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a b s t r a c t

To investigate the optimal detector material for prompt gamma imaging during boron neutron capture
therapy, in this study, we evaluated the characteristic regarding radiation reaction of available de-
tector materials using a Monte Carlo simulation. Sixteen detector materials used for radiation
detection were investigated to assess their advantages and drawbacks. The estimations used previous
experimental data to build the simulation codes. The energy resolution and detection efficiency of
each material was investigated, and prompt gamma images during BNCT simulation were acquired
using only the detectors that showed good performance in our preliminary data. From the simulation,
we could evaluate the majority of detector materials in BNCT and also could acquire a prompt gamma
image using the six high ranked-detector materials and lutetium yttrium oxyorthosilicate. We provide
a strategy to select an optimal detector material for the prompt gamma imaging during BNCT with
three conclusions.
© 2019 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

By the development of an accelerator based boron neutron
capture therapy (BNCT) technique, the BNCT is an effective radio-
therapy technique even though the tumor is deeply located in the
brain [1e4]. The 10B(n, a)7Li reaction with an epi-thermal neutron
(10 eVe20 keV) is a main nuclear principle used to treat tumors
[5e7]. After a boronate compound was injected into the vein, this
boronate compound is accumulated in the tumor region according
to the labelled compound [8,9]. Because the generated alpha par-
ticle after above reaction has high linear energy transfer, the
effective and selective treatment for tumor is possible with safer
irradiation to normal tissue [10e13].

Recently, the feasibility of an imaging guided technique for the
Suh), dbsehrns@naver.com
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BNCT has been raised through the discovery of 478 keV prompt
gamma emission after BNC reaction [14e17]. Because the 478 keV
prompt gamma is a single photon, once this gamma can be detected
by a nuclear medicine instrument for imaging, such as gamma
camera or single photon emission computed tomography (SPECT)
during BNCT [18e21]. Originally, the SPECT is one of a represen-
tative nuclear medicine imaging device which can find a tumor at
inner body. After an injection of the radioisotope into the body, this
radioisotope is accumulated at only tumor region by more active
metabolism. The radioisotope in the tumor region will emit the
specific gamma ray with intrinsic energy, this gamma rays passing
through the body and collimator in SPECT head can be deposited at
the SPECT detector. This record for the deposited gamma rays in the
detector is called as ‘projection’. If these projections are acquired
according to each angle, the ‘sinogram’ can be drawn. Thus, the
SPECT image is based on the acquisition of sinogram and the image
reconstruction algorithm that can convert the sinogram to the
SPECT image. However, because the BNC reaction in tumor region
can generate 478 keV specific gamma ray, the SPECT in this study
does not need to use the radioisotope [22]. For this reason, the
open access article under the CC BY-NC-ND license (http://creativecommons.org/
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original reaction signal within tumor which includes the boronate
compound can be identified through the prompt image. It means
that the tumor regions treated by neutron beam irradiation can be
monitored by prompt gamma imaging during the treatment.
However, because the treatment time is limited and the detection
efficiency is relatively low, the acquisition of the prompt gamma
image as quickly as possible and effectively during treatment re-
quires an optimal detector system and fast image reconstruction
algorithm to overcome the limitation [23e25]. In our previous
study, we reduced the reconstruction time by using a graphic
processing unit (GPU) and developed a specific reconstruction al-
gorithm for the SPECT based prompt gamma imaging technique
[26e29].

