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Abstract. The intrinsic characteristics of the monolithic crystal detector are spatially inconsistent, which
leads to the position dependence of the detector on the energy response of the y-ray as well as the peak shift
of the response spectrum of the detector, that is, the “position-energy” shift. The “position-energy” shift will
cause the energy resolution of the detector to deteriorate and affect the energy linearity of the detector. Thus,
a crucial challenge in enhancing the position consistency of detector energy response, improving energy resolu-
tion, and ensuring accurate isotope identification is the reduction or elimination of this “position-energy” offset.
The “position-energy” response correction method is proposed in this paper to improve the position consistency
of detector energy response. Firstly, Monte Carlo simulation is used to model monolithic LaBr;(Ce) crystal
detectors of different sizes. Secondly, the effective detection region of the detector model is evenly divided into
25 blocks, then the spectral peak position of each incident region is extracted, and the spectral peak correction
function matrix of 25 incident regions and the center position is established. Finally, 25 incident regional peaks
are modified according to the modified function matrix, so that the spectral peaks in each region are consistent
with the peaks in the center, and the modified spectral responses of the detector are obtained. The simulation
results show that this method can effectively solve the “position-energy” migration problem of monolithic crystal
detectors of different sizes and improve the peak consistency of each detector region. The energy resolution of
the 662 keV characteristic peak of the Cs-137 point source can be improved from 4.5% to 3.9%, and the linear
deviation of energy can be reduced from 2.1% to 1.2%.
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Introduction

With the rapid development of nuclear energy and
the strengthening of nuclear security, the perfor-
mance requirements of instruments to ensure the
safe development and application of nuclear energy
are becoming higher and higher. Traditional spec-
tral scintillation detectors composed of monolithic
crystals and photomultiplier tube (PMT) have been
widely used in the field of nuclear radiation detec-
tion, but the PMT has disadvantages such as large
size, low quantum efficiency, and high applied volt-
age, which will be interfered by electromagnetic
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scintillator, etc. have good energy resolution and
position resolution [9-11].

In array crystal detectors, the energy spectrum
peaks of each crystal strip differ greatly, which is
caused by the inconsistent response of each crystal
strip to the same energy rays and the difference in
the gain consistency of SiPM [12]. At the same
time, scintillator detectors based on SiPM have
strong temperature sensitivity and often appear to
be in temperature drift. It can usually be reduced or
eliminated by temperature compensation methods
such as constant temperature control, bias adjust-
ment, and gain adjustment [13-21].

For the detector of monolithic crystal, the col-
lection of light by SiPM array is often affected by
the incident ray and the position of monolithic
crystal, and further, the phenomenon of energy
spectrum peak shift occurs. When y-rays interact
with monolithic crystals, photons will be produced,
and the photons in the crystal will be affected by
the crystal structure and physical properties, which
will interfere with the direction of their propaga-
tion, resulting in the loss of light. At the same time,
the probability of energy deposition at the edge
of the detector due to scattering and backscattering
is large, resulting in the spatial inconsistency of the
intrinsic characteristics of the detector, resulting in
the detector’s position-dependent energy response
to gamma rays, that is, the “position-energy” shift
phenomenon. The “position-energy” shift will cause
the energy resolution of the detector to deteriorate
and affect the energy linearity of the detector. How
to reduce or even eliminate “position-energy” offset
is the key problem to improve the position consis-
tency of energy response of such detectors. Therefore,
in this paper, the “position-energy spectrum” migra-
tion is simulated, and a function correction matrix
method is proposed to reduce the impact of incident
position on the energy spectrum peak, so as to im-
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prove both the energy resolution of the monolithic
crystal detector and the ability of nuclide recognition.

Research modeling
Detector model

In order to investigate this issue, the paper constructs
a model of a monolithic scintillator detector using
Geant4 software, as depicted in Fig. 1. The crystal em-
ployed in the model is a monolithic LaBrs(Ce) crystal,
known for its exceptional properties including density,
energy resolution, light yield, and decay time. Com-
pared to other commonly used scintillators, LaBr;(Ce)
crystals possess significant advantages. The specific
properties of the LaBrs;(Ce) crystal are provided in
Table 1. It is important to note that the simulation
study conducted in this paper is also applicable to
other types of monolithic scintillator detectors.

