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Simple Summary: Proper exposure monitoring of medical radiation workers is a crucial issue. This
study focuses on optimizing a portable prototype monitor that provides accurate real-time gamma-
ray energy spectrum and dose-rate measurements simultaneously. By comparing different sizes of
CsI(TI) scintillators, we aim to balance measurement accuracy and device portability. Our findings
show that a crystal size of 2.6 x 2.6 x 1.3 cm3 offers a practical combination of detection efficiency
and energy resolution while significantly reducing the overall weight and size of the monitor. This
advancement marks a significant step in the development of this monitor and can also aid in the
development of more efficient radiation-monitoring devices for medical radiation workers.

Abstract: Current radiation dosimeters sometimes face accuracy limitations or provide only cumu-
lative doses over long periods. To contribute to this area, we developed a portable monitor that
measures the energy spectrum and dose of gamma rays in real time. To achieve this, we used an
improved sequential Bayesian estimation algorithm. The dose rate was then derived from the energy
spectrum by applying a flux-to-dose conversion coefficient. The monitor consists mainly of a CsI(T1)
scintillator and a multi-pixel photon counter (MPPC). In developing this device, we focused on
striking a balance between measurement accuracy, ease of use, and portability. As an essential aspect
of the research, we investigated the influence of the CsI(T1) crystal size on the performance of the
monitor to determine an optimal size. This was accomplished by calculating the detection efficiency
and energy resolution through experimental measurements using standard gamma-ray sources and
simulations using MCNP5. Within the scope of the research, detector response functions were created
for each crystal size for an energy range of 10 keV to 3 MeV. Considering an optimal balance of
detection efficiency and energy resolution alongside a compact size suitable for portable applications,
the crystal measuring 2.6 x 2.6 x 1.3 cm3 was deemed preferable.

Keywords: gamma spectroscopy; scintillation detector; CsI(T1); occupational radiation exposure;
dose monitoring; Monte Carlo; unfolding; dosimeter; radiation protection

1. Introduction

Radiation plays a major role in the medical field, both in diagnosis (PET, CT, X-rays,
and radiopharmaceuticals) and treatment (radiation therapies) [1]. Consequently, proper
solutions to measure the radiation field, training, and monitoring the exposure of patients
and staff are essential [2-4]. Current devices can measure the dose rate or display the
pulse-height distribution of gamma rays or provide a cumulative dose measurement over
an extended period (1-3 months). However, there are reports regarding inaccuracies of
measurements [5] and overestimations or underestimations due to calibration [6-9]. Results
of evaluations like those conducted by the International Atomic Energy Agency (IAEA)
have indicated that there is room for improvement in terms of accuracy, such as in the case of
whole-body dosimeters [9]. Medical radiation workers sometimes misuse dosimeters or fail
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to wear them consistently, highlighting the need for devices that are easy to use and make
their exposure apparent [10-14]. Improvements in radiation protection, even when doses
are within acceptable limits, are necessary [15]. Additionally, the IAEA suggests increasing
the use of active dosimeters because passive types are more common [14]. Increasing the
understanding of medical professionals who are not knowledgeable in radiation is also
highly desirable [14]. Real-time visual information regarding dose exposure has been shown
to raise awareness among medical staff and help create a safer working environment [16].
Considering the above, an easy-to-use device that shows the spectrum of gamma rays and
the dose received in real time can be beneficial to this aspect.

Despite their wide application, currently available radiation dosimeters have vari-
ous limitations, such as measurement accuracy (dose underestimation and poor energy
response at low energies below 100 keV) [5]. Underestimations of personal dose equiva-
lents and inaccuracies in dose-rate measurements at very low or high energies are known
issues [14] Radiation badges, for example, are lightweight but only measure total doses
over a certain, usually month-long, period, thus providing no real-time information [17].
Larger-scale reviews have revealed issues such as insensitivity to higher than background
dose rates, unstable readings, and display saturation. Some dosimeters have been deemed
inadequate for use or nearly unsuitable for their intended applications [18]. Devices like
Nal(Tl) survey meters can provide real-time dose rates but are not wearable. As they are
calibrated to a single energy point, like the 662 keV of 13Cs, measurements of energies
far from that value lead to overestimations or underestimations of the dose rate [7]. Even
lighter devices (90-300 g) like the DMC 3000 or RDS 30 (Mirion Technologies, Atlanta,
GA, USA) can exhibit high deviations at energies far from the usual calibration point of
0.662 MeV (137Cs). Devices capable of displaying both the pulse-height spectrum of gamma
rays and the dose rate, such as the RayMon10 (Kromek, Durham, UK), typically weigh over
1kg.

