction in computed tomography (CT),
positron emission tomography (PET), and single-photon
emission computed tomography (SPECT) [33-35]. The
gamma rays induced by neutrons are Poisson distributed,
and compared with traditional numerical algorithms,
MLEM can achieve high-resolution image reconstruction
through iterative calculations, especially for cases with
low SNR.

The MLEM algorithm is used to calculate the most
likely distribution [m] from the measured [A] by assuming

(b)
Monte Carlo
simulation
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that the values A; of [A] are Poisson distributions. This
algorithm is expressed as follows [36]:

k
ket 1 m A;

n
= & s
" Zz Em ! Zn Eanﬁ

where m* and m**! are the reconstructed values for the pixel

n after k and k + 1 iterations, respectively. g, is the detection
efficiency of pixel n in [, measurement.

m

“

2.3 Coded collimator

For neutron-induced gamma-ray imaging technology based
on a small-yield neutron source, an object can be considered
as a gamma-ray source with low activity after irradiation. To
obtain a satisfactory imaging performance, the ratio of the
open squares was set to 50%. The random coding method
was used to design the collimator patterns. A set of 30 col-
limators made of iron was used in this study. The schematic
of a typical collimator pattern is shown in Fig. 2(a). The iron
pixels shield the gamma rays, whereas the opening pixels are
transparent to gamma rays. The collimator dimensions were
6cm X 6cm X 10cm (X X Y X Z). For each pattern, half of
the area was blocked and the size of each square opening
was settol cm X 1 cm.

In order to solve Eq. (4), the prior detection efficiency
matrix [g,] is obtained. The efficiency of a certain energy
depends on the HPGe detector performance and the measure-
ment conditions, including the distance between the sample
and detector, the geometry, and the materials of the sample.
For a small sample, the efficiency curve can be experimen-
tally calibrated using reference gamma ray sources. When
the sample is large and cannot be viewed as a point source,
the gamma ray self-absorption effect must be corrected. In
this study, a Monte Carlo simulation was performed to obtain
the efficiency matrix because it is difficult to determine the
value experimentally. An image containing 30 X 30 pixels was
reconstructed from 30 measurement values to obtain an image
with pixel dimensions of 2 mm X 2 mm. The efficiency matrix
is presented in Fig. 2(b). Each row of [¢,] is associated with a
collimator pattern. When the Cd and Cl in each pixel capture
thermal neutrons, they can be considered gamma ray sources
with energies of 578 and 1164 keV, respectively. Thus, for
each pixel, a volume gamma-ray source with isotropic and
monoenergy pixel dimensions was defined and placed at the
corresponding position. The energy deposition in the HPGe
detector was calculated to obtain its detection efficiency. The
patterns of the 30 collimators are shown in Fig. 2(c). The effi-
ciency was associated with the collimator pattern, as the iron
pixels shielded the gamma rays whereas the opening pixels
were transparent to gamma rays.

3 Monte Carlo simulation and experimental
3.1 Benchmark of neutron source

The thermal neutron flux at the sample position was evaluated
using an In foil activation method. Foils covered with Al and
Cd were irradiated at the sample position. After cooling, the
foil was measured using a LaBr; detector in the lead chamber.
The reaction rate R can be expressed as follows [37]:

. AM
Namfpe(l — e=iye—ta(1 — e=t5)’ ®)

where A is the net count of delay y ray peak, M (g'mol™") is
the atomic mass of isotope, A (s~ is the decay constant, N,
is Avogadro’s number, m (g) is the mass of the foil, fis the
isotopic abundance, p is the emission probability, € is the
detection efficiency, ¢/, t, , and ; (s) are the irradiation time,
cooling time, and measurement time, respectively. Then, the
thermal neutron flux ¢, and epithermal neutron flux ¢, can
be obtained as follows [37]:

1 go ow
=——[Ry — Roy(1 + =—f + —
M G G g ©
R
bepi =— > )

