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Real-time detection of X/gamma radiation dose rates holds particular significance in nuclear
science research. In this study, we developed a portable X/gamma-ray survey meter for
large-scale distributed real-time monitoring of ambient dose equivalent rates in the sur-
rounding environment. This innovative device uses a silicon photomultiplier coupled with a
CsI(T1) scintillator and can connect to an Internet of Things network. Additionally, it facili-
tates a wide spectrum of dose rate measurements by modifying the frequency of a pulse-fre-
quency modulation-type DC-DC power supply mode. The energy response of the survey me-
ter, which is improved through Geant4 simulations and a multi-comparator design, ranges
from 48 keV to 1.3 MeV, encompassing various common protection level applications. It ef-
fectively measures gamma radiation dose rates ranging between 0.1 puSvh-! and 100 mSvh-!
for 90Co. Temperature compensation of the detector was achieved through a series of experi-
ments. The meter exhibits a deviation of -25 % to +25 % at temperatures between -40 °C and

+40 °C.

Key words: Csl(Tl) scintillator, silicon photomultiplier, X/y-ray survey meter, blue tooth,

Internet of Things

INTRODUCTION

Nuclear radiation detection is a pivotal technol-
ogy within nuclear science and its practical applica-
tions span nuclear power operation, safety protocols,
homeland security, and beyond [1, 2]. Among these
applications, real-time detection of X/y radiation dose
rates holds particular significance as a crucial research
avenue. In the context of emergency radiation moni-
toring, real-time dose rates serve as a rapid and intu-
itive indicator of abnormal radioactive levels that can
promptly trigger alarms if the radioactivity surpasses
defined thresholds. Therefore, real-time dose rates
emerge as the paramount parameter in X/y radiation
detection [3, 4].

In the context of emergency radiation monitor-
ing, real-time dose rates serve as a rapid and intuitive
indicator of abnormal radioactivity levels. They
promptly trigger alarms if the radioactivity surpasses
defined thresholds. Therefore, real-time dose rates
emerge as the paramount parameter in X/y radiation
detection [5].

* Corresponding author, e-mail: 15701607305@163.com

Radiation protection technicians traditionally
relied on handheld radiation survey meters or vehi-
cle-mounted detectors for radiation monitoring during
initial environmental investigations. However, this ap-
proach requires significant manpower and cannot cap-
ture measurement data from multiple time points.

The prevalence of portable X/y survey meters in
radiation monitoring stems from their lightweight de-
sign and user-friendly nature. Leveraging the Internet
of Things (IoT) system, a network of interconnected
wireless radiation measurement devices can be estab-
lished. This network integrates data from various por-
table radiation detectors to execute radiation detection
and localization within the designated area. This capa-
bility facilitates advanced search and monitoring
functionalities across expansive coverage areas, even
in emergency scenarios. Presently, numerous coun-
tries have embraced IoT-based radiation monitoring
systems [6].

In this paper, we present a novel approach to en-
vironmental radiation monitoring across expansive re-
gions-a distributed small survey meter that combines
mobile phone technology with an IoT network. Each
survey meter is assigned a unique identifier, facilitat-
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ing network access and ensuring accurate positioning
and status information. Collaboratively, multiple sur-
vey meters and mobile phones form a smart radiation
monitoring system, proficient in large-scale surveil-
lance. This comprehensive system serves a diverse ar-
ray of functions, including radiation measurement, po-
sitioning, and manual alarm activation. Such
capabilities transcend the limitations of conventional
manual radiological surveys, mitigating personnel
workload while enhancing the efficiency of environ-
mental monitoring.