The monolithic LaBrs;(Ce) crystals of various
sizes were employed in the detector model to investi-
gate the relationship between the “position-energy”
response of the detector and different detector sizes.
The sizes used were 51 mm X 51 mm X 5 mm, 51 mm
X 51 mm X 8 mm, 51 mm X 51 mm X 11 mm, and
102 mm x 102 mm X 5 mm. The LaBr;(Ce) crystal
was coated with a Teflon foil (0.3 mm thickness)
which acts as the front diffuse reflective layer. The
scintillator was surrounded and encapsulated by an
aluminum foil (0.5 mm thickness) for the specular
reflective layer [24]. A glass layer (3 mm thickness,
reflectivity 1.5) and optical grease (0.1 mm thick-
ness, reflectivity 1.41) were placed between the
bottom of the crystal and the SiPM array. The SiPM
utilized in the model was the Micro-30035-TSV
model manufactured by ONSEM]I, featuring a 16 x
16 array with a sensitive area of 3.07 X 3.07 mm?
and a package area of 3.16 X 3.16 mm?.
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Fig. 1. Geant4 detector model. (a) Detector construction. (b) Monolithic crystals. (c) SiPM array.

Table 1. List of parameters for typical scintillation crystals [22, 23]

Emission Optical Energy

Crystal Densi‘gy Meltirolg point Irradiation wavelength/  production !)ecay resolut1011317
(g/cm®) (°C) length/cm m (ph/MeV-) time/ns (@662 }{;OV Cs)

Nal(Tl) 3.67 651 2.59 410 40 000 230 6.5
BGO 7.13 1050 1.12 480 3600 300 20
LSO(Ce) 7.41 2050 1.14 440 30 000 42 9.0
BaF, 4.89 1354 2.03 300/220 8 400/1 080 630/0.9 16
LaCl;(Ce) 3.90 875 — 350 50 000 24 3.1
LaBr;(Ce) 5.30 783 — 360 70 000 16 2.6
CeBr; 5.20 732 — 380 60 000 17 4.0
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Table 2. Emitted ray energy

Label number A B C D E F G H I ]
Energy (keV) 59 88 122 140 279 365 662 779 834 1332

In this simulation study, the process of trans-
porting visible photons can be divided into two
main parts. The first part involves the transporta-
tion of visible photons within the medium, and
the user can select the material parameters. These
material parameters primarily include the emission
spectra, scintillation yield, intrinsic resolution,
and fast component of the scintillator. They play a
crucial role in determining the production of visible
photons and their transport through the medium.
The second part involves the transportation of vis-
ible photons between different media, requiring the
user to specify the surface parameters. The primary
surface parameters include type, finish, efficiency,
reflectivity, and reflectivity type. These parameters
control the physical interaction of visible photons
at the surface between different media.

The simulation program primarily utilizes the
modular physics process FTFP_BERT, which in-
volves replacing the electromagnetic interaction
process with the standard electromagnetic process
G4EmStandardPhysics_optionl. Additionally, the
program incorporates the optical process G4Opti-
calPhysics. G4EmStandardPhysics_optionl encom-
passes various fundamental electromagnetic inter-
actions, such as the photoelectric effect, Compton
scattering, pair production, Coulomb scattering,
and bremsstrahlung. On the other hand, the optical
processes implemented in the program include scin-
tillation, Cherenkov radiation, Rayleigh scattering,
Mie scattering, refraction, and reflection.