1

where Gy, and G, are the thermal and epithermal self-
shielding factors, respectively. oy, is the thermal neutron
reaction cross-section. In the thermal energy range, the
cross-section varies inversely with the neutron speed (1/v). g

is the correction factor that accounts for departures from the

Table 1 Measurement conditions and parameters of In foil activation

Parameters In+Cd In + Al
oy, (barn) 166.41 166.41
Gy, 0.742 0.742
Ges 0.128 0.128

g 1.0194 1.0194
I (barn) 2680.28 2680.28
fi 0.468 0.468
w 0.2953 0.2953
A(s™h 0.000213 0.000213
f 0.957 0.957

€ 0.1016 0.1016
p 0.848 0.848
m(g) 3.75 3.63

A 1236 5956

£, (s) 43200 43200
1, (s) 120 780

13 (s) 600 600
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ideal 1 /v cross-section. 7 is the resonance integral cross-sec-
tion, g is the correction factor caused by the neutron energy
deviation of 1 /v, which is related to the neutron temperature,
/i is the correction caused by the energy from 5 kT (the
lowest energy of epithermal neutrons is usually taken to be
equal to 5 kT) to the epithermal neutrons, w’ is the correction
caused by the energy from 5 kT to E,. The detailed values
are listed in Table 1.

A delayed gamma ray 1293 keV of '"®"In was used
to calculate the thermal neutron flux. The measurement
conditions of two foils and some parameters are listed in
Table 1. The thermal and epithermal neutron fluxes are
40.2 + 1.3cm™2s7! and 0.52 + 0.01 cm™2s!, respectively.
The uncertainties are mainly derived from the counting
statistics of the gamma rays. Compared with large facili-
ties, the thermal neutron flux is very low. The MCNPS5 soft-
ware combined with the ENDF/B-VI cross-section library
was used to calculate the thermal neutron flux. The MCNP
model of the neutron source was developed in our previous
study [38]. The neutron yield of the ! Am — Be source was
also evaluated. The thermal neutron flux (< 0.5eV) in the
In foil (¢ycnp) Was calculated by using F4 tally, and the
value was 8.29 x 10~ cm?. Then, the neutron yield can be
calculated using ¢, / dyienp- The result was 4.82 x 1035~ In
addition, the thermal neutron flux distribution was evaluated.
The neutron (Ey, < 0.5eV) distribution at the sample posi-
tion was calculated. A mesh tally with pixels 2 mm X 2 mm
was mapped to calculate the distribution. The results are
presented in Fig. 3(a).

Benchmark experiments were conducted to verify the
simulation results. Owing to the complicated process and
low efficiency of foil activation, an alternative method based
on a Cd—Zn-Te detector was used to determine the thermal
neutron distribution at the sample position. Because the
induced gamma rays are produced inside the crystal, the
thermal neutron detection efficiency is relatively high [39]. A
Cd—Zn-Te detector with dimensions of I cm X 1 cm X 0.5 cm

@ Springer

(DT-01C1, Imdetek) was used to characterize the thermal
neutron distribution. Considering symmetry, the measure-
ments were conducted in only one-quarter of the region. As
shown in Fig. 3(a), the measurement regions were divided
by 3 X 3 parts (red box) based on the size of the detector.
The acquisition time of the Cd—Zn-Te detector was set
to 600 s for each measurement. Typical gamma-ray spectra
and fitting peaks are shown in Fig. 3(b). The 558 keV peak
was used for comparison with the simulated data. Net peak
counts were obtained by subtracting the background signals.
For the simulated data, the pixel values of each region were
averaged and normalized to the highest experimental value.
The results are presented in Fig. 3(c). We observed that the
discrepancies were within 10%. A satisfactory agreement
between the experimental and simulated data was observed,
which indicates the workability of the MCNP simulation.

