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Abstract: A lunar vehicle radiation dosimeter (LVRAD) has been proposed for studying the radiation
environment on the lunar surface and evaluating its impact on human health. The LVRAD payload
comprises four systems: a particle dosimeter and spectrometer (PDS), a tissue-equivalent dosimeter, a
fast neutron spectrometer, and an epithermal neutron spectrometer. A silicon photodiode sensor with
compact readout electronics was proposed for the PDS. The PDS system aims to measure protons
with 10-100 MeV of energy and assess dose in the lunar space environment. The manufactured
silicon photodiode sensor has an effective area of 20 mm x 20 mm and thickness of 650 um; the
electronics consist of an amplifier, analog pulse processor, and a 12-bit analog-to-digital converter for
signal readout. We studied the responses of silicon sensors which were manufactured with self-made
electronics to gamma rays with a wide range of energies and proton beams.

Keywords: silicon photodiode sensor; proton spectrometer; gamma rays; radiation dosimeter

1. Introduction

The two primary sources of energetic particles on the lunar surface are galactic cosmic
rays and solar energetic particles. The lunar vehicle radiation dosimeter (LVRAD) of the
Korea Astronomy and Space Science Institute in Korea has been proposed to study the
radiation environment on the lunar surface and evaluate its impact on human health.
The proposed LVRAD payload is composed of four systems: a particle dosimeter and
spectrometer (PDS), a tissue-equivalent dosimeter (TED), a fast neutron spectrometer
(NS-F), and an epithermal neutron spectrometer (NS-E), as shown in Figure 1. A silicon
photodiode sensor with compact readout electronics was proposed for the PDS. The first
and second PDS modules operate in two gain modes and a single gain mode, respectively.
We aimed to measure the proton energy range of 10-100 MeV with the silicon detector at
the International Space Station.

The mobile dosimeter unit in the portable dosimeter (Liulin-4]) developed by Yukio
Uchihori, etc. [1] includes a silicon PIN sensor with an effective area of 10 mm x 20 mm
and 300 um thickness. As particles traverse the material, they slow down and cause the
increase in the particle cross-section to stop. The thicker the sensor is, the more energy
charged particles can be detected. We manufactured silicon photodiode sensors with
650 pm thickness and developed readout electronics for the PDS system in Figure 2.
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Figure 1. Conceptual Drawing of the Lunar Vehicle Radiation Dosimeter: a Particle Dosimeter and
Spectrometer (PDS), a Tissue-Equivalent Dosimeter (TED), a Fast Neutron Spectrometer (NS-F), and
an Epithermal Neutron Spectrometer (NS-E).
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Figure 2. Photograph of a Silicon Particle Dosimeter and Spectrometer (PDS).

In this study, we focused on the responses of the silicon photodiode sensors and
readout electronics to gamma rays and proton beams.

2. Fabricated Sensor

A silicon photodiode sensor with an effective area of 20 mm x 20 mm and 650 £ 30 um
thickness was developed to separate electrons from protons by measuring their energy
shower shapes with the silicon detector at the International Space Station [2]. The photo-
diodes are fabricated on an n-type, high-resistivity (>5 kQ)- cm), double-sided, polished
silicon wafer with a 6-in. diameter and <100>-orientation. The conventional double-
sided planar fabrication process is performed at the Electronics and Telecommunications
Research Institute in Korea. The fabrication steps involve oxidation, photolithography;,
ion implantation, aluminum sputtering, and passivation. The fabricated sensor can also
identify alpha particles because of its light entrance window in the ohmic side of the sensor,
which makes it sensitive to incoming particles with short absorption lengths. The sensor
design and fabrication process are described in detail elsewhere [3,4]. The capacitance
and leakage current of the photodiode sensor are measured with an HP4277A LCZ meter
and a Keithley 6517A pico-ammeter, respectively. The inverse distribution of the squared
capacitance (1/C?) in Figure 3a confirms that the manufactured sensors are fully depleted
at approximately 150 V. The measured capacitance is approximately 90 pF at an operation
voltage of 200 V. The leakage currents of the sensors have been found to be less than
10 nA/cm? at the operation voltage, as shown in Figure 3b.
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Figure 3. Electrical Characteristics of Manufactured Photodiodes As Functions of Reverse Bias
Voltage: (a) Inverse Squared Capacitance and (b) Leakage Current.