To address these issues, we designed a prototype gamma-ray spectrum and dose-rate
monitor that combines the best features of both dosimeters and spectrometers. It consists of
a thallium-doped cesium iodide (CsI(Tl)), a crystal, a multi-pixel photon counter (MPPC),
an amplifier, and a multi-channel analyzer (MCA). In addition to using the flux-to-dose
conversion coefficient for accurate dose estimations across a wide range of gamma rays,
our monitor can display the unfolded (or “deconvoluted”) energy spectrum of gamma
rays in real time, which is a feature that is not present in commercial monitors. Viewing
the unfolded gamma-ray energy spectrum (and not just the pulse-height distribution) is
helpful for the identification of different gamma-ray sources as performing the unfolding
of gamma-ray spectra removes various distortions and artifacts, restoring the true spectral
shape [19]. We aimed for the final configuration to be similar to a modern smartphone in
terms of compactness, wearability, and weight (~250 g).

The prototype monitor was tested up to a gamma-ray energy limit of around 3 MeV,
a common value for medical applications and commercial dosimeters like the RDS 30
(Mirion Technologies, Atlanta, GA, USA), Radeaglet-R (ORTEC, Oak Ridge, TN, USA), and
DKG-09D (SPC Doza, Moscow, Russia) [20]. So far, we have investigated the applicability
of the prototype monitor used in this study and performed detection efficiency and energy
resolution investigations for crystals of sizes 3 x 3 x 3 em® [21] and 2.6 x 2.6 x 2.6 cm? [7].
We have determined the detection efficiency and energy resolution, and compared the de-
tection efficiency with simulation results using MCNP5 (Monte Carlo N-Particle transport
code) [21,22]. Different types of evaluation experiments have been conducted using stan-
dard gamma-ray sources (}3*Ba, 13”Cs, 22Na, and ®’Co) and background radiation levels
(0.07-0.08 uSv/h) [7]. These experiments verified the accuracy of the dose-rate results by
comparing them with theoretical values. With the 2.6 x 2.6 x 2.6 cm? crystal, dose rates
from standard gamma-ray sources (**’Cs, 22Na, and ®’Co) could be immediately estimated.
Additionally, the dose rate in background radiation conditions could be estimated in 20 s.
The results also demonstrated that our measurements were more accurate compared with
those obtained using a Nal survey meter. In that research, this was confirmed through
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comparisons with theoretical dose rates. Measurements in front of a nuclear fuel storage
room (2 uSv/h) confirmed that the unfolding process could be successfully performed in
real time, even in more complex environments with a continuous spectrum and various
gamma-ray peaks [7]. A detailed description of the in-house programs utilized, as well as
screenshots of the monitor’s display, can be found in Voulgaris et al. [23]. We are currently
supporting the company EMF Japan to develop and commercialize the device.

This study focused on reducing the size and weight of the prototype monitor to
enhance portability and usability and to reduce developmental costs. The results are useful
for the overall development of similar devices. For scintillators like CsI(Tl), larger crystal
sizes—and, by extension, a larger total volume—generally improve the detection efficiency
and energy resolution of the detector [1,24-27]. Our goal was to find an optimal balance
between weight, volume, and performance. We conducted experiments and simulations to
calculate the detection efficiency and energy resolution and to create response functions of
the monitor for various CsI(Tl) crystal sizes. Additionally, measurements of the dose rate
were obtained, with a particular focus on how quickly the dose rate converged to a stable
value, even in very low dose-rate (background) conditions.

2. Materials and Methods

Scintillation detectors have been extensively characterized and tested for their me-
chanical properties and applications [28]. CsI(Tl), which has been thoroughly studied, was
chosen for its low hygroscopicity, reliability in gamma-ray detection, and maximum emis-
sion wavelength, which makes it suitable for use with an MPPC [1,29-32]. The materials
used in this study included a C14047-9956 MPPC (Hamamatsu photonics, Hamamatsu,
Japan) [33], an ORTEC575A amplifier (ORTEC/AMETEK, Oak Ridge, TN, USA) [34], and
an MCAS8000D multi-channel analyzer (AMETEK, Oak Ridge, TN, USA) [35]. In a feasi-
bility study by Kobayashi et al. [21],a 3 x 3 x 3 cm? crystal was utilized. Recent research
followed this with the use of a crystal 2.6 x 2.6 x 2.6 cm? in size (80 g weight and 17.5 cm?
volume) [7,23].