3.2 Model of HPGe detector

In this study, an N-type HPGe detector (ORTEC: TRANS-
SPEC) with a relative efficiency of 55% and a resolution of
1.9 keV at 1333 keV was used to detect prompt gamma rays.
The signals were collected using a multichannel analyzer
and the MAESTRO software [40]. The structural param-
eters supplied by the detector manufacturer indicated that the
diameter and length of the Ge crystal were 67 and 71 mm,
respectively. There was an internal hole whose diameter
and length are 15 and 60 mm, respectively. The thicknesses
of dead layer of the internal hole and the external crystal
surfaces are 700 and 0.3 pm, respectively. The Ge crystal
was positioned inside an aluminum case with a diameter of
83 mm and length of 106.5 mm. As the parameters of the
aluminum case were not provided by the manufacturer, an
X-ray radiography system was used to observe the internal
position of the crystal and the dimensions of the case. Fig-
ure 4(a) shows an image of the HPGe detector.
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Fig.4 (Color online) a X-ray
radiography of HPGe detector.
b MCNP model. ¢, d Simulated
and experimental gamma ray
spectra of 13’Cs and ®Co

(b)
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An MCNP model of the HPGe detector head was con-
structed based on these parameters, as shown in Fig. 4(b).
The simulated gamma-ray spectrum was calculated using
the pulse height tally (F8) and Gaussian energy broaden-
ing (GEB) cards. To verify the feasibility of the developed
detector model, benchmark measurements were performed
with reference to the '*’Cs and ®Co point sources. The
activities of the *7Cs and ®*Co sources at the time of meas-
urement were 9.19 X 10* and 1.20 x 10* Bq, respectively.
The emission probabilities of 662 keV (*’Cs), 1173 keV,
and 1332 keV (°°Co) are 0.851, 0.9985, and 0.9998, respec-
tively. The distance between the source and detector surfaces
was 15 cm. The acquisition time was 900 s for the live-time
model.

The experimental and simulation results are presented in
Fig. 4(c) and (d). The simulation results agreed well with
the experimental data. The full energy peak efficiencies
(FEPES) of the three peaks were compared. The discrepan-
cies between the experimentally determined and simulated
FEPEs were 3.76%, 3.71% and —2.18%, respectively. The
main reasons are probably counting statistics and scattering
by surrounding materials. The developed model was vali-
dated based on these uncertainties.

3.3 Sample measurement and image analyses

To ensure a satisfactory counting statistic, the measurement
time was set to 3 h with a live time due to the low thermal
neutron flux. The induced gamma-ray spectra of were also
recorded using the MAESTRO software. The analysis of the
prompt gamma ray peaks was carried out using the GAM-
MAFIT software [41] because the interference and overlap-
ping of the peaks caused a challenge for accurate peak fitting
owing to the poor SNR. In addition, a traditional method with
a single collimated detector was also performed; the meas-
urement time was the same, and the square opening was also
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1 cm X 1 cm. After setting the measurement time, the neutron
damage to the HPGe detector was evaluated by calculating
the accumulated neutron fluence. An F4 tally was used to
calculate the neutron flux in the HPGe crystal. The average
value was approximately 4.71 X 10~>cm~2 and was multiplied
by the neutron yield and measurement time. The result was
7.36 x 10°%cm~2, which is acceptable compared to published
work [42, 43].

The image quality was evaluated using the structural
similarity index measure (SSIM) and root mean square error
(RMSE) [44]. SSIM is a widely used metric that reflects the
visual similarity between a true image and a reconstructed
image; an SSIM value close to unity indicates that the two
images are similar. The SSIM is defined as follows:

Quppt + C) 20, + Cy)
(u? + Mtz + C,)(c? + Utz +Cy)

SSIM = (8)

where ., y,, 0, , and o, are the average and standard devia-
tions of the reconstructed and true images, respectively; o,
is the covariance between the reconstructed and true images;
C, and C, are constants set to avoid zero denominators. In
this study, C; and C, were set to 0.1.

RMSE reflects the difference in pixel values between a true
image and a reconstructed image. A smaller value indicates
that the reconstructed image has a smaller statistical deviation.
The RMSE is defined as follows:

RMSE = C)]

where N is the pixel number, P} and P} are the ith pixel val-
ues of the reconstructed and true images, respectively.
Furthermore, the spatial resolution of the proposed sys-
tem was calculated using the edge spread function (ESF),
which describes the spreading or blurring of edges or sharp
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transitions in an image [45]. This quantifies how the inten-
sity values change across an edge, providing information
on the quality of image sharpness. The ESF is obtained by
analyzing the pixel values along a line perpendicular to an
edge or transition in an image. The line is usually taken
across the transition from background to foreground or vice
versa. By analyzing the intensity values along this line, the
ESF represents the changes in intensity from one side of the
edge to the other.