3. Developed Electronics

The electronics developed for the signal readout consist of a Si amplifier (Si-Amp), a
Si analog pulse processor, and a rechargeable battery, as shown in Figure 4. The Si-Amp
consists of an AMPTEK A225 [5], a preamplifier and shaping amplifier, and two amplifiers
depending on the low and high gains. The high and low gain modes are used to measure
the energies of the incoming gamma rays and charged particles by measuring the energies
deposited in the silicon detector, respectively. The signal from the silicon photodiode
sensor (5iD) is amplified with 5.2 V/pC and 2.4 us peaking time; the amplified signal is
then shaped by a shaping amplifier. Subsequently, two amplifiers for high gain and low
gain amplify the signal, respectively. In the Si analog pulse processor, the analog signals
are digitized by the 12-bit analog-to-digital converter; the digitized data are stored as
histograms in a flash read-only memory (FROM). The spectrum has 512 ADCs, and the
signal voltage corresponds to maximally 2.5 V. Moreover, a rechargeable battery’s output
can be converted to the required power through a DC-DC converter, providing proper
power for each board. The PDS communicates with a personal computer through RS-422,
and we read the data histogram stored in the PDS.

Si-AMP
SiD AMPTEK A225 Si-Analog Pulse Processor
Amp (Low Gain)
| Low Gain
1
>—{ " X ADC Pulse Height Analyzer ]
i FROM
PreAmp  Shaping Amp Amp (High Gain) 2G8)
Bias Voltage High Gain
-200V x8 ADC Pulse Height Analyzer ™
f A A
TEST PULSE
Power
DC-DC Batt
Converter | | PaUEY

Figure 4. Schematic of the Self-made Electronics for the Particle Dosimeter and Spectrometer (PDS).

4. Experimental Results

As the high gain is approximately eight times the low gain, charge injection for the
linearity test in the high and low gain modes was performed with a test pulse (Figure 5a,b,
respectively). The results show good linearity for the low gain mode; however, there was a
slight difference in the responses between high and low charge injection ranges in the high
gain, as shown in Figure 5a. Therefore, calibration constants in the high gain mode for low-
and medium-energy gamma rays with fully deposited energy in the silicon detector were
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separately obtained. The energies of high-energy gamma rays with a Compton edge were
obtained by positioning the Compton edge in the pulse height distribution; in addition,
they are compared with the simulation results.
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Figure 5. Linearity Between Test Pulse and ADC: (a) High Gain and (b) Low Gain.

4.1. High Gain Mode: Gamma Spectrometer

To measure the sensitivity of the SiD as a gamma spectrometer in the high gain mode,
gamma rays from the following radioactive sources were used: 2! Am, 1%Cd, and '**Ba.
Figure 6 presents the pulse height spectra of the low-energy gammas from !33Ba (53.2 and
81 keV), 2! Am (59.5 keV), and '%°Cd (88 keV); and of the medium-energy gammas from
133Ba (276, 303, 356, and 384 keV).

(2]
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ﬁ B 133,
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Figure 6. Measured Pulse Height Spectra in High Gain Mode With a Set of Low-and Medium-energy
Gamma Rays from Radioactive Gamma Sources.

The mean ADC value of each full peak was obtained based on the Gaussian function;
Figure 7a,b show the measured ADC values of the low- and medium-energy gammas as
functions of the gamma energy, respectively.

The results show good linearity; the respective calibration constant is 0.2339 and
0.2795 ADC/keV. The low- and medium-energy gammas, in detector responses, exhibit
an approximately 20% difference, which can be explained based on the results from the
charge injection tests in the high gain mode. To calibrate the low-energy gammas, > Am
is often used; the respective constant 0.2370 ADC/keV is consistent with the linearity
measurement results (1.3% deviation). For the medium-energy gammas, the mean ADC
value corresponding to 356 keV gammas in the pulse height distribution was used for
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calibration (it has a calibration constant 0.2791 ADC/keV). This agrees well with the
calibration constant from the linearity relationship.
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Figure 7. Linearity Between Measured ADC Counts and Low and Medium-energy Gammas: (a) 53.2,
59.5, 81, and 88 keV and (b) 276, 303, 356, and 384 keV.

