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In medical applications of radiation, the priority is always the exposure and dosimetry of the patient. However,
medical workers are also frequently exposed to radiation. A variety of dosimeters are used by medical workers,
but they often have limitations. For this purpose, we are developing a lightweight monitor that can measure the
energy spectrum and dose rate of gamma-rays simultaneously and accurately in real-time. The monitor mainly
consists of a CsI(TD) scintillator coupled to an MPPC. To obtain the unfolded energy spectrum, we utilize an
improved sequential Bayesian estimation. This study experimentally confirms that the prototype monitor can

identify gamma-rays up to around 3 MeV, a common upper limit in medical environments using radiation. To
achieve this, we measured the 2.755 MeV gamma-rays emitted from 2*Na. As a result, the gamma-ray energy
peaks were displayed in real-time, and the dose rate was measured quickly and accurately.

1. Introduction

The use of radiation in medicine has increased dramatically in recent
years, encompassing therapies like gamma knife and brachytherapy as
well as those that utilize accelerators such as medical linear accelerator
(LINAC), proton, heavy-ion and boron neutron capture therapy
(Donadille et al., 2008; Sasaki and Fujibuchi, 2020; Matsumura et al.,
2022). Diagnostics such as positron emission tomography (PET),
computed tomography (CT) and radiopharmaceuticals comprise
another major part of the medical applications of radiation (Sasaki and
Fujibuchi, 2020). To minimize exposure, apart from shielding and
proper staff training, precise and real-time monitoring is necessary to
ensure safety for patients and staff alike (IAEA, 2018). Consequently,
various dosimeters and monitors are employed in radiation monitoring
(MoE, 2019). Current devices like electronic personal dosimeters
(EPDs), have advanced significantly in size reduction and enhanced
functionality such as dose rate alarms, yet can still face challenges such
as accuracy and susceptibility to electromagnetic interference (Ortega
and Ginjaume, 2000). Additionally, integrating personal dosimeters like
optically stimulated luminescence (OSL), thermally stimulated lumi-
nescence (TSL), and radiophotoluminescence (RPL) dosimeters provide
the total dose exposure over a set period, typically 1-3 months,

providing no real-time information (Lakhwani et al., 2019; Yamamoto
et al., 2020; Yanagida et al., 2022). There are also instances of incon-
sistent adherence to dosimeter usage among healthcare staff, despite
institutional efforts to promote safety (Qureshi et al., 2022; Lee et al.,
2022; Piotrowski et al., 2021). Furthermore, many dosimeters and sur-
vey meters are calibrated using a single standard gamma-ray source, like
137Cs which emits 0.662 MeV gamma-rays. These devices can exhibit
poor response at energies higher or lower than this calibration point
(Meier and Kappadath, 2015), leading to underestimation or over-
estimation of the dose rate, respectively (Nishimura et al., 2022). De-
vices capable of displaying the pulse height spectrum of gamma-rays, as
well as the dose rate, typically weigh over 1 kg, as is the case with the
RayMonl0 (Kromek, Durham, UK) and Radeaglet-R (ORTEC, Oak
Ridge, USA). Those that only display the dose rate are much lighter, such
as the DMC 3000, RDS 30 (Mirion Technologies, Atlanta, USA, 2023 and
2022 respectively) and DKG-09D (Buzhan et al., 2018) (SPC Doza,
Moscow, Russia, 2017), weighing around 90-300 g but can exhibit high
deviation at energies far from 0.662 MeV *%7¢s).

In this paper, we highlight the latest advancements made by our
research group in developing a portable gamma-ray monitor that strives
to provide an answer to the above issues. In response to the growing
need for effective radiation monitoring, the monitor used in this study
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can measure the energy spectrum and dose of gamma-rays simulta-
neously in real-time, combining the portability of a dosimeter and the
detailed information of a spectrometer, with the added benefit of dis-
playing the true gamma-ray energy spectrum, not just the pulse height
distribution. The unfolded energy spectrum contains the true informa-
tion of the incoming gamma-rays (Sarzi Amade et al., 2020), which aids
in easy radionuclide identification and mainly serves as a means to
calculate in real-time the dose rate, by applying a flux-to-dose conver-
sion coefficient to the unfolded energy spectrum (ICRP, 1997; Otto,
2016). Unlike the methods of some devices described above that are
calibrated with a specific nuclide like *’Cs, our method can provide
accurate readings at energies further away from this value as well
because the flux-to-dose conversion coefficient increases monotonically
with the increase of gamma-ray energy.