Typical X/y survey meters are constrained by pulse
width and electronic limitations, typically offering a range
between 0.1 uSvh! and 1 mSvh™!. For measuring a wide
range of X/y dose rates spanning from 0.1 uSvh™' to
100 mSvh™!, a common design approach involves em-
ploying a dual probe detector. This setup incorporates a
small area probe tailored for high dose rate measurements
(ranging from 1 mSvh™! to 100 mSvh ") alongside a larger
area probe dedicated to low dose rate measurements (fall-
ing within the range of 0.1 uSvh™! to 1 mSvh™). Alterna-
tively, this can be achieved using a hybrid measurement
mode of pulse and current. The entire circuit needs to be
matched with a dual preamplifier, main amplifier, and
comparator to obtain pulse (or current) signals. This type
of circuit system takes up a lot of space, consumes high
power, and has high costs. The paper adopts a pulse-fre-
quency modulation PFM-type DC-DC boost circuit to de-
sign and implement a wide-range radiation measurement
circuit based on a power switch module. The size of the
analog circuit is 20 mm X 23 mm, and power consumption
is less than 30 pA (environmental background). The de-
veloped CsI(TI) survey meter is proficient in measuring
ambient dose equivalent of H*(10) with exceptional sen-
sitivity for X/y rays, spanning an energy range of 48 keV
to 1300 keV. It effectively covers a dose rate range of
0.1 uSvh'-100 mSvh ™.

MATERIALS AND METHOD

The comprehensive structure is depicted in fig.
1. It incorporates a CsI(Tl) detector and a PFM-type
DC-DC boost circuit for X/y ray dose rate detection.
Additionally, amobile application is utilized to furnish
location data, exhibit radiation measurement values,
trigger over-threshold alarms, and facilitate Internet
data uploads. Complementing this, a web application
is used to display the device distribution, radiation
measurements, and historical data for multiple devices
on a map.

Detector design

The detector has compact dimensions of 75 mm X
35 mm % 15 mm, thereby ensuring convenient portabil-
ity, and it can be operated continuously for 24 hours in an
external environment. The analog control section of the
detector encompasses a DC-DC boost circuit, silicon
photomultiplier (SiPM), CsI(Tl), and a comparator mod-
ule. The CsI(TI) volume measures 5 mm X 5 mm x 5 mm,
enveloped by a 0.3 mm-thick TiO, reflective layer on its
five surfaces to heighten reflection.

The electronic component comprises both ana-
log and digital circuits. Within the realm of analog cir-
cuits, an amplifier-less design was formulated. In in-
stances where the SiPM registers a scintillation light
pulse, the signal pulse amplitude from the SiPM at-
tains ample magnitude, obviating the need for an am-
plifier and enabling direct connection to the compara-
tor. This circuit configuration offers the advantage of
streamlined complexity by minimizing the quantity of
affixed electronic elements, consequently curbing de-
tector power consumption.

The SiPM interfaces with a four-channel com-
parator, allocating three channels for energy response

Detector Mobile & Web application
Power supply Battery Data =
|_ Battery management management
monitoring
High dose rate
DC-DC Signal remaining  Assisted GPS
processing power
Bluetooth
SiPM Low dose rate Environment
Sigal temperature
Csl(T1) /—l Acquisition
Temperature OLED Display Historical data  uploading
sensors

Figure 1. Structural diagram of the detection system
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calibration and low-dose rate measurements, while re-
serving one channel for high-dose rate measurements.

Owing to the increased sensitivity of the CsI(T1)
scintillator to low-energy X-rays and the subsequent
stabilization in energy response at higher energy lev-
els, we opted for a tungsten compensator combined
with a segmented energy measurement method to en-
sure consistent detection performance across a wide
spectrum of X/y -ray energies. This approach involves
employing three high-speed comparators to establish
distinct voltage thresholds (V1-V3), effectively divid-
ing the flashing pulse energy into three bands: E1-E3.
The trigger threshold of the three-way comparator
spans from low to high, covering energies ranging
from 48 keV to 1.3 MeV. Whenever the pulse voltage
surpasses a specific threshold, the corresponding com-
parator generates a high-level signal. Notably, the
lowest threshold is set slightly above the circuit's noise
level to ensure comprehensive triggering of all flash-
ing pulse signals.

Scintillation light pulses (flashes) entail a pulse
rise and decay time. The decay time of a scintillator
signifies the interval following which the light pulse
intensity regresses to 1/e of its peak value. For X/y
rays, CsI(T1) boasts an average decay time of approxi-
mately 1 ps. This characteristic may result in pulse
pileup during applications with a high count rate.