The modified algorithm and software acceleration can help ac-
quire images quickly. However, there are still challenges in
improving image quality through the study regarding the hardware
as well as the image processing. From a point of the hardware, the
detector material is one of the important factor for acquiring rela-
tively satisfactory images. Surely, there are a lot of critical factors
which can influence the performance for imaging. However, in this
study, we focused on the two main factors that can directly affect
the performance of prompt gamma imaging. The first is detection
efficiency. If the detector cannot sufficiently detect effective events
for imaging, the lack of information for the composition of the
sinogramwill result in defective image acquisition. Although scarce
effective event number can be partly compensated for by using a
reconstruction algorithm, the fundamental lack of information is
hard to improve the original image quality [27]. High detection
efficiency is the great advantage factor to the detection system. The
second factor is the energy resolution. Poor energy resolution will
lead to the detection of unrelated events from all reactions. It de-
grades the quality of the image. Especially, the presence of 511 keV
annihilation peak is one of significant factors for consideration. This
511 keV peak is originated from electron-positron pair production
after the interaction of the high energy gamma ray. After the
neutron is captured in hydrogen, the 2.23 MeV gamma ray can be
emitted via 1H(n, g)2H reaction. This high energy gamma ray can
mainly affect to electron-positron pair production. Because the
difference between peaks is only 33 keV, if these peaks are hard to
be distinguished by detector, the sinogram can be distorted and
image quality should be decreased [30,31]. For this reason, good
energy resolution is essential for the detection of accurate reaction
point.

The purpose of this study is to find the optimal detector ma-
terial for BNCT-SPECT imaging, thus we focused on the specifica-
tions of sixteen detector materials that are typically used for
radiation detection. Our original intention of this study was the
comparison of detector material under the same condition for the
BNCT-SPECT. However, most of study shows that a few detector
materials were used to progress experiment. In addition, each
study has the intrinsic conditions which is different with other
experimental examples for detecting the gamma ray under
various conditions. The different conditions have been applied to
even same detector materials. Nevertheless, to compare the per-
formance of the detector material, we had to find as similar con-
ditions as possible from a lot of previous papers, and compare the
performance results from each different study [19,32e46].
Although we can select detector material for prompt gamma
imaging during BNCT only using these specification data, our ul-
timate goal is to find the best detector material through com-
parison based on quantitative simulation results. Therefore, the
objective of this study is to determine the optimal detector ma-
terial for the prompt gamma imaging during BNCT using a Monte
Carlo simulation. The results in this study is based on the
simulation.
2. Materials and methods

2.1. Data sheet preparation and detector simulation

For the simulation in this study, a Monte Carlo n-particle
extended (MCNPX, LANL, USA, ver. 2.6.0) simulation code was used.
In order to simulate realistic detector materials, specifications of
the sixteen detector materials were collected from some experi-
mental papers published by other research institutions. First, we
investigated physical conditions and chemical formula, such as
density and atomic components, for all the detector materials. In
addition, to realize the specification of detector more likely in the
simulation, the Gaussian energy broadening (GEB) function in the
MCNPX was used to calculate the intrinsic energy resolution of
detector materials. The GEB parameters specify the full width half
maximum (FWHM) of the measured energy broadening in the
physical radiation detector. The GEB function requires maximum
three specific parameters. These parameters can be calculated by
solving the cubic simultaneous equation. There must be at least
three FWHM values to solve this simultaneous equation, repre-
senting the similar energy range of 478 keV peak. Our original
intention of this study was the comparison of detector material
under the same condition for the BNCT-SPECT. Andwewere hard to
gather all three FWHM values, which are close to range of 478 keV
peak, about all of detector materials. However, we secured only two
FWHM values for all of detector materials from other studies
(511 keV from Na-22 source, 662 keV from Cs-137). The reason of
the selection of these two specific FWHM values was that we have
to make the common factor for the simulation in this study.
Although this point is the main limitation of our study, we could
reveal the simulation results which include difference between
using of two GEB parameters and using of three GEB parameters
regarding some detector materials from previous study. We have
six cases that secured three GEB parameters (356 keV, 511 keV, and
662 keV), and we compared the performance of FWHM values
using two GEB parameters with the performance of FWHM values
using three GEB parameters from all six cases. The percentage
difference of the energy resolution was from 2% to 0.04%. The
average value is 0.7% from the secured results. Because this previ-
ous results are beyond the scope of this study, we do not deal with
detail these contents in this study. However, above error ranges
should be considered when the results are referred. Hence, we only
applied two specific numbers to the simulation code by solving the
modified quadratic simultaneous equation as below Eq. (1).

FWHM¼ aþ b
ffiffiffi

E
p

(1)

Where E is an energy of the targeted peak, the ‘a’ and ‘b’ indicate
GEB parameters for simulation. Specifications including density
values, chemical formula and GEB parameters were applied to the
simulation code according to detector material. The list of sixteen
detector materials with the calculated GEB parameters is shown in
Table 1 [19,32e46].