The primary objective of this research is to cater to medical radiation
workers and enhance their understanding and awareness of radiation
exposure. For this purpose the monitor is designed to be lightweight and
wearable, with the final size and weight estimated to be similar to a
modern smartphone (~250 g).

To realize the commercial potential of the monitor, we have
confirmed in studies conducted so far that the sequential Bayesian
estimation method can be used to measure the energy spectrum and dose
rate, thus verifying the feasibility of the methodology (Kobayashi et al.,
2017). The improved sequential Bayesian estimation, named k-a
method, has been compared with results obtained from the standard
sequential Bayesian estimation (« method) and evaluated with standard
gamma-ray sources (~6 pSv/h dose rates) (Murata et al., 2024). Addi-
tionally, the accuracy of the dose rate estimation has been confirmed in
various conditions. These include experiments in background (0.08
pSv/h), with standard gamma-ray sources (*33Ba, 1¥7cs, 22Na, °Co)
(Nishimura et al., 2022; Voulgaris et al., 2023) and in front of a nuclear
fuel storage room (2 pSv/h). The latter consisting of UO, pellets that
were used as critical assembly fuel and after 50 years emit complex
gamma-ray spectra, similar to that in a typical medical radiation field. In
summary, using the sequential Bayesian estimation method, unfolding
of the gamma-ray spectra and estimation of the dose rate can be suc-
cessfully performed not only in simple environments like the back-
ground or monoenergetic gamma-ray sources, but also in a more
complex environment where many gamma-rays are present (Nishimura
et al., 2022). However, the tested upper gamma-ray energy so far was
1.3 MeV, which does cover most gamma-ray emitting nuclides used as
radiopharmaceuticals (Alsaab and Zeghib, 2023; Nuclear Regulation
Authority, 2017), but not some high energy emitting nuclides like 1241
(1.691 MeV) (Bakshi and Chu, 2020). It also does not cover the full range
of energies present in facilities that utilize accelerators (Sharma and
Sarkar, 2020; Polaczek-Grelik et al., 2019).

This research aims to expand on our efforts so far and verify that the
prototype monitor can accurately display the unfolded energy spectrum
and the dose rate of gamma-rays with energies of up to around 3 MeV. In
the context of medical environments using particle accelerators, the
gamma-ray spectrum extends mainly up to about 3 MeV, as this range
includes most of the gamma-rays produced after operation, such as due
to the activation of accelerator components, and includes LINAC,
accelerator based neutron capture therapy, proton therapy, heavy ion
therapy and others (Polaczek-Grelik et al., 2019; Diugosz-Lisiecka et al.,
2023; Matsumura et al., 2022). Additionally, the normalization of
measurement ranges to a maximum of around 3 MeV, aligning with
standard practices in radiation monitoring (Moiseev and Lukina, 2020),
emphasizing the need for measuring instruments to cover this range to
ensure accuracy and reliability in various operational settings, like
medical facilities. Consequently, this value has been selected as the peak
energy range for various commercial dose rate meters, such as the
RDS-30 (Mirion Technologies, Atlanta, GA, USA, 2022), minitrace-y
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(Bertin Technologies, Paris, France, 2023), RadEye PRD series (Ther-
mo-Fischer Scientific, Waltham, Massachusetts, USA) for high dose rates
and DKG-09D (Buzhan et al., 2018) (SPC Doza, Moscow, Russia, 2017)
among others.

Since there are no available standard gamma-ray sources with such
high energies, we utilize the reaction of #’Al(n,0)**Na to produce
gamma-rays of energies 1368.6 keV and 2754.6 keV (Nakao et al.,
2021). The dose rate is measured with the prototype monitor, an Nal
survey meter and additionally, the theoretical dose rate value was
calculated. They are compared with each other to finally confirm the
effectiveness of the present monitor. As stated in prior publications in
the development of this monitor (Murata et al., 2024), the intended dose
range is approximately 0.05 pSv/h (background levels) up to 1 mSv/h,
corresponding to typical radiation levels encountered in medical and
controlled-area environments. A future goal is to extend this to 10
mSv/h.