o

In general, the energy resolution (ER) is as follows [6]:

ER:U(EE)Z\}ZE@ZGBC, 1)
where the symbol @ denotes a quadratic sum. The first and second terms on the right-hand
side of the equation represent the stochastic fluctuation and noise, respectively [6,7]. The
third term is a constant. The relative importance of the terms depends on the energy of the
incident particle. Figure 8 presents E as a function of the gamma energy, fitted with the
equation for the energy resolution.
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Figure 8. Dependence of Energy Resolution on Gamma Energy from Radioactive Sources: >4! Am,
109Cd, and 133Ba.
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The energy resolution improves with increasing gamma energy. The stochastic, noise,
and constant terms were determined to be (3.1 x 10’8)%, 9.4 keV, and (8.6 x 10’10)%,
respectively. We confirm that the noise term due to the noises of the readout electronics
and silicon detector is an important factor in the low- and medium-energy gamma ranges.
The signal to noise ratio (SNR) for low- and medium-energy gammas is calculated

as follows:
SNR — Mean, g signal — Meanpedestal ) @)
Opedestal

where the signal mean is obtained by subtracting the pedestal mean from the raw signal
mean. The energy resolutions and SNRs are summarized in Table 1 and are improved as
gamma energies increase [8].

Table 1. Energy resolutions and signal to noise ratios for radioactive sources: 21 Am, 19¢C4, and 1*3Ba.

Gamma Pedestal Pedestal Signal Signal E
R

Source Energy Mean Sigma Mean Sigma (FWHM) SNR
[keV] [ADC] [ADC] [ADC] [ADC]

133Ba 53.2 12.14 1.6 12.5 2.9 0.55 4+ 0.28 7.8
H1Am 59.5 11.75 1.1 14.1 2.3 0.38 + 0.23 12.9
133Ba 81 12.14 1.6 18.7 2.2 0.28 +0.18 11.7
109¢qg 88 12.28 1.6 20.7 22 0.25+0.16 12.9
133Ba 276 12.14 1.6 76.3 2.5 0.08 & 0.05 47.7
133Ba 303 12.14 1.6 84.3 2.3 0.06 £ 0.04 52.7
1334 356 12.14 1.6 99.4 2.7 0.06 £ 0.04 62.1
133Ba 384 12.14 1.6 108.4 2.4 0.05 + 0.03 67.8

The position of the Compton edge of the high-energy gammas in the range between
600 keV and 1.5 MeV (from 137Cg, 54Mn, 22Na, and ®°Co radioactive sources) was deter-
mined to be 90% of the maximum pulse height in the pulse height distribution [9,10]. There
was a difference between the measurement results and simulation results with the 13’Cs
source. To match these results with GEANT4 [11] simulation results for 3Cs, 90 keV
energy was added; in addition, the energy was smeared according to the energy resolution
obtained at 662 keV from Figure 8. After these corrections in the simulation for '¥Cs, the
position of the Compton edge agreed well between the measurement and simulation, as
shown in Figure 9a. The simulation results of the gammas were calibrated in the same
way with higher energies from **Mn, 22Na, and ®’Co radioactive sources. Figure 9b shows
that the Compton edges of the measured high-energy gammas agree well with those of the
simulation results within the statistics.

o ™Cs (Exp.)
— "¥Cs (Sim.)
o *Mn (Exp.)
— Mn (Sim.)

2Na (Exp.)

2Na (Sim.)
o *Co (Exp.)
— %Co (Sim.)

o ™Cs (Exp.)

Compton Edge
p ge ¥7Cs (Sim., Before corrections)

—— '¥Cs (Sim., After corrections)

Normalized Events
3
AR
—
Normalized Events
3
T T T

(
(

R e e

7Y S I B s
12 T2 10
(a) Gamma Energy [MeV]

Figure 9. Pulse Height Distributions of the Compton Edge: (a) Before and After Corrections in the

S,

Simulation, and Data for 1¥’Cs. (b) Symbols and Solid Curves Represent Experimental Results and
Corrected Simulation Results, Respectively.
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4.2. Low Gain Mode: Proton Spectrometer

The proton beam generated in the MC50 cyclotron at the Korea Institute of Radiological
and Medical Sciences in Seoul, Korea [12], provides 30 and 45 MeV proton energies. When
charged particles pass through a material, they lose their energies owing to ionization,
which can be described with the Bethe-Bloch equation [13]. The energy loss rate as a
function of the distance through the material reaches its maximum just before the charged
particle stops.