Therefore, we employed a pulse-frequency modu-
lation (PFM)-type DC-DC power supply to cover the
high dose rate range (1 mSvh'-100 mSvh').

The PFM control strategy hinges upon a rectan-
gular pulse train to ascertain the output voltage of the
regulator. Different from adjusting the duty cycle of a
fixed-frequency pulse train to establish the output
voltage (PWM), PFM manipulates the frequency of a
fixed-duty cycle pulse train. During PFM operation,
the output power is directly proportionate to the aver-
age frequency of the pulse train, and the converter op-
erates when the output voltage drops below the set out-
put voltage as measured by the feedback control loop.
Subsequently, the switching frequency of the con-
verter is elevated progressively until the output volt-

age converges upon the designated set output voltage.
This frequency modulation of DC-DC converter
switching is harnessed for measuring the high dose
rate ranging from 1 mSvh~! to 100 mSvh'.

As illustrated in fig. 2. Sigl encompasses pulse
counting for low dose rates, whereas Sig2 governs
pulse counting for high dose rates. The Ul is a
PFM-type DC-DC power converter responsible for
boosting the power supply voltage VIN and providing
it to the SiPM as a bias voltage. The U2 and U3 are
comparators. The pulse signals generated by SiPM
and Csl (T1) are AC coupled to U3 through C2, used
for measuring low-dose rates(background to 1
mSvh1).

When using the detector at a high dose rate range
(1 mSvh~" to 100 mSvh ™), varying dose rates resultin
different photocurrents i; generated by the SiPM.
While the load resistance remains unchanged, an in-
crease in iamer i; causes Voltage V| to rise. Conse-
quently, the voltage of the SW pin decreases, prompt-
ing the power inductor switch to implement voltage
adjustments, thereby ensuring voltage stability. In
such instances, Ul adjusts the SW pin to alter the
switch's frequency, thereby maintaining a steady out-
put voltage V;. When the Ul switch is turned on, an
AC voltage signal V, is generated at the VIN pin, and
V, is AC coupled to U2 through CI to measure the
switching frequency of the Ul. The switching fre-
quency of Ul is directly proportional to both the
photocurrent i; generated by the SiPM and the X/y-ray
dose rate, thus enabling measurements within the high
dose rate range.

The method for measuring high radiation dose
rates using a PFM-type DC-DC boost circuit is essen-
tially achieved by measuring the current generated in
SiPM. The analog circuits only include a single
CsI(T1) probe, DC-DC boost circuit, and multiple
comparators, which occupie a small space and have
low power consumption.

Temperature compensation is accomplished by
incorporating thermistors into the analog circuitry. Rtl
and Rt2 are linear thermistors that form a voltage di-

vV, L1 i
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Figure 2. Analog circuits —{sone s rs
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vider circuit with R1 and R2. This configuration di-
vides the reference voltage output by U1, generating a
reference voltage that fluctuates in response to tem-
perature variations. This variable voltage is then fed
into the feedback input (FB) pin of U1, where U1 ad-
justs the output voltage VOUT based on the input volt-
age at the FB pin. Consequently, changes in the resis-
tance of Rtl and Rt2 due to temperature alterations
lead to fluctuations in VOUT, effectively minimizing
variations in SiPM gain.

The operational quantity for area monitoring, as
suggested by the ICRP, is the ambient dose equivalent
H " (10). This study employs a straightforward count-
ing technique, which involves the utilization of the
counting rate-dose rate conversion coefficient. This
coefficient requires the detector to exhibit a uniform
energy response across the designated energy range to
yield the corresponding dose rate of 2~ (10).

H' (10)=N, (E;)R,(E;), background ~1 mSvh ™'
H (10)=N,; (E,))R;; (E;), 1mSvh™" ~1 mSvh~'

where R; (E;) and Ry (E;) are the counting-to-ambi-
ent-dose-equivalent conversion coefficients at low and
high dose rates, respectively, cps/(uSvh ™), N (E}) is the
pulse count generated by the SiPM, and Ny (E)) is the
pulse count originating from the DC-DC power supply.