After preparing data sheet for the detector simulation code,
energy resolution and the detector efficiency of all detector mate-
rials were subsequently investigated using the results of the Monte
Carlo simulation. Concerning the simulation codes, although the
general conditions, such as geometry (size), source definition,
physics function, and output setup were unified, only the detector
material code was differently applied to the simulation code. The
simulation involved the head part of the SPECT scanner, which will
be altered with the different detector materials and a virtual water
phantom, and a neutron source was simulated. The size of the
detector in the SPECT scanner was 28 cm � 28 cm � 3 cm. The
attached collimator had a height of 10 cm and a thickness of 0.2 cm



Table 1
Information with units for the sixteen detector materials for prompt gamma imaging during boron neutron capture therapy.

Detector material Density
(g.cm�3)

Energy
resolution at
511 keV (%)

Energy
resolution at
662 keV (%)

GEB a GEB b Atomic
number

Band gap
(eV)

Notes

Bismuth Germanate Oxide
(BGO)

7.13 14.20 12.50 �0.0050 0.1084 83, 32, 8 5 Robust characteristics, non-hygroscopic,
Susceptible to radiation damage (1e10
Gray)

High purity Germanium (HPGe) 5.32 0.70 0.27 0.0164 �0.0180 32 0.67 Cryostat required
Cadmium Zinc Telluride (CZT) 5.60 2.00 1.00 0.0360 �0.0360 48, 30, 52 1.4 to 2.2 Operable at room temperature, better

energy resolution than scintillator detectors
Lanthanum Chloride (Cerium)

(LaCl3(Ce))
3.64 5.10 3.30 0.0556 �0.0413 57, 17 1.54 High light outputs, hygroscopic and

therefore requires encapsulation
Sodium Iodide (Thallium)

(NaI(Tl))
3.67 8.60 6.50 0.0486 �0.0065 11, 53 5.9 One of the brightest scintillators, highly

hygroscopic with encapsulation needed
Cesium Iodide (Thallium)

(CsI(Tl))
4.51 9.50 7.70 0.0286 0.0279 55, 53 6.4 Slow with a decay time, slightly

hygroscopic
Cadmium Telluride (CdTe) 6.20 1.20 2.00 �0.0459 0.0728 48, 52 1.49 High electro-optic effect, cheaper than

crystalline silicon
Lutetium Yttrium

Oxyorthosilicate (LYSO)
7.30 8.00 8.90 �0.0923 0.1864 71, 39, 14, 8 7.2 Non-hygroscopic, Are relatively

inexpensive, Mechanically brittle
Gadolinium Oxyorthosilicate

(GSO)
6.70 12.00 8.90 0.0760 �0.0205 64, 14, 8 5.7 Robust characteristics, non-hygroscopic,

limited light output
Lutetium Oxyorthosilicate

(LSO)
7.40 10.00 8.40 0.0159 0.0492 71, 14, 8 6 Good stopping powers, quite brittle and

needs careful handling and machining
Barium Fluoride (BaF2) 4.90 11.40 8.00 0.0941 �0.0502 56, 9 10.6 One of the fastest scintillators, slightly

hygroscopic, very sensitive to thermal
shock

Yttrium Aluminum Perovskite
(Cerium) (YAP(Ce))

5.40 6.70 5.70 0.0072 0.0378 39, 13, 8 8.2 Good performance at high temperatures,
easily machined into various shapes

Lithium Iodide (Europium)
(LiI(Eu))

4.08 12.90 7.50 0.1814 �0.1615 3, 53 6.1 High neutron cross-section, high light
output, Thermal neutron detection and
spectroscopy

Bismuth tri-iodide (BiI3) 5.80 3.80 2.90 0.0201 �0.0010 83, 53 1.5 to 2.2 Hygroscopic, Operable at room temperature
Mercuric Iodide (HgI2) 6.40 6.50 5.96 �0.0137 0.0657 80, 53 2.13 Sensitive to light
Lanthanum Bromide (Cerium)