2. Materials and methods
2.1. Materials

The prototype monitor primarily consists of a CsI(T1) scintillator (2.6
x 2.6 x 2.6 cm®, provided by I.S.C.Lab. CO.,LTD, Osaka, Japan), a multi-
pixel photon counter (MPPC, C14047-0436, Hamamatsu photonics,
Hamamatsu, Japan), an amplifier (ORTEC575A, ORTEC/AMETEK, Oak
Ridge, USA, shaping time 3 ps) and the DP5, a digital pulse processor
and multi-channel analyzer (Amptek Inc, Bedford, MA, USA) (AMPTEK).
MPPCs have been widely coupled with various scintillators (Kato et al.,
2013; Okazaki et al., 2023), including CsI(T1) (Torigoe et al., 2019; Jasni
et al.,, 2021), and have advantages in terms of their small size, being
lightweight and having high signal amplification gain and insensitivity
to magnetic interference (Kato et al., 2013; Kataoka et al., 2015). They
have high quantum efficiency and mechanical robustness, and are an
energy-efficient alternative to traditional photomultiplier tubes (PMTs)
with sensitivity across a wide wavelength range (Ghassemi et al., 2022).
Regarding the selection of scintillator material, CsI(T1) is known to be
compatible with MPPC in terms of maximum emission wavelength, it is
only slightly hygroscopic and has an affordable price (Jasni et al., 2021;
Knoll, 2010). It is an established material and multiple studies have
confirmed its applicability in radiation detection systems (Risse et al.,
2023; Pereira et al., 2015; Yanagida, 2018). It has also been applied
successfully to various portable hand-held gamma-ray detector systems
(Buzhan et al., 2018; Risse et al., 2023). Dead time was an important
consideration of the initial system design. The use of the DP5 digital
pulse processor reduces processing dead time and pulse pile-up. The
design criteria of the initial system design are expanded in further detail
in prior work introduced in section 1, covering feasibility investigations
(Kobayashi et al., 2017), experimental investigations (Nishimura et al.,
2022) and break down of the developed estimation method (Murata
et al., 2024).

A diagram of the setup is presented in Fig. 1, where the main com-
ponents can be identified.

Fig. 2 is a photograph of the main components of the prototype
monitor, where the CsI(T1) scintillator is wrapped in tape and lastly with
aluminum. Specifically, protective wrapping with white Teflon tape is
applied, which helps reduce light losses (Gramuglia et al., 2021) and has
been used with scintillation detectors like CsI(T1) (Vincent et al., 2023),
followed by black vinyl tape, and then aluminum foil wrapping, to shield
light coming into the crystal (Nishimura et al., 2022).

Gamma-rays are incident on the CsI(Tl) scintillator and are then
detected as voltage signals by the MPPC before they are amplified and
then reach the DP5 digital pulse processor. The MPPC array used has 64
(8 x 8) output channels but because we only required one output signal
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csi(T) Connector board (A14048-64)

placement MPPC (C14047-0436)
position )
T

L Amplifier

ORTEC575A

Fig. 1. Schematic overview of the complete prototype monitor setup. MPPC
(C14047-0436, Hamamatsu photonics, Hamamatsu, Japan), and DP5 (Amptek
Inc, Bedford, MA, USA).

. | Connector board A14048

MPPC C14047-0436 |

Fig. 2. Photograph of the main components of the prototype monitor CsI(T1)
scintillator (2.6 c¢cm® cube), MPPC (C14047-0436, Hamamatsu photonics,
Hamamatsu, Japan) and DP5 (Amptek Inc, Bedford, MA, USA).

from the scintillator, we extract the summed signal using the connector
board seen in Fig. 2. Unlike a traditionally used multi-channel analyzer
(MCA), the DP5 has the capabilities to internally store information about
the pulse height and time-stamp data and send it to the connected PC
(AMPTEK). Unlike a typical multi-channel analyzer, such as the
MCAS8000D, which can only store pulse height data, the DP5 stores both
pulse height and time data for each detected event and sends it in
real-time to the connected PC.

Apart from the prototype monitor, whose experimental setup is
shown in Fig. 3, in this research, we utilize a High Purity Germanium
(HPGe) detector (IGC 40190, Princeton Gamma-Tech Inc) and an Nal
scintillation gamma-ray survey meter (Hitachi ALOKA TCS-171, Tokyo,
Japan), both of which are verified detectors for such measurements
(Knoll, 2010). The prototype monitor setup was encased in lead
shielding, complemented by an additional layer of black cloth for
enhanced shielding from light.