To create a wearable final product, we investigated smaller crystals to reduce the size
and weight. We evaluated 2.6 x 2.6 x 1.3 cm® (39.6 g weight and 8.8 cm® volume) and
2 x 2 x 2.cm? (36.1 g weight and 8 cm? volume) crystals. The weight difference between
the smaller and larger crystals was significant as we intended that the final device should
be similar in size to a modern smartphone and wearable, with a predicted total weight
of around 250 g. Thus, it was important to investigate the performance of smaller and
lighter crystals.

The protocol of covering a crystal with Teflon tape, vinyl tape, and aluminum tape is
well established [26,36,37], as described by Kobayashi et al. [21] and used in subsequent
research by Nishimura et al. [7]. Figure 1 shows a schematic diagram of the main compo-
nents of the monitor, primarily the MPPC and CsI(Tl) crystal connection. The setup was
completely shielded from ambient room light [1] with a black cloth.

| Amplifier jmsp| MCAS000D | PC |

Y Connector board

| MPPC C14047 module | A14048-64

Figure 1. Schematic diagram of the prototype monitor featuring a photograph of the 2.6 x 2.6 x 2.6 cm®
CsI(T1) crystal and the connection to the MPPC array, module, and connector board.
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In the following sections, we describe the methods of energy-spectrum and dose-
rate estimations as well as the response-function creation process. Before the experiment,
we examined how the detection efficiency changed with crystal thickness using Monte
Carlo calculations and MCNP5. In this investigation, we calculated the full-energy peak
efficiency (or simply, the peak efficiency), which only accounts for the interactions that
deposit the full energy of incident radiation. It is defined as the ratio of the number of
counts in the full-energy peak (photopeak), divided by the number of gamma rays emitted
by the source [1,38]. Throughout this work, the pulse-height spectra of measurements were
compared with those calculated using MCNP5 to ensure agreement [24].

2.1. Sequential Bayesian Estimation and Energy-Spectrum Unfolding

When gamma rays are incident on a detector crystal, they interact with the material,
leading to the emission of scintillation photons. These photons are detected by the MPPC
and converted into electrical signals [39]. After amplification, the signal is fed to the
MCAS8000D. The obtained pulse-height spectrum can then be viewed on a PC. To estimate
the energy spectrum in real time from the measured pulse-height spectrum, a process
known as unfolding or spectral deconvolution is performed. Unfolding can be achieved by
solving the inverse problem linking the pulse-height spectrum, the energy spectrum, and
the response function of the detector, as described by Equation (1) [1,7,19,40].

n
yi =Y Rijg; 1)
=1

where y; is the pulse-height spectrum of incident gamma rays, R;; is the detector response
function, and ¢; is the energy spectrum of incident gamma rays.

The principle of the sequential Bayesian estimation and its application in radiation
measurements have been described in detail in previous publications [7,21,23]. Our research
group improved upon the existing sequential Bayesian estimation method (« method), the
application of which has been established in radiation measurements by Iwasaki [41] and
Nauchi et al. [42].

The posterior probability of the energy spectrum is estimated whenever a new signal is
counted. The posterior probability becomes the next prior probability used in the sequential
Bayesian estimation. In a normal Bayesian estimation, according to the Bayes theorem, the
posterior probability is described by Equation (2).

¢M4=4lgﬁif 2)
I Y 1 Rippl

where q)]N *1is the energy spectrum revised by the latest detected count, (p]N is the estimated
energy spectrum before the last count (prior probability), and N is the count number.

As the count rate affects convergence, and the original method’s convergence of the
estimation was very slow, a sequential Bayesian estimation (or « method) was developed,
described by Equation (3). We made an improvement by introducing a parameter k that
changed depending on the count rate, thus naming it the k-« method [7,23]. Specifically for
the k-a method, the energy spectrum is derived from Equations (3) and (4).