In this experiment, the energy of the incident proton beam was reduced with alu-
minum (Al) metals; the SiD responses to the different proton beam energies were measured
in the low gain mode with the same electronics used as for the gamma energy measure-
ments. The proton beam enters the SiD after passing through a 0.2 mm thick Al layer, an
Al degrader 230 cm from the Al layer, and a 1.5 mm thick Al cover, and traveling another
7 cm, as shown in Figure 10.

Proton Beam Line
+ Aluminum window 0.2 mm

230 cm 650 um

Silicon PD |

Al 0.2mm

(PDS cover)

Figure 10. Schematic Diagram and Picture of an Experimental Setup for the Proton-beam Energy
Measurement in the MC50 Cyclotron at the Korea Institute of Radiological and Medical Sciences
in Seoul.

The incident proton beam energies of 30 and 45 MeV decreased to 16.2 MeV and
36.1 MeV at the front of the SiD, respectively, after passing through the geometrical exper-
imental setup in Figure 10. The deposition energies in the SiD for 45 MeV energy were
measured by increasing the thickness of the Al degrader from 0.5 to 5 mm in 0.5 mm steps;
Figure 11a shows the pulse height distributions for different proton energies.

o 0051
% - 45 MeV Proton Beam|
& 0.045— Al degrader
3 - —O0mm
% 0.04 } — 0.5 mm
g - —1mm
S - — 1.5 mm
= 0.035 c 2 mm
C —2.5mm
0.03 - 3 mm
C 3.5 mm
0.025— — 4 mm
= —4.5mm
0.02 — —— 5mm
0.015
0.01—
0.005—
P T 44 B e sdakisapbaton,,
0 50 100 150 200 250 300 350 400

(a) ADC

Figure 11. Cont.
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Figure 11. Pulse Height Distributions of Silicon Detector for Different Proton Energies Obtained with
Aluminum Degraders: (a) 45 MeV and (b) 30 MeV Proton Beam Energies.

The energies in the SiD for 30 MeV energy were measured by increasing the thickness
of the Al degrader from 0.6 to 1.3 mm in 0.1 mm steps; the pulse height distributions for
different proton energies are shown in Figure 11b. The results show that the thicker the
degrader, the larger the pulse height and the wider the spectrum. The insets in Figure 11b
show the pulse height distributions for 0.8, 0.86 and 0.9 mm thick Al degraders, respectively.
The pulse height distributions of the 0.8 and 0.86 mm thick Al degraders are due to the
broad incoming proton energy distribution in which the energy below the energy that
causes the Bragg peak becomes transferred to the detector. Moreover, some of the higher
energy escapes undetected. We expect full energy deposition of the incoming proton energy
for Al degraders thicker than 0.9 mm.

We fit each pulse height distribution with a Gaussian curve; the resulting calibration
constant is 1/36.8 MeV /ADC according to the linear fit of the proton energies at the SiD
of the GEANT4 simulation and SiD measurement results. The measured and simulated
energies are shown in Figure 12; they exhibit a maximal deviation of 4.3%. The results show
that the deposited energy in the SiD provides sufficient information about the irradiated
proton energies.

—— Experiment
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Figure 12. Relationship Between Deposited Energy in the Silicon Detector and Expected Energy
According to Monte Carlo Simulation.
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5. Summary