(LaBr3(Ce))
5.29 4.30 2.80 0.0460 �0.0336 57, 35 5.6 High light output, short decay time, high

temperature stability
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with a lead material (density ¼ 11.3 g/cm3). The geometry infor-
mation of the scanner was referred from the previous data [47].
Lutetium yttrium oxyorthosilicate (LYSO) detector material was
previously used for the initial BNCT-SPECT simulation. The water
phantom had four boron uptake regions (BURs). The water phan-
tom (density ¼ 1 g/cm3) had a cylindrical pattern with a radius of
9 cm and height of 6 cm. Each BUR also had the cylindrical pattern
with diameter of 2 cm and height of 3 cm. When the center coor-
dinate of the water phantom was (0 cm, 0 cm, 0 cm) (x ¼ 0, y ¼ 0
and z ¼ 0), the center coordinates of the four BURs were
(0 cm, �1.5 cm, �3.5 cm), (�3.5 cm, �1.5 cm, 0 cm), (0 cm, �1.5 cm,
3.5 cm), and (3.5 cm,�1.5 cm, 0 cm). The BUR location setting could
show the difference of the detection ability according to the de-
tector material. A boron concentration of 35 mg per water of 1 g was
simulated [48,49]. The source in the code was defined as an epi-
thermal neutron beam (10 eVe20 keV, average energy: 10 keV)
with a flux value of 3.2� 109 n/cm2∙sec [50]. The distance between
the source and surface of phantom was 20 cm. The neutron beam,
which has a penetration power up to 6 cm in thewater, was focused
on the BUR in the water phantom [26e29]. The reaction cross-
section between the 10B and the neutron was applied to the
simulation code as the default value in MCNPX library. In the
MCNPX code, the F8 tally function was employed for an energy
distribution to acquire the energy spectrum of prompt gamma ray
because the GEB value according to detector material was set at the
initial simulation code, the specific energy spectrum for each ma-
terial was deduced by the simulation. In addition, P-trac is one of
the output data of the MCNPX simulation. It reported all the in-
formation regarding the photon such as the reaction, position, and
energy.We acquired the projection data of SPECT scanning by using
this P-trac record.
2.2. Prompt gamma imaging and data analysis

The energy resolution value from the prompt gamma energy
spectrum for each detector material was then calculated. This
simulation was also repeated 10 times with each different random
number (‘dbcn’ value in MCNPX) to consider statistical variation.
Energy resolution values at 478 keV peak were calculated using a
home-made MATLAB (R2018b, Mathworks Inc., MI, USA) code.

The detection efficiency was calculated using the projection
data through the Monte Carlo simulation. To compose the projec-
tion data of SPECT scanning during neutron irradiation in the
simulation, the effective events within an energy window of 10%
(from�5% to 5% of the peak energy) [51] at 478 keV prompt gamma
peak were selected from P-trac record. These effective events were
then arranged at the projection domain according to the original
deposit position to draw the sinogram. With the detection effi-
ciency, we counted the number of these effective events regarding
each detector material simulation, and each ratio of the detection
efficiency was determined.

After acquiring the data regarding the energy resolution and the
detection efficiency, the image reconstruction was performed on
seven materials with relatively good performance. First, we used
the simulation code including LYSO detector information in our
previous study [26e29]. Because the LYSO detector has been
mainly used with nuclear medicine imaging instruments, such as
SPECT and PET, this simulation case was applied as the reference to
compare with the imaging performance using other detector ma-
terials. The remaining six detector materials were chosen from the
performance ranking for both the energy resolution and detection
efficiency (up to the third highest rank). Therefore, the prompt
gamma image regarding the seven detector materials has been
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acquired through the simulation.
In the previous study, we developed a graphics processing unit

(GPU) based fast image reconstruction algorithm for the prompt
gamma ray imaging [27]. Basically, although the process of image
reconstruction was based on the ordered subsets expectation
maximization (OSEM) algorithm, the equation was modified to
apply the GPU. Because the conditions of the image reconstruction
in this study were same with conditions of the previous study, the
detail regarding the image reconstruction does not be notified
especially in this part. Projection data involved 32 projection
frames with each scanner head at rotation of 11.25�. After acquiring
reconstructed images, images were analyzed the value of signal to
noise ratio (SNR) and FWHM for each BUR. A diagram summarizing
the entire simulation procedure is presented in Fig. 1.