Rijp}
N+1 _ N ]7j
o =1—-a)p) tag—— 3)
I LY RN
1+ kN
n= (4)

where « is an index related to the effect of prior to posterior probability, (p]N +1 s the energy

spectrum revised by the latest detected count, gojN is the estimated energy spectrum before
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the last count (prior probability), and N is the count number. A revision is conducted with
each count (each pulse-height signal at channel ). By assigning the posterior probability
as a prior probability for the new data, successive estimations are possible. With this
k-o method, the energy spectrum is estimated in real time for each count during the
measurement. The dose rate is then derived by applying a dose conversion coefficient to
the estimated energy spectrum.

2.2. Dose-Rate Calculation

To calculate the dose rate from the estimated pulse-height spectrum, the flux-to-dose
conversion coefficient is used [43]. The formula is as follows:

D=%Y" 4. & (5)
T j=1"1 gT’

where D represents the dose rate (uSv/h), j indicates the energy bin, d; is the effective
dose rate per unit fluence [(uSv/h)/(cm~2 - s71)] (this is the flux-to-dose conversion
coefficient) [18], Cj is the number of counts in energy bin j of the spectrum, S is the surface
area of the detector (cm?), and T is the measurement time (seconds). This approach allows
for higher accuracy in dose-rate estimations compared with methods calibrated against a
single reference point, such as '¥Cs for Nal survey meters [6,7,44].

2.3. Response-Function Creation

To solve the unfolding problem and apply the sequential Bayesian estimation method,
creating a response function is necessary [44,45]. The process includes the following:

e  Using MCNP5 to model the experimental setup and perform simulations to create an
initial response function for the measured energies;

e  Using standard gamma-ray sources (1¥Cs, ??Na, and ®’Co) to measure the full width
at half maximum (FWHM) of energy peaks;

e  Establishing a relationship between the measured FWHM and energy peaks to calcu-
late the standard deviation (o) for the Gaussian distribution, modelling the detector’s
energy resolution;

e  Applying the Gaussian distribution to blur (or “smear”) the MCNP5-derived response
functions according to the detector’s energy resolution, accurately reflecting its re-
sponse to gamma rays;

e  Verifying the adjusted response functions against actual measurements for validation,
then computing the response functions across the required energy range to form
a comprehensive response matrix, which is used for the real-time unfolding of the
gamma-ray energy spectrum according to Equation (1).

Obtaining the response function of a detector through measurements is challenging,
so Monte Carlo methods are commonly utilized for the creation of accurate response
functions [46-48] and MCNP is one of the many established Monte Carlo methods [21,45].
The response function of a detector for monoenergetic gamma rays exhibits a Gaussian
distribution with a standard deviation o. This is a common practice in scintillation detector
applications [1,48-50]. To simulate the response function, Monte Carlo calculations were
performed using monoenergetic gamma rays up to 3 MeV. Due to electronic interference,
crystal impurities, and other parameters, accurately creating the response function requires
the “smearing” of the MCNP5-calculated response function, with a Gaussian distribution
according to the energy resolution of the detector [1,51,52]. This process adjusts the response
function to reflect the detector’s actual performance. Experimental measurements are
necessary for verification.

We connected each crystal to the MPPC and performed measurements using standard
sources of 137Cs, 22Na, and %9Co. The detector-to-source distance was 10 cm. From the
pulse-height spectra, we obtained the FWHM of each peak of '3’Cs (662 keV), ?Na (511 and
1274 keV), and %°Co (1173 and 1332 keV) as well as the relationship between Hy (median
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peak) and the FWHM. This relationship allowed the calculation of o for each Hy, from
which the Gaussian distribution formula was derived. For verification, we compared the
measurement results of the standard sources with the results of MCNP5. After confirming
a good agreement between the experimental value and the calculated value, the necessary
response functions from 10 keV to 3000 keV were created.

We compared the performance of the following three different crystal sizes:
26 x26x26cm3 2 x 2 x2cm?, and 2.6 x 2.6 x 1.3 cm®. This comparison focused
on the detection efficiency and energy resolution. This assessment helped us to determine
the acceptable performance levels for the application and evaluated the practicality of the
prototype monitor. Additionally, as portability was important, we investigated if a very
small crystal could estimate the dose rate in under a minute when measuring in the lowest
dose field, the background. As mentioned in Section 1, with a 2.6 x 2.6 x 2.6 cm? crystal,
the background dose was estimated in 20 s [7]. The experimental setup of the standard
sources and detector for the 2.6 x 2.6 x 1.3 cm? crystal can be seen in Figure 2.

x
Standard
gamma-
7, ray

Figure 2. Experimental setup using the 2.6 x 2.6 x 1.3 cm? CsI(Tl) crystal.