Simulation of experimental research methods

In this study, the effective detection area of the
monolithic crystal detector was divided into 25
equal blocks, as illustrated in Fig. 2. Initially,
a radioactive source was positioned 180 mm away
from the detector plane, and an equal number of
parallel beams were emitted along the receiving
surface of the detector, starting from the upper right
corner of area 0. The signals from the SiPM array
were summed to obtain the energy response signal
of the detector when radiation was incident from
a specific area into the detector. Next, the energy

]
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Fig. 2. Schematic diagram of stepper scanning.

response of each region was determined by irradiat-
ing each region with different energy ray beams. This
process yielded individual y-energy spectra for the
25 incident regions. Table 2 provides the details of
individual y-energy spectra and corresponding emit-
ted ray energies. Subsequently, the peak positions of
the energy spectra for each of the 25 incident regions
were extracted. The peak position of the energy
spectrum from incident region 12 was selected as
the standard peak position. A linear relationship
matrix was then established, relating each region
to the peak position of the corresponding y-energy
spectrum from incident region 12. Finally, using the
peak position of the energy spectrum from incident
region 12 as the standard, the remaining regions
were corrected to align their peak positions with
that of incident region 12. This correction process
ensured that each region’s energy spectrum was con-
sistent with the peak position of incident region 12.
As a result, the corrected detector energy spectrum
response was obtained.

Position energy response
“Position-energy” response offset

In this simulation study, y-rays with 10 com-
mon energies were emitted from a distance of
180 mm away from the detector. These radiation
energies are listed in Table 2. Each energy was
randomly sampled in equal proportions, and
the vertical beams of these 10 energies were
used to irradiate each region of the detector. As
a result, the corresponding y-energy spectra were
obtained for each incident region of the entire detec-
tor, as depicted in Fig. 3.

From Fig. 3, it is evident that the energy response
of the detector is satisfactory for different detector
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Fig. 3. Energy spectra of the entire detector.
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sizes, with 10 distinct peaks observed in each en-
ergy spectrum. This indicates the feasibility of the
detector model developed in this study. However, in
the same detector, the peak positions of the energy
spectrum in the incident region 0 exhibit a noticeable
shift compared to region 12, particularly at energies
above 365 keV. This shift can be attributed to several
factors. Firstly, when y-rays interact with the crystal,
they ionize and excite the atoms within the crystal.
During the subsequent de-excitation process, pho-
tons are generated, and subsequently visible light is
absorbed, refracted, and reflected within the crystal.
The edge position of the energy spectrum is more
susceptible to the effects of backscattering. Secondly,
the photons within the crystal are influenced by the
crystal’s structure and physical properties, which
can affect the direction of their propagation and
result in light losses. These factors contribute to
spatial inconsistencies in the detector’s intrinsic
properties, leading to a position-dependent energy
response to y-rays.

As the thickness of the crystal increases, the
detector acquires the capability of depositing
higher energies, and the impact of backscattering
and refraction on the energy spectrum decreases.
Consequently, the energy spectrum becomes less
influenced by the position-dependent effects as men-
tioned earlier. This is supported by the observation
that as the crystal thickness increases, the shift in
peak positions becomes less pronounced.

The simulation study takes the energy spectrum
peaks from the 25 incident regions of detectors with
different sizes in order to address the significant peak
shift observed in the edge region for medium-high
energy (Ey >365 keV) peaks. The energy spectrum
peak in the incident region 12 is considered as the
standard peak. Using Eq. (1), the difference between
the energy spectrum peaks in the other 24 incident
regions and the standard peak is calculated and
summed up to obtain the sum of offsets for each re-
gion, and the obtained results are presented in Fig. 4.

(a) Slmm=51mmxSmm (b) SImm=5imm=8mm

Sum of offsets
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(d} 102mmx 102mm=Smm

¢) Slmm=51mm=11mm

— o e -

Fig. 4. Mapping of the sum of peak offsets for different
detector sizes.

(1) Z, =Y, Y]

where Z,; is the sum of the peak offsets in the incident
region i, Y}, is the energy spectrum peaks above
365 keV in the incident region 12, Y; is the energy
spectrum peaks above 365 keV in incident region
i, andj = 1~5 is the energy spectrum peaks above
365 keV in each of the five incident regions.