3. Results and discussion

Energy spectra of prompt gamma according to detector mate-
rials are shown in Fig. 2. The first performance group included
energy spectrum results of HPGe, CdTe, CZT, and BiI3 as shown in
Fig. 2(a). The second performance group included energy spectrum
results of LaBr3(Ce), LaCl3(Ce), HgI2, and YAP(Ce) as shown in
Fig. 2(b). The third performance group included energy spectrum
results of LYSO, NaI(Tl), CsI(Tl), and LSO as shown in Fig. 2(c). The
last performance group included energy spectrum results of GSO,
Fig. 1. Diagram summarizing the simulation procedure and simulation configuration. Aft
determined for each detection material based on simulation results. The prompt gamma im
(three detection materials regarding each high performance of energy resolution and detec
BGO, BaF2, and LiI(Eu) as shown in Fig. 2(d). For easier comparison,
we have grouped detector materials in the form of a relatively
similar energy spectrum. Because the actual energy spectrum was
measured by spectroscopy, the pattern of the actual energy spec-
trum might be deformed due to the experimental conditions and
instrument specifications. However, the simulations were operated
under the same conditions excluding the detector material. Our
results indicate the performance difference by the material only. In
the first group, although all detector materials distinguished the
511 keV peak by the annihilation process from 478 keV peak, the
height of 511 keV peak on spectrum for BiI3 was too small to
recognize an ability of distinction. In the second group, only
LaCl3(Ce) detector material distinguished the 511 keV peak.

Fig. 3 shows the trend of detection efficiency and energy reso-
lution values at 478 keV peak according to the detector material. To
determine the detection efficiency, the effective events for use for
sinogram compositionwere counted. The greatest number counted
was estimated in BiI3 simulation results. Although there were some
variations in the counted number from the simulation, the counted
number could be changed by setting a particle number at the initial
simulation code. To compare other results, all counted numbers
were normalized by using the average counted number of BiI3
result which value was the highest. Consequently, BiI3, BGO, and
HgI2 detector materials showed the best detection efficiency per-
formances. In Fig. 3, the black square indicates the average
er changing the detection material, detection efficiency and energy resolution were
aging was progressed using simulation information of only seven detection materials
tion efficiency, LYSO).



Fig. 2. Energy spectra of prompt gamma according to detector material simulation. Each spectrum was arranged depending on energy resolution performance groups, and the
additional graphs with the adjusted scale were shown in each main graph: (a) first group: HPGe, CdTe, CZT, BiI3, (b) second group: LaBr3(Ce), LaCl3(Ce), HgI2, YAP(Ce), (c) third
group: LYSO, NaI(Tl), CsI(Tl), LSO, and (d) fourth group: GSO, BGO, BaF2, LiI(Eu).

Fig. 3. Trend of detection efficiency (left label, black square) and energy resolution
(right label, blue triangle) according to the detector material. The best detector effi-
ciency was observed when BiI3 was used as the detector material. Each detection ef-
ficiency value was normalized by using the detection efficiency of BiI3 as reference.
Each energy resolution value at 478 keV prompt gamma peak was calculated from the
energy spectrum of each detection material. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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detection efficiency with error bar. The worst performance was
found in YAP(Ce). GSO showed the largest range of fluctuation. The
detector materials from CsI(Tl) to NaI(Tl) show similar performance
regarding the detection efficiency. When the statistical variation
was considered, there was no significant difference in their actual
performance. This tendency could be sufficiently changed by
altering the thickness of the detector material. Because this
simulated detector had enough thickness, the event loss at the
energy range from 400 to 500 keV was relatively small.