The manufactured silicon photodiode sensor with a thicker and larger active area and
the developed readout electronics that work in the high gain mode properly respond to low
gamma energy ['%3Ba (53.2 and 81 keV), 21 Am (59.5 keV), 1%°Cd (88 keV)], and medium
gamma energy (133Ba (276, 303, 356, and 384 keV)), which have full energy deposition in the
silicon detector. For high-energy gamma rays, which exhibit a Compton edge in the pulse
height distribution, the measured energies do not agree well with the expected energies
for Compton electrons in the simulation. When corrections based on the '¥Cs pulse
height distribution and proper energy smearing based on energy resolution distribution are
applied to the higher-energy gamma rays from **Mn, 2’Na, and °Co radioactive sources,
the measured Compton edges agree well with those of the simulated Compton electrons.
According to the full-width at half-maximum information of the fit spectra, 9.4 keV of the
energy resolution is dominated by the noise term due to noise from the readout electronics
and silicon detector. The measurement results of the 30 and 45 MeV proton beams show
that the incoming proton energy at the silicon detector was measured with 4.3% accuracy or
greater. The silicon detector can measure up to 30 MeV proton energy when it operates in
the low gain mode. Thus, the fabricated silicon sensors with self-made readout electronics
respond properly to a wide range of gamma energies in the high gain mode and proton
energies in the low gain mode.

Author Contributions: Conceptualization, S.K., U.-W.N,, S.Y. and W.-K.P.; methodology, S.K. and
S.Y,; software, B.K., S.Y. and W.-K.P; validation, B.K., S.K.,, W-K.P, J.S., HJ.K. and J.H.; formal
analysis, B.K.; investigation, B.K.; resources, ].H. and L].; data curation, B.K. and S.K.; writing—
original draft preparation, B.K.; writing—review and editing, S.K., U.-WN.,, ].S.,, H]J K. and S.-W.L.;
visualization, U.-W.N.; supervision, U.-W.N. and S.-W.L.; project administration, U.-W.N., S.-].Y. and
Y.-].C,; funding acquisition, I.]. and Y.-J.C. All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Acknowledgments: This work was supported by the National Research Foundation (NRF) of Korea,
grant numbers 2017M1A3A4A01077173, 2020M1A3B7108845, 2018R1A6A1A06024970, 2021R1F1A1060423,
2019K1A3A7A09034974, and 2021R1A6A3A13046491; and the Radiation Science Research Institute.
The authors express their sincere thanks to the staff of the MC-50 Cyclotron Laboratory (KIRAMS),
for the excellent operation and their support during the experiment.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Uchihori, Y.; Kitamura, H.; Fujitaka, K.; Dachev, T.P; Tomov, B.T.; Dimitrov, P.G.; Matviichuk, Y. Analysis of the calibration results
obtained with Liulin-4] spectrometer-dosimeter on protons and heavy ions. Radiat. Meas. 2002, 35, 127-134. [CrossRef]

2. Hyun, HJ.; Anderson, T.; Angelaszek, D.; Baek, S.J.; Copley, M.; Coutu, S.; Han, ]. H.; Huh, H.G.; Hwang, Y.S.; Im, S.; et al.
Performances of photodiode detectors for top and bottom counting detectors of ISS-CREAM experiment. Nucl. Instrum. Methods
Phys. Res. Sect. A Accel. Spectrometers Detect. Assoc. Equip. 2015, 787, 134-139. [CrossRef]

3. Jeon, H.B.; Kang, K.H.; Park, H.; Hyun, H.J. Study of the Design Optimization of AC-coupled Single-sided Silicon Strip Sensors.
Korean Phys. 2015, 66, 1451-1456. [CrossRef]

4. Lee, S.C,;Jeon, H.B,; Kang, K.H.; Park, H.; Lee, D.H.; Lee, M.W,; Park, K.S. Photo-Responses of Silicon Photodiodes with Different
ARC Thicknesses for Scintillators. J. Korean Phys. Soc. 2019, 75, 1038-1042. [CrossRef]

5. Datasheet Charge Sensitive Preamplifier and Shaping Amplifier A225. Amptek, Inc. Available online: https://www.amptek.com/
- /media/ametekamptek /documents/resources/specs/a225.eps?la=en&revision=718850f2-d24d-4d65-ba3f-040406c37b6e
(accessed on 29 October 2021).

6.  Wigmans, R. Calorimetry-Energy Measurements in Particle Physics, 2nd ed.; Oxford University Press: Oxford, UK, 2017;
ISBN 978-0198786351.

7. Ceccucci, A. LKr calorimetry for the CP violation experiment NA48: recent test beam results. Nucl. Instrum. Methods Phys. Res.