It can be seen from the results that the peak in-
consistency caused by different incident positions is
common in the measurement of monolithic crystal
detectors and the amount of peak offset varies for
each incident region. According to Fig. 4(a), the
51 mm X 51 mm X 5 mm detector, for example,
shows a small offset at the center and a large offset
at the edges, which reflects a proportional relation-
ship between the offset and the distance from the
center. The more marginal the peak shift, the more
severe it is. This is because y-rays are more likely to
backscatter and refract with backscattering materials
when interacting at the edge of the crystal, and sec-
ondly, the physical structure and nature of the crystal
also affects the propagation of photons within the
crystal, resulting in a loss of ray energy, incomplete
collection, and a positive relationship between offset
and distance from the center. The other three sizes
of detector offsets have the same distribution law,
the phenomenon of a positive relationship between
the offset and the distance to the center point. The
distribution law also reflects the fact that when
the crystal thickness is constant, the sum of the
energy spectrum peak offset in the same detection
region decreases as the crystal area increases; when
the crystal area is constant, the sum of the energy
spectrum peak offset in the same detection region
decreases as the crystal thickness increases.

When y-rays interact with the crystal, several
processes such as scattering and refraction occur.
Additionally, the properties of the SiPM in terms
of light absorption and transport contribute to the
characteristics of the y-energy spectrum obtained by
the detector. These factors result in several effects,
including a shift in peak position, poor consistency
of peaks, and compression of the full energy peak at
the edge of the detector position. As a consequence,
the energy resolution of the detector is compromised,
as depicted in Fig. 5.

Figure 5 demonstrates that the energy resolution
is very poor in the edge region compared to the cen-
ter region for different detector sizes. For instance,
when the detector area is 51 mm X 51 mm with
a thickness of 5 mm, the energy resolution of the
662 keV characteristic peak in the incident region 0
is 4.58%, while in the incident region 12, it is 3.92%.
Similarly, when the detector area is 102 mm X
102 mm with a thickness of 5 mm, the energy reso-
lution of the 662 keV characteristic peak in region
0is 4.18%, and it is 3.92% in region 12. The larger
crystal area leads to higher detection efficiency and
better energy resolution, resulting in the former
having a poorer energy resolution than the latter.
When the detector area is 51 mm X 51 mm with
a thickness of 8 mm, the energy resolution of the
662 keV characteristic peak in region 0 is 4.62%,
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Fig. 5. Comparison of Cs-137 662 keV energy spectra.

and it is 4.31% in region 12. Moreover, when the
detector area is 51 mm X 51 mm with a thickness of
11 mm, the energy resolution of the 662 keV char-
acteristic peak in region 0 is 4.53%, and it is 4.26%
in region 12. The latter case exhibits better energy
resolution than the former because thicker crystals
allow for more complete energy deposition of the
rays, thereby improving energy resolution within
a certain thickness range where the rays scatter and
refract with the crystal. Consequently, due to the
mentioned factors, as the thickness and area of the
detector crystal increase, the detected ray energies
become closer to the energies of the emitted rays.

Correction matrix for peak shift function

In this study, a “position-energy” response model
was established to analyze the y-energy response
spectra of the 25 incident regions in the entire detec-
tor using crystals of different sizes. Here the focus
of correction was on the peak positions of energy
spectra above 365 keV. The peaks above 365 keV
were extracted from each energy spectrum, with
the peaks in the incident region 12 serving as the
reference standard peaks. It was found that the peak
position of the energy spectrum in each region of the
same size detector is linearly correlated to the peak
position at the center y = kx + b. For instance, in
the case of a 51 mm x 51 mm X 5 mm crystal, the
peak level of the energy spectrum (Ey >365 keV) in
the incident region 0 exhibited a linear correlation
with the peak level of region 12, as depicted in Fig. 6.