Reconstructed images using simulation results according to the
detector materials are shown in Fig. 4. The seven representative
detector materials were selected to reconstruct images through
ranking based on the previous results regarding both detection
efficiency and energy resolution. Fig. 4(a) is the original pattern of
the water phantom including four BURs tagged as A, B, C, and D.
From the above results, we conclude the best three materials for
detection efficiency and energy resolution. Reconstructed images
using BiI3, BGO and HgI2 as detection materials are shown in
Fig. 4(b), (c), and (d), respectively. Detection materials used for
reconstructed images at the top line showed good detection effi-
ciency. Detection materials for reconstructed images excluding
Fig. 4(e) at the bottom line showed good energy resolution.
Reconstructed images using HPGe, CdTe, and CZT as detection
materials were shown as Fig. 4(f), (g), and (h), respectively. In
addition, the reconstructed image using LYSO was added as shown
in Fig. 4(e). When the reconstructed images were observed visually,
there are no dramatic differences among images. A common point
from each image is that the highest signal points in BUR are gath-
ered around the center of phantom. Because the pattern of the
neutron exposure takes cone shape, the more flux of neutron was
concentrated at the center point. Originally, we expected that the
image quality at the HPGe image and BGO image will be relatively
low because of low detection efficiency and high energy resolution,
respectively. However, we were hard to find dramatic differences
by comparing with other images through naked eyes view. In order
to see the quantitative difference among images, we measured the
image profile and SNR from all of images.

Fig. 5 and Fig. 6 show the image profile results measured from
all images. The arrangement in Fig. 5 follows the kind of the



Fig. 4. Reconstructed images using seven detection materials. The original pattern of the water phantom including four boron uptake regions (BURs) tagged as A, B, C, and D is
shown in (a). Reconstructed images using three best performance detector materials (BiI3, BGO and HgI2) regarding detection efficiency are shown in (b), (c), and (d), respectively.
For comparison, LYSO's reconstructed image is added (e). By using HPGe, CdTe, and CZT simulation results, prompt gamma images were reconstructed and shown in (f), (g) and (h),
respectively. These three detection materials were found to be the top three with the best energy resolution performance.
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detection material. Each figure excluding Fig. 5(a) includes four
image profiles according to BUR. The guide lines of measurement
for image profile acquisition are demonstrated on each BUR in
Fig. 5(a). The black, blue, red, and pink color were assigned to BUR
A, B, C, and D, respectively. In addition, the line colors for profiles
(Fig. 5(b)e5(h)) were matchedwith the line colors in Fig. 5(a). From
Fig. 5(b)e5(h), the axis of Y, and axis of X means the relative in-
tensity normalized as the highest signal level, and pixel number
limited as both sides 30 pixels from center pixel, respectively. The
image profiles measured from BiI3, BGO, HgI2 image were pre-
sented as from Fig. 5(c)e5(e), respectively. And Fig. 5(f), (g), and (h)
shows the image profiles measured from HPGe, CdTe, and CZT,
respectively. When the profiles were normalized as the highest
signal level, because each profile includes the highest signal point
of each BUR, all four profiles have similar intensity level and signal
pattern from all seven cases. However, we are also hard to classify
the performance according to the detection material using only
Fig. 5. Fig. 6 shows the difference of relative intensity according to
the detection material at the same BUR. Moreover, Table 2 shows
the SNR values including the mean value with standard deviation
about each BUR from all cases. The seven profiles according to the
detection materials on BUR A, B, C, and D were assigned at Fig. 6(a),
(b), (c), and (d), respectively. At each figure, black line with square,
red line with circle, blue line with upward triangle, pink line with
downward triangle, green line with diamond, dark blue with left-
ward triangle, and purple line with rightward triangle show the
profile of LYSO, BGO, BiI3, HgI2, HPGe, CdTe, and CZT, respectively.
Generally, either profile from LYSO image or from CdTe image
shows the highest intensity at all figures. The profile from HPGe
image shows lowest intensity from all figures. Although the cases of
BiI3, BGO, and HgI2 show the top three high rank regarding detec-
tion efficiency in Fig. 3, the actual intensity level in image is higher
at LYSO, CdTe image than the above three cases. It means the LYSO,
CdTe more effectively detected the right event regarding 478 keV at
the BUR. Because the energy window can allow to count the events
within range from 454 keV to 502 keV, the 511 keV events which
lost some of energy from additional interactions also could be
counted. Even though the detector has good energy resolution, if
this 511 keV events are counted, the image quality can be spoiled.
As we can confirm the results of SNR from Table 2, the trend of SNR
values do not follow the trend of detection efficiency or energy
resolution. Surely, the results of reconstructed image according to
the conditions can be changed sufficiently. The signal intensity as
well as SNR also can be changed by corresponding to reconstructed
images. Although this is the limitation point of this study, we can
conclude one key point that not all the trends of SNR in image apply
to every trend regarding detection efficiency or energy resolution.
They are a little bit different with actual results through the ex-
periments according to a lot of conditions. Because using all sixteen
detector materials for SPECT scanner is almost impossible in real-
istic experimental conditions, the results came from a simulation
study. However, we tried to set all same conditions excluding de-
tector material to each simulation, and repeated simulation works
to consider error range.