EMF Japan Co., Ltd is currently developing the actual device, which
is being designed for wearability (such as around the neck), aiming for a
weight comparable to that of a smartphone (~250 g). It will also feature
a LED display to showcase the energy spectrum and dose rate data.

For the irradiation experiment, to produce gamma-rays with higher

Fig. 3. Setup for measurement with the prototype monitor. Sources were
placed 20 cm from the surface of the CsI(T1) scintillator.
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Neutron
source

Al foil

Fig. 4. Placement of the Al foil in front of the D-T neutron source at OKTA-
VIAN facility.

energy levels, a piece of aluminum plate measuring 2 x 2 x 0.1 cm® was
used. The plate was exposed to irradiation at the OKTAVIAN facility
(Tamaki et al., 2022), a deuterium-tritium (D-T) neutron generator
located at the University of Osaka, in Osaka, Japan, as depicted in Fig. 4.
This facility's neutron source has the capability to emit 3 x 1012 fusion
neutrons per second (Tamaki et al., 2022).

2.2. Methods

2.2.1. Sequential bayesian estimation

The pulse height spectrum is transformed into an energy spectrum
using a process known as unfolding, or spectral deconvolution. This
technique extracts the true information of the original incident radiation
by solving the inverse problem (Sarzi Amade et al., 2020; Bouchet,
1995) described by Eq. (1):

Yi= Z Rijg; @
=

y;: pulse height spectrum of gamma-rays.
Rj: response function of the detector.
;. energy spectrum of incident gamma-rays.

Solving of the unfolding problem can be achieved with various
methods and algorithms. This study is based on the sequential Bayesian
estimation, also known as the a-method. This approach in radiation
measurement states that the energy spectrum can be deduced itera-
tively, as the gamma ray pulse-height data are received for each count by
the detector. This methodology's effectiveness in radiation measurement
has been validated by the foundational work of Iwasaki (Iwasaki, 1996)
and Nauchi (Nauchi and Iwasaki, 2014).

Building on this foundation, our research group has developed an
improved sequential Bayesian estimation method, termed the k-a
method which expedites the convergence process of determining the
energy spectrum and dose rate. As the developmental detail of this
method has been described in detail by Kobayashi (Kobayashi et al.,
2017), Nishimura (Nishimura et al., 2022), Voulgaris (Voulgaris et al.,
2023), (Voulgaris et al., 2024) and Murata (Murata et al., 2024), we
briefly summarize the key points of the method and how exactly the
energy spectrum and dose rate are derived in real-time.

When one radiation is counted by a detector at pulse height channel
i, the posterior probability of the energy spectrum at channel j, P, can
be derived by the response function Ry, according to Eq. (2):

Py =5 2

P(jli): posterior probability of the energy spectrum at a channel j,
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when radiation is counted by the detector at pulse height channel i.
The response function of the monitor is obtained through the use of
experimental and simulation data (Nishimura et al., 2022; Kobayashi
et al., 2017). Simulations using Monte Carlo methods, like MCNP5
(Monte Carlo N-Particle transport code 5) (Goorley, 2013) are inte-
grated with experimental data in order to account for the prototype's
energy resolution. Such hybrid methods of experiment and simulation
are known to produce accurate response functions (Wang et al., 2012).
The intrinsic detection efficiency at each energy is inherently included in
the response function generated by MCNP5, while the experimentally
measured energy resolution is incorporated in the response function
through Gaussian broadening of the simulated spectra.
The energy spectrum g is derived from:
(p}/- =(1-a)g+a HRU% 3
Z Ry [
j=1

a: Index related to effect of prior to posterior probability.
q;}: Energy spectrum revised by the latest detected count.

@;: Estimated energy spectrum before the last count.

Revision is conducted with each count, meaning each pulse height
signal on the i channel.

By assigning the posterior probability as prior probability for the new
data, successive estimations are possible. The parameter a affects the
contribution of the prior probability to the estimation. However, the
convergence of this method is slow. We found that it can be accelerated
with the addition of a parameter k that satisfies Eq. (4):

_1+kN <

a

. 1
a:1,1fN<m) 4)

k: parameter to accelerate convergence, which is dependent on count
rate.
N: count number.

Parameter k plays a crucial role in the convergence of the estimation
process. It determines the rate at which the energy spectrum is revised
with each count. A larger k value leads to faster convergence, but it may
also result in instability. On the other hand, a smaller k value leads to
slower convergence but provides more stable results. The optimum k
value depends on the measurement conditions such as the count rate,
and the desired balance between convergence speed and accuracy of
measurement.