Sect. A Accel. Spectrometers, Detect. Assoc. Equip. 1995, 360, 224-227.


http://doi.org/10.1016/S1350-4487(01)00286-4
http://dx.doi.org/10.1016/j.nima.2014.11.075
http://dx.doi.org/10.3938/jkps.66.1451
http://dx.doi.org/10.3938/jkps.75.1038
https://www.amptek.com/-/media/ametekamptek/documents/resources/specs/a225.eps?la=en&revision=718850f2-d24d-4d65-ba3f-040406c37b6e
https://www.amptek.com/-/media/ametekamptek/documents/resources/specs/a225.eps?la=en&revision=718850f2-d24d-4d65-ba3f-040406c37b6e

Sensors 2021, 21, 8029 10 of 10

10.

11.

12.

13.

Lee, S.C.; Jeon, H.B.; Kang, K.H.; Park, H. Study of Silicon PIN Diode Responses to Low Energy Gamma-Rays. J. Korean Phys. Soc.
2016, 69, 1587-1590. [CrossRef]

Yan, J.; Liu, R;; Li, C; Jiang, L.; Lu, X.X.; Zhu, T.H. Energy calibration of a BC501A liquid scintillator using a y — vy coincidence
technique. Chinese Phys. 2010, 34, 993-997.

Scherzinger, J.; Jebali, R.A.; Annand, ] R.M.; Fissum, K.G.; Hall-Wilton, R.; Kanaki, K.; Lundin, M.; Nilsson, B.; Perrey, H.; Rosborg,
A.; et al. The light-yield response of a NE-213 liquid-scintillator detector measured using 2-6 MeV tagged neutrons. Nucl. Instrum.
Methods Phys. Res. Sect. A Accel. Spectrometers Detect. Assoc. Equip. 2016, 840, 121-127. [CrossRef]

Agostinelli, S.; Allison, J.; Amako, K.; Apostolakis, J.; Araujo, H.; Arce, P.; Asai, M.; Axen, D.; Banerjee, S.; Barrand, G.; et al.
GEANT4-a simulation toolkit. Nucl. Instrum. Methods Phys. Res. Sect. A Accel. Spectrometers Detect. Assoc. Equip. 2003, 506,
250-303. [CrossRef]

Kim, K.R,; Park, B.S; Lee, HR; Kang, K.S.; Kang, S.W.; Choi, B.H. 50 MeV proton beam test facility for low flux beam utilization
studies of PEFP. In Proceedings of the Agricultural Policy Advisory Committee (APAC), Gyeongju, Korea, 22-26 March 2004;
pp. 441-443.

Knoll, G.E. Radiation Detection and Measurement, 4th ed.; Wiley: Hoboken, NJ, USA, 2010; ISBN 978-0-470-13148-0. Available
online: https:/ /books.google.co.kr/books?hl=zh-CN&lr=&id=4vT]7UDel5IC&oi=fnd &pg=PAl1&dq=Radiation+detection+and+
measurement&ots=VxBWBUzLaB&sig=qwmfLQzw]86QgETx9ylomR8oV-8&redir_esc=y#v=onepage&q=Radiation (accessed
on 29 October 2021).


http://dx.doi.org/10.3938/jkps.69.1587
http://dx.doi.org/10.1016/j.nima.2016.10.011
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
https://books.google.co.kr/books?hl=zh-CN&lr=&id=4vTJ7UDel5IC&oi=fnd&pg=PA1&dq=Radiation+detection+and+measurement&ots=VxBWBUzLaB&sig=qwmfLQzwJ86QgETx9yl6mR8oV-8&redir_esc=y#v=onepage&q=Radiation
https://books.google.co.kr/books?hl=zh-CN&lr=&id=4vTJ7UDel5IC&oi=fnd&pg=PA1&dq=Radiation+detection+and+measurement&ots=VxBWBUzLaB&sig=qwmfLQzwJ86QgETx9yl6mR8oV-8&redir_esc=y#v=onepage&q=Radiation

	Introduction
	Fabricated Sensor
	Developed Electronics
	Experimental Results
	High Gain Mode: Gamma Spectrometer
	Low Gain Mode: Proton Spectrometer

	Summary
	References