/
74
Z s

3. Results
3.1. Detection Efficiency

As mentioned in Section 2, we investigated the peak efficiency, which counted the
interactions forming the full-energy peak in the pulse-height spectrum. Figure 3 displays
the simulation results of the peak efficiency for CsI(Tl) crystals with the same volume but
varying thicknesses. For this simulation, a point source of 13’Cs positioned 10 cm away
from the surface of the CsI(T1) crystals was used. The results showed that the crystals with
a thickness of approximately 1-1.3 cm exhibited a slightly higher detection efficiency.

0.300
® MCNP5 Simulation

0.275 ®  Experimental Data
5 0.250
g
@ 0.225
2
£ 0.200/ .
w
=
T 0.175
(]

& 0.150

0.125

0.100556 0.75 1.00 1.25 1.50 1.75 2.00

Thickness of CslI(TI) Crystal (cm)

Figure 3. Full-energy peak efficiency of CsI(T1) crystals with fixed volumes and varying thicknesses.
Source: 137Cs at a distance of 10 cm. Statistical error: <1%.
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3.2. Energy Resolution

To assess the impact of the CsI(Tl) crystal dimensions on energy resolution, the
results for three different sizes were compiled, as demonstrated in Figure 4. In the
2.6 X 2.6 x 1.3 cm?® crystal, the light-receiving unit of the MPPC was always mounted
on the wide surface (2.6 x 2.6 cm?); (D and (2) denote the gamma-ray incident surfaces
(wide and thin, respectively).

L Ml 2.6%2.6x%2.6
10 W 2x2x2
- B 26x26x130Q
= ' m 26%x26x13(Q)
&
~ L N
e 9
S i
g :
: s \
|
@ n |
(-3 -
)
n
G 7 = "
&
w 'R
6 1
0.6 0.8 1. 1.2

0
Gamma-Ray Energy (MeV)

Figure 4. Energy resolution by size of CsI(Tl) crystal. For the 2.6 x 2.6 x 1.3 cm3 crystal, the MPPC
was mounted on the wide surface (2.6 x 2.6 cm?). D and @) denote the incident gamma-ray surfaces
(wide and thin, respectively). Sources: 137Cs, ??Na, and ®°Co at a 10 cm distance.

3.3. Pulse-Height Spectra Comparison

Figure 5a,b show the comparison between the measured pulse-height spectra and
the results calculated using MCNP5 for a ?Na source positioned 1 m from the CsI(T1)
crystal. Both figures show matching trends, particularly in the photopeaks, demonstrating
good agreement.
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-
5]
I3
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(Count/MeV/source)
g

...
2

107

0.0
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e Experimental Measurements * Experimental Measurements
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MCNP MCNP
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o,
g5 :
£ .| ¢
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1077
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Energy (MeV) Energy (MeV)
(a) (b)

Figure 5. Comparison of measured pulse-height spectra of ??Na at a 1 m distance and MCNP5
simulation results for 2 x 2 x 2 cm? (a) and 2.6 x 2.6 x 1.3 cm® (b) CsI(T1) crystals. Statistical
error: <1%.

3.4. Response Functions

Following the process described in Section 2.3, we created response functions for both
crystal sizes over an energy range from 10 keV up to 3 MeV. Some of the created response
functions with a step of 0.5 MeV are shown in Figure 6a,b. In these figures, the response-
function curves of 1, 2, and 3 MeV are highlighted to differentiate between the energy
levels and make apparent how the response changed with higher energies. Specifically, the
response-function curve for 1 MeV is shown in red, 2 MeV is shown in green, and 3 MeV is
shown in bold grey.
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Figure 6. Response functions of the prototype gamma-ray monitor up to 3 MeV using 2 x 2 x 2 cm?
(@) and 2.6 x 2.6 x 1.3 cm® (b) CsI(T1) crystals.