The analog circuit board is designed as a separate
circuit board and is welded to the main board through
stamp holes. The circuit board is sized 23 mm x 20 mm %
1.6 mm, has an operating voltage of 5V, and draws a cur-
rent of approximately 26 pA in an environmental back-
ground (measured by a KEITHLEY 2611B SYSTEM
Source Meter).

Mobile and web application

An 10S and Android mobile application (app)
was developed, fig. 3. By establishing Bluetooth con-
nectivity with the detector, the app can retrieve and
display the dose rate, cumulative dose, detector power,

S0nsn EAER MRS 1L
80 wm-lunno
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| MOnSuh BESAEEAT R ERY

and detector number on its homepage. The mobile ap-
plication transmits the data to a web server, which
processes and stores the data within a database, and
subsequently renders the processed data accessible
over the Internet for users. In scenarios where an ex-
tensive array of survey meters is deployed across a
specific region, the web app permits the monitoring of
pollution distribution in the said area. This empowers
administrators to swiftly comprehend the situation and
take prompt actions in case of emergencies.

PERFORMANCE

Effect of temperature on the
detection system

The relationship between the gain of SiPM and
temperature, as well as the operating voltage, follows a
linear pattern. Consequently, the gain of SiPM can be
stabilized across varying temperatures by adjusting
the operating voltage. With each 1° C increase in the
temperature, the influence on SiPM gain corresponds
to a voltage reduction 0of 0.033 V. Thus, to uphold con-
sistent SiPM gain, a simultaneous 0.033 V voltage in-
crease is necessitated for each 1 °C temperature rise.

Our approach focuses on minimizing the impact
of the temperature by adjusting the reverse voltage.
This adjustment is accomplished by varying the resis-
tance value of the thermistor according to the tempera-
ture. An experimental assessment with a 24! Am source
was conducted to test the CsI(T1) scintillator and SiPM
across a range of temperatures. In the experiments, a
30000 Bq ?*! Am source was affixed 2 cm above the
CsI(T1) scintillator and SiPM. The CsI(T1) scintillator
captured the 59 keV emission from the 24! Am y-ray
source, and the X-ray signals were amplified before
being collected by the CAEN-N957 multichannel ana-
lyzer. The performance of the CsI(T1) and SiPM was
quantified across the temperature range of —40 °C to
40 °C and subjected to linear fitting. Figure 4 indicates

Figure 3. Graphical User Interface (GUI) of the survey meter and main interface on the application (a),

GUI of the map page on the web application (b)
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Figure 4. Temperature response of the detector before
and after temperature calibration

that the temperature sensitivity of the detector is
within —25 % to +25 % deviation in the range of —40 °C
to +40 °C after temperature correction.

The X/y-ray energy response

A compensator combined with a segmented en-
ergy measurement method is employed to achieve a
uniform energy response. The Geant4 simulation
toolkit was used to determine the compensatory mate-
rial and thickness. The simulated scintillator crystal,
CsI(T1), featured a Tl concentration of 0.15 % with a
density of 4.51 gem™ [7]. The refractive index of
CsI(T1) was 1.79 across the emission wavelength
range of 350-700 nm. The optical photon absorption
length was set at 50 cm. The absolute light yield was
fixed at 54000 photons per MeV. The decay time con-
stants were assigned the values of 630 ns and 1000 ns

for the fast and slow components, respectively, with
the fast component yield ratio set at 0.6 [8]. Optical
simulation at the surfaces was conducted using the
UNIFIED model of GEANT4. The CsI(Tl) and TiO,
were modeled as ground front-painted and dielec-
tric-dielectric surfaces, whereas the CsI(T1) and SiPM
surfaces were modeled as polished and dielec-
tric-metal surfaces, respectively [9]. Guided by these
simulation outcomes, compensators composed of
tungsten plates, 1 mm in thickness and with a 1.5 mm
diameter punching area, were selected.