With this k-a method, the energy spectrum is estimated in real-time,
for each count, during measurement. The dose rate is then calculated by
applying a dose conversion coefficient to the estimated energy spectrum.

2.2.2. Dose rate estimation

As mentioned in section 2.1, by replacing a traditionally used MCA in
the setup with a DP5 digital pulse processor, true real-time estimation is
made possible. The obtained signal, which contains information on
pulse height and time-list data, is fed into custom programs that we have
developed. This includes a program for executing the k-oa method and
two additional programs: one for the real-time visualization of the en-
ergy spectrum and dose rate, and another for saving this data in.csv files
(Voulgaris et al., 2023).

From the estimated gamma-ray energy spectrum described above,
the dose rate is then calculated in real-time according to Eq. (5).

n C
D= Zl dox ®)
=
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D: Dose rate (uSv/h).

j: Indicates the energy bin.

d;: Effective dose rate per unit fluence (pSv/h)/(cm=2-s71) (flux-to-
dose conversion coefficient)(ICRP, 1997)

Cj: Number of counts.

S: Area of the surface of the scintillation detector (cm?)

T: Time of measurement (s)

For ¢; being the flux per unit area and time in energy bin j (/em?/s)
of the gamma-ray energy spectrum, Eq. (5) can be rewritten as:

D=3 dvg ©)
=1

2.2.3. Neutron irradiation

To produce high energy gamma-rays, an aluminum plate (measuring
2 x 2 x 0.1 cm®) was irradiated with D-T neutrons in order to induce the
27 Al(n,®)?*Na reaction. This reaction produces the radioactive isotope
24Na, which decays by beta-particle emission into the second excited
state of 2*Mg. Subsequent transitions to the first excited state and finally
to the ground state result in emission of gamma-rays with energies of
2.755 MeV and 1.369 MeV, respectively (Nakao et al., 2021; Be, 2004).
The half-life of *Na is recorded as 14.9581 h (Chechev and Kuzmenko,
2016).

The 2*Na method was selected for its reproducibility and because it
does not generate any form of radioactive waste (Epp and Griffin, 2003).

To estimate the theoretical dose rate at a specified distance, Eq. (6)
was employed (Canadian Nuclear Safety Commission, 2017; IAEA,
1986):

Q

D:F><r—2 (6)

I': effective dose rate constant (pSv-mZ-Mqul-hfl)
Q: radioactivity (MBq)
r: detector-source distance (m)

Knowing the detection efficiency of a detector allows for calculation
of the absolute activity of a source. Thus, to calculate the radioactivity of
the 2*Na, calculating the detection efficiency was necessary (Knoll,
2010). Neutron irradiation experiments were conducted using the D-T
neutron source (Tamaki et al., 2022), with irradiation time of 8.5 h.
After irradiation, the aluminum plate was retrieved, and measurements
with the following devices were performed.

o Prototype real-time monitor: Measurements were conducted at a
distance of 20 cm, with both the energy spectrum and dose rate were
recorded in video format, as well as saved in the form of.csv files.
High Purity Germanium (HPGe) Radiation Detector. The source was
placed 10 cm from the detector receiving surface, and both were
shielded completely with lead. The detector was calibrated using
standard sources of *’Cs, ®°Co and ?>Na. Having known activities
and half-lives, the amount of gamma-rays produced was calculated.
By calculating the detection efficiency of the detector for each energy
and applying the least squares method, fitting of the 1.369 MeV peak
of 2*Na was applied. Knowing the detection efficiency, time since
irradiation, measurement time, net areas of the %*Na peaks and
emission ratio, the radioactivity Q of Eq. (6) at the time measured by
the prototype monitor by means of Eq. (7) was calculated:

Q=Age ) @)

Ag: activity at start of measurement with the HPGe detector.
to: Prototype monitor measurement start time (s)
t1: HPGe detector measurement start time (s)
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A: radioactive decay constant = In(2)/(half-life)

e Nal(T1) survey meter (Hitachi ALOKA, Tokyo, Japan). Multiple dose
rate readings were recorded at the same distance of 20 cm.

3. Results and discussion
3.1. Results

The gamma-rays were measured by the prototype monitor and the
energy peaks were accurately detected and observed in real-time.