4 Results and discussion
4.1 Analysis of induced gamma-ray spectra

The enlarged gamma-ray spectra of the region of interest
for the pattern collimator and the traditional method are
shown in Fig. 5(a) and (b). The spectra essentially consist
of induced gamma rays of elements from the sample and
other materials, including the collimator, shielding, and
detector materials. The major isotopes and their gamma-
ray energies are marked. The most prominent peaks were
produced by iron and aluminum through the inelastic scat-
tering reactions °Fe (n,n’y) °Fe and 2’Al (n,n'y) ?’Al.
These gamma rays originated mainly from the collimator
and detector housing materials, which correspond to the
847 keV and 1238 keV of the Fe peaks, as well as 844 keV
and 1014 keV of the Al peaks. For the 962 keV of the Cu

@ Springer

Number of collimator

peak, they were mainly emitted from the detector cold
finger. Moreover, Pb peaks could be observed because
they were components of the shielding material. Another
fraction of induced gamma rays was emitted from the
detector crystal, the neutrons reacted with the germanium
nucleus which led to the 608 keV, 868 keV, and 1204 keV
peaks through INC reaction, as well as the formation of
the so-called germanium triangles 597 keV, 696 keV, and
834 keV through INS reaction.

The overall count rates in the interesting region were
8160 cps for the proposed method and 1800 cps for the
traditional method. This is because more square open-
ings lead to more background gamma rays and neutrons
interacting with HPGe detector. Although the background
signal was approximately four times higher than that of
the traditional method, the peaks of Cd and CI were still
readily observed. The 558 keV and 748 keV Cd peaks
were identified. However, the 651 keV Cd peak could not
be observed because it was affected by the 597 keV ger-
manium triangle. For the gamma rays emitted from ClI,
the 788 keV, 1164 keV, 1171 keV, and 1173 keV peaks
were identified. All of these peaks could not be observed
in the spectra acquired using the traditional method.
As mentioned above, the intensities of the 558 keV Cd
and 1164 keV Cl peaks were analyzed using the GAM-
MAFIT software. An example is shown in Fig. 5(c). The
count rates and corresponding SNRs for the two peaks in
the 30 measurements are shown in Fig. 5(d). Under the
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present measurement conditions, the average SNRs were
approximately 8% for the 1164 keV Cl peak and 12% for
the 558 keV Cd peak.

4.2 Correction of neutron field

For neutron-induced gamma-ray imaging, the neutron field
inside a sample should ideally be maintained. However, as
shown in Fig. 3(a), the thermal neutron flux decreases at the
edge owing to the isotropic emission of **! Am-Be neutron
source. Moreover, the neutron beam is attenuated, particu-
larly for elements with high TNC macroscopic cross-sec-
tions, which leads to a neutron self-shielding effect. To solve
this problem, neutron radiography/tomography can be used
to experimentally determine the neutron field. However, neu-
tron imaging using a low-yield source is not feasible. An
alternative approach is to calculate the neutron flux inside
each pixel using Monte Carlo simulation [46]. Correction

of the solid angle and neutron self-shielding effect can be
performed as follows:
_ r(»bi,d d)f,max

Pf =Pp—
¢i,r d)i,f

(10)

where Pl.Cand P are the iy, pixel values of the corrected and
reconstructed images, respectively, and ¢, ¢ and ¢, are
the ith pixel and maximum thermal neutron flux as shown in
Fig. 3(a). ¢;, is the thermal neutron flux inside the ith pixel,
@, 4 is the one for “diluted sample,” where the density of
sample is reduced by a factor of 1000. Neutron beam attenu-
ation is negligible and reflects neutron self-shielding [47].
These values are obtained using a mesh tally.