3.5. Dose-Rate Estimation in the Background

To evaluate the dose results in the lowest radiation field (background), Figure 7a,b
show that accurate estimations could be achieved in just 35 s, even with crystals of half the
original volume. For comparison, the dose rate with the 2.6 x 2.6 x 2.6 cm? crystal was
estimated in 20 s.

0.04

0.14
2x2x2cmd 2.6 x2.6 x1.3cm?
z 012
& 010
0.08 % i
0.06 £0%
) % 0.06
H
-]
0.04
0.02
10 20 40 60 70 80 920 100 110 120 10 20 30 40 50 60 70 80 90 100 110 120
Time (s) Time (s)
(a) (b)

Figure 7. Dose rate estimation results in the background (blue line) for 2 x 2 x 2 cm? (a) and 2.6 x
2.6 x 1.3 cm® (b) CsI(T1) crystals. Convergence achieved around 35 s.

4. Discussion

This study investigated the effects of different sizes of CsI(T1) crystals in a prototype
gamma-ray monitor to enhance its portability. Response functions were created for each
crystal size and the detection efficiency and energy resolution were compared across
different configurations. In terms of detection efficiency, a slight improvement was observed
for crystal thicknesses of around 1-1.3 cm (Figure 3). For energy resolution, using various
standard sources up to 1.3 MeV, the 2.6 x 2.6 x 1.3 cm® (with the wide gamma-ray
incident surface) and the 2.6 x 2.6 x 2.6 cm? crystals showed slightly better performances
compared with the 2.6 x 2.6 x 1.3 cm? (with the thin gamma-ray incident surface) and the
2 x 2 x 2 cm? ones (Figure 4).

The dose rate immediately converges when measuring standard gamma-ray sources.
To ensure the prototype monitor’s usability in low radiation fields such as background
conditions, we evaluated its performance in these settings. With the 2.6 x 2.6 x 2.6 cm?
crystal, the dose converged in 20 s, while in both the 2 x 2 x 2 cm® and 2.6 x 2.6 x 1.3 cm?
crystals, the dose rate converged in 35 s. This convergence time was acceptable, especially
given the smaller size and nearly half the weight, which enhanced the monitor’s portability
and ease of use. Specifically, the volume and weight of the smaller crystals were about half
of the 2.6 x 2.6 x 2.6 cm? crystal (17.6 cm® and 80 g), and 8.8 cm® and 39.6 g and 8 cm? and
36.1 g for the 2.6 x 2.6 x 1.3 cm® and 2 x 2 x 2 cm? crystals, respectively.

The similar volumes of the 2.6 x 2.6 x 1.3 cm3 and 2 x 2 x 2 cm? crystals indicated
that increasing the surface area—resulting in thinner crystals due to the constant volume—
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shortened the distance that the scintillation light had to travel to the photodetector. This
reduction in travel distance decreased the chance of photon absorption and scattering
within the crystal, thereby increasing the likelihood of photons reaching the photodetector.
As mentioned in Section 1, it is well established that larger scintillator crystals lead to
better performance. Consequently, thinner crystals (shorter optical path) can enhance light-
collection efficiency for events nearer to a photodetecting surface. Previous studies have
reported light output losses in thicker crystals [53] and deteriorated timing resolutions [54].
To determine the optimal size of a CsI(TI) crystal, it is necessary to consider the practical
application of the prototype monitor, including the performance, measurable energy range,
and portability.

Considering the aspects of size and weight as well as the performance evaluation
results, along with a background dose-estimation time that was significantly under a
minute and instantaneous for standard sources, the 2.6 x 2.6 x 1.3 cm? crystal size was
preferred. It offered superior detection efficiency and energy resolution compared with the
2 x 2 x 2 cm? alternative while being smaller and lighter than the 2.6 x 2.6 x 2.6 cm? one.
This progress represented a major milestone in the evolution of our monitor and contributes
to the creation of more effective radiation-monitoring devices for medical radiation workers.
Concurrent studies have successfully completed experimental verifications at around 3 MeV.
We are currently extending the prototype monitor’s application to energies up to 10 MeV
and investigating performance solutions in mixed fields of neutron and gamma rays. This
enables its use not only in standard medical accelerator facilities, but also in environments
such as boron neutron capture therapy (BNCT) facilities, where up to 10 MeV gamma rays
may be present.
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