Fig. 5 shows the pulse height spectra obtained from the HPGe de-
tector measurement.

Fig. 6 displays on the top part the true information of the measured
gamma-rays, the unfolded energy spectrum. Comparing with Fig. 5, two
discrete gamma-rays from 2*Na are clearly observed in Fig. 6. Other
discrepancies will be discussed in Section 3.2. On the bottom of Fig. 6
the real-time graph of the estimated dose rate is shown (see also Fig. 7,
which presents a screenshot of the prototype monitor interface during
real-time measurement).

The theoretical dose rate has been calculated (4.05 + 0.22 pSv/h),
using the methods described in section 2.2.3. It is presented alongside
the experimental results from real-time measurements (4.07 pSv/h and
standard deviation 0.37% (£0.02)) and Nal survey meter (3.83 puSv/h)
in Fig. 8. The statistical error of the survey meter is 3.40%. The de-
viations of the measurements from the theoretical value are 0.40% and

08 1.369 MeV
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= Annihilation Peak
4 (0.511 MeV)
5 15000
8
=
s
0 2.755 MeV
£ 10000
3
o
o
5000 2nd Escape Peak
1st Escape Peak
o
0.0 0.5 1.0 15 2.0 2.5 3.0 3.5
Energy (MeV)
Fig. 5. Pulse height spectra of **Na, obtained with the HPGe detector.
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Fig. 6. Unfolded energy spectra of 2*Na (top); dose rate (bottom) obtained with
the prototype monitor.
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27Al(n,a)**Na

1.369 MeV k=10%

2.755 MeV

Time (s)

Fig. 7. Annotated screenshot of real-time measurement. Gamma-ray flux (top)
and dose rate (bottom) are visualized in real-time (in seconds). The 1.369 and
2.755 MeV gamma-rays from 2*Na are clearly visible.

Prototype Monitor
a4 === Survey Meter
= Theoretical Value
_ a2
€
>
w
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o
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260 280 300 320 340 360 380 400
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Fig. 8. Comparison of measured dose rates: Prototype monitor, Nal survey
meter, and theoretical value. The statistical error of the survey meter is 3.40%.

5.43% for the prototype monitor and the survey meter respectively.
These results illustrate the consistency between the prototype monitor
and the theoretical calculations, considering the uncertainties in activity
measurement, efficiency calibration, detector positioning, decay cor-
rections, self-attenuation of gamma rays in the aluminum foil, dose rate
constant, and statistical variations in detector count rates.

Regarding the convergence time of the dose-rate, by setting the
parameter k according to the count rate of the present experiment, the
dose-rate value stabilizes after about 18-20 s, as shown in Fig. 9.

27Al(n,a)**Na

1.369 MeV k=107

2.755 MeV

Energy
(MeV)

Fig. 9. Annotated screenshot of the prototype's interface at the start of mea-
surement during real-time unfolding. Gamma-ray flux and dose rate are visu-
alized in real-time. Dose rate is updated rapidly early on to approach the correct
value and gradually stabilizes with slight fluctuations.
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3.2. Discussion

The prototype monitor's ability to measure the energy spectrum and
the dose rate of gamma-rays up to 3 MeV addresses a critical need in
radiation safety for medical workers, given the limitations of traditional
dosimetry devices, which may fail to provide real-time data or accurate
dose estimations across a broad spectrum of gamma-ray energies.

Regarding the energy spectrum estimation, as seen in the top graph
of Fig. 6, the unfolded spectrum was successfully visualized in real-time.
Unwanted noise and peaks, such as the escape peaks visible in the pulse
height distribution of the HPGe detector measurement, were removed
and the true information of the incoming gamma-rays was restored.

The pulse height distribution is the raw output of a detector, which
often contains distortions due to the geometry and materials. Therefore,
radiation spectrum unfolding is necessary to reconstruct the undis-
turbed, original energy spectrum. For instance, the 0.511 MeV annihi-
lation peak is absent in the unfolded spectrum because it is already
incorporated in the response function of the prototype monitor. During
the creation of the response function, sources exceeding 1.022 MeV were
utilized, which resulted in the production of annihilation gamma-rays
outside the detector, contributing to this peak. In contrast, the 0.511
MeV peak is visible in the pulse height distribution presented in Fig. 5, as
it shows the unprocessed raw data from the HPGe detector without
unfolding. Through the unfolding process, distortions such as the anni-
hilation peak are corrected, accurately restoring the original source
spectrum. Although a small residual peak remains near 0.5 MeV in the
unfolded spectrum, seen in Fig. 6, this is attributed to minor artifacts
introduced during the unfolding process.