Characterization of the energy dependence re-
sponse employed y-rays from '3’Cs and ®°Co sources,
and X-ray beams conforming to the specifications of
China National Standard GB/T 4835.1-2012. The
CsI(T1) scintillator measurements were conducted us-
ing areference X-ray beam with energies ranging from
48 keV to 211 keV, alongside '3’Cs at 662 keV and
0Co at 1250 keV. The X-ray beams emanated from a
tunable X-ray machine and ranged from 55 kV to 210
kV. The detector was sequentially irradiated each time
atan ambient dose rate H* (10) of 100 uSvh ™!, employ-
ing the various photon sources. The simulated and ex-
perimental results of using a tungsten compensator for
energy response compensation, as depicted in fig. 5,
exhibit a discrepancy in the detector counting rates of
less than 10 % for the same energy levels between sim-
ulation and experimentation.

The tungsten compensator is only useful for
compensating the energy response of low-energy
X-rays. In this study, a segmented energy measure-
ment method was used to compensate for the energy
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acquired energy responses to /" (10), encompassing
energies ranging from 48 keV to 200 keV in the X-ray
mode, photons at 1250 keV from the °°Co source with
an activity of 66.96 GBq for the y-ray mode, and pho-
tons at 662 keV from the '¥’Cs source ranging from
0.418 to 80.3 GBq for the y-ray mode. The energy re-
sponses to /" (10) in both X-ray and y-ray modes devi-
ate within the range of —20 % to +30 %.

Wide-range radiation field
experiment

Drawing upon the outlined fundamental meth-
ods and principles, the detector was segmented into
two ranges, each corresponding to distinct system pa-
rameters, and enabling dose rate measurements span-
ning from 0.1 pSvh™! to 100 mSvh!. To validate this
design, various radiation experiments were conducted
across diverse dose rates within the %°Co and '3’Cs ra-
diation fields. Notably, the yradiation dose rate ranged
from 0.1 pSvh' to 7mSvh™! for ©°Co; 0.1 uSvh' to 22
mSvh! for 1¥7Cs, in the context of the 615 calibration
laboratory of the China Institute of Atomic Energy
(CIAE) (standard field); and 1 mSvh™! to 370 mSvh™!
for the °°Co irradiation center at the CIAE (non-stan-
dard field). We determined dose rates at the test site
employing compact CsI(T1) and silicon detectors cali-
brated within the standard field. The counting rate of
the survey meter was measured at a dose rate ranging
between 3 and 370 mSvh~!. The results are depicted in
fig. 7, which reveals a deviation from linearity in the
dose curve beyond 80 mSvh!. Higher dose rates
(>100 mSvh™") require segmented calibration, i. e., the
application of distinct calibration coefficients to dif-
ferent dose rate ranges. However, in this paper, we
only applied calibration to the 100 mSvh™! range.

As displayed in fig. 8, the departure of the re-
sponse of the survey meter from the dose rate linearity
falls within the range of £20 %, spanning from 1
uSvh! to 100 mSvh!. Each error bar represents the
corresponding standard deviation.

This paper describes the construction of an X/y-ray
survey meter designed to measure ambient dose equiva-
lent H* (10) during emergency radiation monitoring or
routine environental assessments. The detector employs
a5 mm x5 mm x 5 mm CsI(T1) scintillator coupled with
a3 mm X 3 mm SiPM, which enables the measurement of
X/y-ray energy within the range of 48 keV to 1.3 MeV.
The dose rate was tested using ®’Co radiation ranging
from 0.1 pSvh™! to 100 mSvh™!.

The dose rate measurement in the detector range
1-100 mSvh™' was increased by switching the fre-
quency of a PFM-type DC-DC boost circuit. Compen-
sation for the photon energy response of the CsI(T1)
scintillator was achieved using a multichannel com-
parator. Additionally, Monte Carlo simulations using
the Geant4 toolkit were conducted to assess various
compensator materials, thicknesses, and punching ar-
eas. Furthermore, the temperature-gain curve of SiPM
was employed to correct the output temperature of the
detection system.