Figure 6 exhibits the linear relationship between
the peak levels of the energy spectrum in incident
region 0 and the peak levels of the energy spectrum
in the incident region 12. The linear relationship is
y = 1.11x + 3.07, where k = 1.11, b = 3.07, and
R?*(COD) = 0.9999. Therefore, this simulation
study establishes the correction function matrices
with respect to different detector sizes separately.
A binomial parametric fitted straight line is estab-
lished between the energy spectrum peak level in re-
gioni (Ey >365 keV) and its corresponding detector

related to the peak position of the no. 12 (central) inci-
dent region of the 51 mm X 51 mm X 5 mm crystal in the
no. 0 (edge) incident region.

peak level in the incident region 12 (Ey >365 keV),
and the linear relationship is expressed as:

()

where Y is the energy spectrum peak position in
the incident region 12, X; is the peak position in the
incident region i, k; is the slope in region i, and b; is
the intercept in the incident region i.

The position and energy information of the inci-
dent particle is obtained according to the positioning
algorithm. When the incident ray is irradiated in
region i, the (k,b) of the corresponding region is
matched according to the established correction
function matrix, and the peak position of the cor-
responding region is corrected, thus correcting the
whole detector energy spectrum.

Y=kiXX,‘+bi

_(kll’bll) (k15’b15)_
(kZI’b21) (k257b25)
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Results and discussion
Peak level correction

Based on the correction function matrix obtained
from the simulation study for different sizes of crys-
tal detectors, the energy spectrum (Ey >365 keV)
peak positions were corrected for each incident
region at different sizes, and the correction results
are shown in Fig. 7.

Figure 7 clearly demonstrates the reduction in
the offset of the energy spectrum peak positions
achieved through the correction function matrix,
thus highlighting its effectiveness in correcting the
energy spectrum peak positions for different detector
sizes. The results indicate significant improvements
in offset reduction and are as follows:
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Fig. 7. Plot of the sum of the peak offsets of the blocks

in the different detector sizes with respect to the central
position.

1) For the 51 mm X 51 mm X 11 mm detector
(Fig. 7a), the total offset is reduced from 48.43
to 17.48.

2) For the 51 mm X 51 mm X 8 mm detector
(Fig. 7b), the total offset is reduced from 40.26
to 6.91.

3) For each region of the 51 mm X 51 mm X 5 mm
detector (Fig. 7c), the total offset is reduced from
71.62 to 7.76.

4) For the 102 mm X 102 mm X 51 mm detector
(Fig. 7d), the maximum offset is reduced from
71.62 to 7.76.

Comparing the results of Fig. 7(a), (b), (c), and
(d), it is evident that the correction function matrix
is particularly effective in correcting areas with larger
offsets, with the greatest effectiveness observed in
the 51 mm x 51 mm x 5 mm detector.

Comparison of energy resolution corrections

In this simulation study, the Cs-137 point source is
utilized as an illustrative example. Using the cor-
rection function matrix derived from the simulation
study, the peak positions of the energy spectrum in
different incident regions are individually corrected.

This correction process yields the energy spectrum

of the Cs-137 point source, as well as the energy

resolution at 662 keV before and after the overall
detector correction. Figure 8 exhibits the visual
representation of the obtained results.

As can be seen in Fig. 8, the detector’s own
matching correction function matrix is universally
applicable, and the correction function matrix not
only corrects the energy spectrum peak position
well, but also improves the energy resolution of the
detector with a Cs-137 point source of 662 keV. So,
for a Cs-137 point source of 662 keV:

1) The energy resolution of the 51 mm x 51 mm X
5 mm detector can be improved from 4.54% to
3.92% after the peak correction;

2) The energy resolution of the 51 mm X 51 mm X

Energy (keV)

Fig. 8. Comparison of energy resolution before and after
correction for different detector sizes (Cs-137 point
source).

8 mm detector can be improved from 4.57% to

4.31%;

3) The energy resolution of the 51 mm X 51 mm X
11 mm detector can be improved from 4.57% to
4.31%; and

4) The energy resolution of the 102 mm X 102 mm
X 5 mm detector can be improved from 4.53%
to 4.22%.

Notably, the correction function matrix exhibits
aweaker correction effect for positions with smaller
peak offsets. This can be attributed to the fact that
larger crystal sizes result in more efficient energy
absorption by the crystal during ray interactions,
leading to energy spectrum peak positions that are
closer to the simulated ray energy.