The dose rate measurements and calculations conducted, support the
potential of the prototype monitor. The prototype's measured dose rate
closely matched with the theoretical value, while the Nal survey meter
showed expected differences when compared to them, due to its cali-
bration using a'¥’Cs source at 0.662 MeV. As demonstrated in Fig. 8, the
Nal survey meter underestimated the dose rate for higher energy
gamma-rays. The survey meter used in this study has an error tolerance
of £15% for digital readings. The measured value was 3.83 pSv/h,
which is within the maximum expected error window specified for the
instrument. The theoretically derived value was 4.05 pSv/h, with an
uncertainty of +0.22 pSv/h considering the effects of activity related
components such as HPGe detector efficiency calibration, decay cor-
rections, self-attenuation, and detector positioning. Devices calibrated
at a single energy point tend to overestimate dose rates at energies below
the calibration point and underestimate at energies above it (Nishimura
et al., 2022). The prototype monitor is not subject to these calibration
constraints due to its capacity for direct, real-time energy spectrum
measurement and application of flux-to-dose conversion coefficient,
allowing for accurate dose estimation across a broad range of
gamma-ray energies. This addresses the discrepancy observed in Fig. 8,
as the prototype monitor's dose rate aligns closely with the theoretical
dose rate, while the survey meter exhibits an underestimation due to its
inherent calibration related limitations.

By setting the parameter k of the k-a method accordingly, conver-
gence to a stable value is achieved in around 18-20 s as shown in Fig. 9.
With the k- method early on the convergence is very fast (parameter o
of Equation (4) is large) and later on the convergence slows down in
order to increase accuracy (o« becomes smaller). This rapid initial
monotonical increase shows how fast the dose rate approaches the
correct dose rate value and then when it is close to the correct value the
fluctuations are observed. Implementing an adaptive algorithm that
adjusts dynamically the parameter k based on the real-time count rate is
also being considered. This will allow for the monitor to be able to ac-
count for count rate fluctuations in medical radiation environments and
enhance its performance capabilities. For comparison, when setting the
time constant to 30 s in the Nal survey meter, it requires approximately
90 s to produce a stable result. Same time constant value of the Nal
survey meter has been selected in other research (Sanami et al., 2021)
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and was chosen in order to increase its accuracy. The results highlight
the prototype monitor's advantage in environments with gamma-rays
close to 3 MeV.

The ability of the monitor to simultaneously display the unfolded
energy spectrum and dose rate in real time, can contribute meaningfully
to practical applications. Conventional spectrometers typically display
only the pulse height spectrum. In contrast, the prototype monitor dis-
plays the unfolded gamma-ray spectrum in real time, enabling clearer
identification of radionuclides and in general a more accurate under-
standing of what the radiation environment actually looks like. In
combination with the real-time dose rate display, we believe it helps in
both operational decision-making, understanding of exposure risks, and
source characterization.

4. Conclusion

The results showed that our prototype real-time gamma-ray monitor
can accurately display the energy spectrum and dose rate simulta-
neously and in real-time for gamma-rays with energies of up to 2.755
MeV. We hope that this device will contribute to the progress of real-
time gamma-ray monitoring, especially in medical environments uti-
lizing radiation, where energies can be up to 3 MeV. The experimental
results agree with the theoretical results, establishing the prototype's
effectiveness in such environments. It should be noted that this level of
agreement was achieved under the fixed geometry of the experimental
setup in OKTAVIAN, therefore in clinical settings, geometric and other
scattering conditions are expected to be sources of additional uncer-
tainty. The prototype monitor is straightforward to use and meets a
crucial need in radiation safety, providing in real-time information that
is useful in informing medical workers about their exposure. It con-
tributes to the field of gamma-ray exposure monitoring solutions thanks
to its advantages in dose rate accuracy and portability similar to a
dosimeter, along with providing detailed information like a spectrom-
eter, with the benefit of displaying the unfolded, true gamma-ray energy
spectrum, not just the pulse height distribution.

Currently, we are aiming to extend the prototype's range of detection
to include even higher energy gamma-rays of up to 10 MeV, along with
research in separating gamma-ray and neutron contributions, thus
increasing the potential applications of the prototype monitor.
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