4. Conclusions

This study investigated to find the optimal detection material
for the prompt gamma imaging in BNCT. We have provided the
basic performances of sixteen detector materials and recon-
structed prompt gamma imaging especially focused on seven
detection materials according to performance of both the detec-
tion efficiency and the energy resolution by using the Monte Carlo
simulation. From the analysis of reconstructed image, we
concluded the three points. First, all values in this study, such as
energy resolution, efficiency, the measured values, etc., can be
sufficiently different with the actual status. The variable in this
study was the only detection material with the investigated
specification from other experimental articles and reports. Sec-
ond, if we concentrate to the results in this study, we can
recommend to use the LYSO, CdTe detector for prompt gamma ray
imaging during the BNCT. The reconstructed image shows all BUR
regions clearly with few noises. In addition, the total mean of SNR
is relatively higher than other cases. And both detectors are
available at room temperature. Lastly, surely the detection effi-
ciency in this study is a little bit different with actual definition of
detection efficiency for photon detection. However, not all the
trends of SNR in image apply to every trend regarding detection
efficiency or energy resolution. For this reason, we recommend
the selection of the optimal detector for prompt gamma ray im-
aging during BNCT after confirmation of the actual imaging per-
formance of detector.



Fig. 5. Image profiles depending on BURs in each image. The guide lines of measurement for image profile on BUR A (as black line), B (as blue line), C (as red line), and D (as pink
line) were demonstrated on the original pattern image (a), There are seven profile sets regarding LYSO (b), BiI3 (c), BGO (d), HgI2 (e), HPGe (f), CdTe (g), and CZT (h). Form (b) to (h),
each figure has the four image profiles about BUR A (black line with square), B (red line with diamond), C (blue line with upward triangle), and D (pink line with downward triangle).
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 6. Image profiles depending on the kind of detection material at same BUR. There are four profiles sets regarding BUR A (a), B (b), C (c), and D (d). Each set has the seven profiles
according to the detection material; black line with square (LYSO), red line with circle (BGO), blue line with upward triangle (BiI3), pink line with downward triangle (HgI2), green
line with diamond (HPGe), dark blue with leftward triangle (CdTe), and purple line with rightward triangle (CZT). (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)

Table 2
The results of the calculated signal to noise ratio (SNR) from each reconstructed
images. One case includes four BURs. For SNR of each BUR, the 10 times calculations
have been performed. The values in third column show the mean SNR at only one
BUR. The values in fourth column and fifth column show the total mean of SNR and
standard deviation about total mean, respectively.

Detector Material BURs SNR mean Mean Standard deviation

BiI3 A 34.65 35.11 3.99
B 34.07
C 34.67
D 37.07

BGO A 15.84 18.08 2.18
B 17.44
C 19.39
D 19.66

HgI2 A 15.23 16.52 2.31
B 16.73
C 17.29
D 16.83

HPGe A 14.87 15.34 1.34
B 14.28
C 16.67
D 15.55

CdTe A 26.73 27.02 1.63
B 27.20
C 27.05
D 27.09

CZT A 19.46 19.53 1.13
B 19.93
C 18.97
D 19.77

LYSO A 31.81 32.16 3.62
B 30.57
C 33.40
D 32.85
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