Connectivity was established between the sur-
vey meter and mobile phones through Bluetooth,
while an Internet connection was facilitated via Wi-Fi,
thereby enabling a wider range of applications. In con-
trast to prevalent handheld radiation monitors, this de-
vice offers distinct advantages, including multipoint
and multi-user capabilities, long-range monitoring,
and real-time supervision. The survey meter is suitable
for routine inspections in nuclear power plants, iso-
tope production facilities, and warehouses in which
radioactive sources are stored. Moreover, it is useful
for emergency measurements during nuclear incidents
and early warning monitoring for large-scale anti-nu-
clear terrorism activities.

While using Bluetooth communication, the dis-
tance between the phone and the detector during the
use of this device cannot exceed 100 m. Although
Bluetooth communication is efficient in terms of
power consumption and offers good security, the data
transmission speed is relatively slow, with a maximum
speed of only tens of Mbps. For certain high-dose radi-
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Figure 8. Dose rate linearity
of the survey meter
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ation areas that remain inaccessible to humans, LoRa
or NB-IoT (Narrowband Internet of Things) modules
offer a viable solution. These modules are suitable due
to their capacity to facilitate communication over dis-
tances exceeding 5 km in urban settings and their abil-
ity to penetrate building structures.

Future efforts will focus on refining the system
in the following areas: Minimizing system power con-
sumption and extending the operational duration, and
expanding the dose rate measurement range of the sys-
tem to attain a dose rate of 1 Svh™!.
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Cumun CJAO, Cunraynr JIW, Jaur JbY, Llumunr JIYO,
Xynryao I[TAHT, Henxya BY, Cjaonenr XYAHI'

INPEHOCHUBU MEPAY X/y-3PAYEIbLA 3ACHOBAH HA MPEXW MHTEPHETA
CTBAPU 3A MEPEIE PACIIOAEJE 3PAYEIA Y X KMBOTHOJ CPEIMHU

JleTekuuja y peallHoM BpeMeHy fjo3e X/y-3pauera uma nocebaH 3Hayaj y HyKJIeapHUM HayUYHUM
UCTpakMBamuMa. Y OBOM pajly, Pa3BUJIM CMO NPEHOCUBH Mepad X/y-3paka 3a MacoBHO AUCTpUOYHpaHO
npaheme y peasHOM BpeMeHY jaurHe eKBHBaJICHTa aMOMjeHTaJHe J03€ y OKOJHO] cpeauHu. OBaj
MHOBaTUBHHU ypebaj xopuctn cmmmmmjymcku oToMmyrTumumkarop y kKomounamuju ca CsI(Tl) crunT-
JATOPOM M MOXKE ce MmoBe3aTu Ha Mpexy MHrteprera ctBapu. [lopen Tora, onakimaBa IMMPOK CIIEKTap
Mepema jaunHe fo3e MopuduKkyjyhu dppeksennyjy de-dc peskuma Hamajama THIIA UMIYJICHO-(DPEKBEHTHE
Mopnynanuje. EHepreTcku ofi3MB aHKETHOT Mepaua, Koju je mobosbiian Kpo3 Geant4 cumynanyje 1 u3ajH ca
BHUIIle KoMIapaTopa, Kpehe ce op 48 keV no 1,3 MeV, obyxBarajyhu paznuunre yobuyajeHe ansukanyje
HuBoa 3anrrure. EpukacHo Mepu crone 103e y 3paversa y pacnony cy usmeby 0,1 uSvh™ 1 100 mSvh! 3a Co.
TemnepaTypHa KOMIEH3aluja AETEKTOpa IOCTHTHYTa je HU30M eKCIepuMeHaTa; Mepad IoKasyje
ofictyname o —25 % o +25 % Ha temnepatypama uzmeby —40 °C u +40 °C.

Kwyune peuu: Csl(Tl) cyuniiuaraitiop, cuauyujymcku gpoitiomyaiiuilauxaiiop, mepay X/y-3paxa,
6.ayinyiu, Unitiepneiu citisapu