4.3 Image reconstruction

After obtaining the net peak areas of the 30 measurements,
the Cd and Cl images were reconstructed using the MLEM
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algorithm. The SSIM and RMSE for different numbers of
iterations were calculated, as shown in Fig. 6(a) and (b). For
SSIM, the optimal number of iterations was 20 (Cl images)
and 70 (Cd images). For RMSE, the optimal number of
iterations was 40 (Cl image) and 70 (Cd images). This was
primarily because the effect of noise on the reconstructed
image tended to increase with the number of iterations when
the SNR was small. Finally, the number of iterations is set to
70. The corresponding reconstructed images are presented
in Fig. 6(c) and (d). The color bar indicates the normalized
content, ranging from 0 (minimum value) to 1 (maximum
value). The SSIM values of the Cd and CI images are 0.67
and 0.65, respectively, whereas the RMSE of the Cd and
Cl images is 0.36 and 0.37, respectively. For easier visu-
alization, as shown in Fig. 6(e) shows the red—green—blue
(RGB) map of the elemental distributions. The reconstructed
images show the elemental distribution of the sample accu-
rately. The results show that the distributions of Cd (red) and
ClI (green) can be clearly distinguished. The regions occu-
pied by Cd are observed in the four corners, whereas the
remaining regions correspond to CI.

Figure 6(f) shows the ESFs and corresponding fitting
functions of two element images. The ESF function is
obtained by averaging the pixel values within the yellow box
in Fig. 6(e), horizontally followed by fitting with a sigmoid
curve (orange line). Subsequently, the first derivative of the
sigmoid curve is calculated and fitted using a Gaussian func-
tion (blue line). The full width at half maximum (FWHM)
of the Gaussian curve is defined as the spatial resolution.
The results show that the spatial resolutions of Cd and Cl
images are 0.66 cm and 0.62 cm, respectively. The results
reported by Laszlo [48] and Kluge [49], obtained using a
collimated neutron beam at the BNC and FRM II reactors,
were approximately 0.2-0.3 cm. The result reported by Chen
Mayer [23] using a Compton camera detector on the NIST
reactor was approximately 0.3 cm. Compared with these
studies, we achieved a similar level of resolution using a
low-flux neutron source.

In this study, the element images were reconstructed
using a relatively low flux, resulting in data with a low SNR
and a long measurement time. In practical applications,
the measurement time can be reduced by using a neutron
source with a higher neutron yield. Scintillator detectors
(Nal, BGO, LaBr;, etc.) combined with a full gamma ray
spectrum analytical algorithm can also be used in certain
specific cases owing to their high detection efficiencies and
counting statistics. In addition, the collimator masks can be
optimized to improve the quality of the reconstructed ele-
ment images when working at a low SNR or low sampling
rates. A rotating collimator can be used because the modula-
tion varies with the rotation angle. The incident gamma rays
produce a fluctuating signal corresponding to the modulation
at different angles [32].
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When applying this technique to real objects with
unknown information, it must be combined with other tech-
niques for a comprehensive analysis. The acquisition of
accurate geometrical information and chemical compositions
is vital when constructing a Monte Carlo model. Optical
scanning and X-ray tomography are effective techniques for
obtaining accurate geometrical information [50]. An initial
scan measurement can be conducted over a relatively large
volume to provide a rough estimate of chemical composi-
tion. Based on the data, a preliminary Monte Carlo model
was developed. Subsequently, its parameters were adjusted
to accurately simulate the detection efficiency matrix and
neutron field. This fine-tuning process involves iterations
in which the compositions assigned to individual pixels are
continuously refined. Through this iterative refinement, a
state of self-consistency was achieved, thereby generating
an elemental map with a high spatial resolution [47].

5 Conclusion

In this paper, we reported an experimental implementation
of elemental imaging using neutron-induced gamma rays
combined with a single-pixel detector. Rather than relying
on scanning measurements or array detectors, the proposed
approach used collimator masks with random patterns for
imaging. This approach verifies the feasibility of neutron-
induced gamma-ray imaging using portable neutron sources
and has the potential to broaden the applicability of imaging
techniques across the fields of biology, medical diagnosis,
materials science, and engineering.
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