Energy linearity comparison

The linearity of the energy of y-rays and the pulse
amplitude characterizes the energy linearity index
of the y-spectrometer [25], and the linearity directly
affects the determination of the energy of y-rays and
the ability and accuracy of the identification of nu-
clide species by the spectrometer. Generally speak-
ing, the relationship between the energy of y-rays and
the address of the all-energy peak height channel can
be expressed as a linear function, which is

(4) E=A + Bh

In this simulation study, the Monte Carlo pro-
cedure emits rays in the energy range 0-1332 keV,
therefore this simulated detector energy linear
function relationship is only applicable in the range
0-1332 keV. In the equation, E (keV) is the energy
emitted by the simulation, # (keV) is the energy of
the rays collected by the simulated detector, and the
effect of this correction method on the energy linear-
ity is determined by comparing the deviation from
the energy linearity of different detector sizes before
and after the correction. Table 3 shows a comparison
of the deviation from energy linearity before and
after correction for different detector sizes.
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Table 3. Peak channel addresses and energies (0-1332 keV)
for different detector sizes before and after correction

Detector Linear deviation Corrected linear
crystal size before correction deviation
(mm?®) (%) (%)

51 x51 x5 1.9 1.1
102 x 102 x 5 2.1 1.7
51 x 51 %8 1.6 1.4
51 x 51 x 11 2.1 1.2

According to Table 3, it is clear that the peak
energy corrected by the correction function ma-
trix is closer to the energy of the emitted rays. By
comparing the energy linearity of the four different
detector sizes, it can be concluded that the method
is effective in improving the energy linearity match
of the detectors, resulting in a significant reduction
in the linearity deviation. For incident ray energies
in the range 0-1332 keV, the linearity deviation can
be reduced from at least 1.6% to 1.4%, reducing the
linearity error by 0.2%, and the linearity deviation
can be reduced from at most 2.1% to 1.2%, shrinking
the linearity error by 0.9%.

Summary

From the simulation study, it is found that when
monolithic crystal detector obtains energy spectrum,
in addition to the “temperature drift” caused by
the temperature of electronic components such as
crystal and SiPM, the incident position of y-rays (the
response position of the detector) will also affect the
consistency of the energy spectrum peak leading to
lower spectral resolution and deterioration of the
linear energy. For certain systems with fixed region
of interest (ROI), there is a reduction in the number
of particles in the ROI, which affects the measure-
ment accuracy and increases the measurement error.
Therefore, based on monolithic LaBr;(Ce) detectors
of different sizes, the effective detection region of
the detector is divided into 25 regions, and the “en-
ergy spectrum-position” response offset correction
model is established. The energy spectral peak of
the corresponding incident region is corrected by the
established correction coefficient matrix. In practi-
cal applications, the detector must obtain the energy
position information of the incident rays, and at the
same time, it must use different radioactive sources
to calibrate the energy spectrum of the detector in
different incident regions, obtain the (k,b) correction
function matrix, and solidify the correction func-
tion matrix into the field programmable gate array
(FPGA), so as to obtain the (k,b) corrected energy
spectrum according to the energy position informa-
tion and the (k,b) correction function matrix.

The simulation study found that when the radia-
tion energy is >365 keV, the further the radiation
incident position is from the center of the detector,
the more incomplete the radiation energy deposi-
tion is and the more serious the peak position shift
is; the higher the radiation energy, the more serious
the peak position shift is. The higher the ray energy,

the more deviated the position, the better the peak
correction effect, and the corrected peak position
matches the peak position at the center. The energy
resolution of the 662 keV characteristic peak for the
Cs-137 point source can be improved from 4.5%
to 3.9%, an improvement of 0.6%, and the energy
linear deviation is reduced from 2.1% to 1.2%,
a reduction of 0.9%. Further, we can conclude that
the simulation study has improved the peak con-
sistency, improved the energy resolution, reduced
the energy linearity deviation, reduced or even
eliminated the “position-spectrum” drift, and laid
a good foundation for nuclide identification, linear
scaling, and energy spectral imaging.
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