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Radiation hardness tests were conducted on a silicon detector and preamplifier to develop a
reactor coolant leakage monitoring system, which detects high-energy beta particles from 16N
in the primary reactor coolant of nuclear power plants. Monte Carlo simulations were used to
calculate the doses that would be absorbed on components over a 60-year design lifetime. The
components were exposed to a ©°Co gamma source with an activity of 2.4 kCi for 54 hours.
The absorbed doses accumulated during the test were determined to be 0.99 kGy for the de-
tector and 1.37 kGy for the preamplifier. During the test, the alpha count from a check source
in the high-channel range disappeared in a high-dose-rate environment, and the gross gamma
count decreased as the accumulated dose increased. The performance degradation of the de-
tector and preamplifier was evaluated by comparing the alpha signals and background noise
before and after irradiation. The energy resolution of the alpha signals in the high-channel
range exhibited slight changes, whereas the electronic noise in the low-channel range in-
creased by approximately 773 % for the irradiated detector and 17 % for the irradiated
pre-amp. A method employing various low-level discriminator channels is proposed to miti-
gate noise effects in the monitoring system.
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INTRODUCTION

Unidentified leakage of reactor coolant from the
reactor coolant system (RCS) in nuclear power plants
(NPP) can lead to component degradation or corro-
sion, accumulation of chemical compounds such as
boric acid, contamination of work surfaces, and even
loss-of-coolant accidents. According to Regulatory
Guide 1.45 (RG 1.45) [1] released by the U.S. Nuclear
Regulatory Commission (USNRC), various instru-
ments are used for monitoring RCS leakage, including
tanks, sumps, airborne particle/gaseous radiation
monitors, and instruments for monitoring containment
atmosphere humidity, pressure, and temperature. Al-
though RG 1.45 reported that these monitoring meth-
ods are capable of detecting a leakage rate of 1 gallon
per minute (1 gpm = 3.785 liters per minute) within an
hour, recent cases have revealed vulnerabilities in ex-
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isting monitoring systems, particularly in detecting
small leakages, and significant delays in detection
times have been observed. The primary causes of the
delay in detection time include: the large area of the
sump, leading to very small changes in the water level,
the inability to detect leakages when there is no change
in the radioactive levels within the containment atmo-
sphere, and the condensation of steam before reaching
the humidity sensors.

To address these issues, a beta particle detection
system including a silicon (Si) semiconductor detec-
tor has been developed for monitoring coolant leak-
age of less than 0.5 gpm within 1 h (0.5 gpm per hour)
in aprevious study [2, 3]. This system employs a cap-
ture pipe positioned between the coolant pipe and in-
sulation. The capture pipe collects the steam released
from coolant leakage into the detection cavity, which
is located in the annulus zone of an NPP containment
building. It then detects beta particles emitted from
6N that occupy over 90 % [4] of the radioactive
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isotopes in the coolant with a maximum energy of
10.4 MeV, thereby facilitating the monitoring of
coolant leakage occurrence. The Si detectors are less
sensitive to gamma-rays, which have a relatively
high penetrating power, owing to their thin depletion
layers. Therefore, this feature is suitable for charged
particle detection, avoiding interruption of the signal
by background gamma-rays and neutrons. Radiation
hardness is an important consideration when install-
ing a Si detector and preamplifier (pre-amp) in the an-
nulus zone. Because gamma-rays and neutrons pro-
duced from the reactor exist as background radiation
during reactor operation, the Si detector and pre-amp
must maintain their functional states against back-
ground radiation. Therefore, a radiation-shielding
structure must be constructed for the detection sys-
tem. Figure 1 shows a schematic of the developed re-
actor coolant leakage monitoring system and its mon-
itoring procedures.

It is generally known that an absorbed
gamma-ray dose of approximately 8.6 kGy leads to
significant performance degradation in Si detectors
[5]. Several studies investigated the radiation hardness
and functional degradation of Si detectors after irradi-
ation. Sueva et al. [6] studied the applicability of a Si
detector in an environment with high-dose gamma-
-rays. To evaluate the properties of the Si detector in a
high-dose field, it was irradiated with gamma-rays of
up to 599 kGy using a °®Co source. A shift in the alpha
signal was observed and the self-annealing effect was
confirmed 24 hours after irradiation. In the case of
pre-amps, although there are variations in radiation
hardness based on the composition of the components,
functional damage is also caused by high-dose radia-
tion [7-9]. However, to evaluate the applicability of a
Si detector in specific radiation environments, such as
inside the containment buildings of NPP, radiation
hardness tests should be performed based on the
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knowledge of the detector properties. In this study, ra-
diation hardness tests were conducted by irradiating a
Si detector and preamplifier with gamma-rays to iden-
tify their functional states. The absorbed doses in the
components over the design lifetime were calculated
using Monte Carlo simulations, considering the back-
ground radiation in the annulus zone. The perfor-
mance degradation in the irradiated components after
the test was compared and a method to reduce the ef-
fects of radiation damage on detection performance
was proposed.

ABSORBED DOSE CALCULATION
FOR COMPONENTS

The final Safety Analysis Report (FSAR) for
APR1400 [10] reported gamma and neutron flux at
0.5 ft (0.153 m) outside the midplane of a reactor ves-
sel as shown in fig. 2. Using these data, the gamma and
neutron fluxes in the annulus zone of the primary NPP
system were calculated using Monte Carlo N-Particle
(MCNP) [11] simulations, and the fluxes are listed in
tab. 1.

The absorbed doses of the Si detector and
pre-amp were calculated using MCNP. In the simula-
tion, a lead shielding cylinder with a thickness of 5 cm,
the 300 um depletion layer of the Si detector, and the
pre-amp shaped in a silicon board were implemented.
The source term was located outside the lead cylinder.
The neutron and gamma-ray fluxes were converted
into intensities by considering the design criteria for
the dose rate in the annulus zone, which was 10
mSvh~!. The F6 tally was used to calculate the ab-
sorbed dose to the components over a period of 60
years, which is the design lifetime of NPP. For the en-
tire duration, an 18-month refueling cycle and an over-
haul period were considered. The dose absorbed in the
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Figure 1. Schematic of the developed reactor coolant leakage detection system
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Figure 2. The flux of gamma-rays and neutrons at 0.5 ft
outside the midplane of a reactor vessel

Table 1. Data of neutron and gamma flux in the annulus
zone of an NPP primary system

Neutron Gamma
Energy [MeV]| Flux [cm s'] |[Energy [MeV]|Flux [cm s ']
1.11-1072 7.01-10° 1 3.10-10°
8.92:107° 1.44-10* 2 4.62-10*
1.18 1.12-10* 3 3.71-10*
5.52 2.87-10> 4 1.47-10*
11.1 2.09 5 1.81-10*

6 8.74-10°
7 1.50-10*
8 5.04-10°
9 4.07-10°
10 1.78-10?
11 4.59-10°
Total 7.27-10° Total 4.56-10°

reaction area (depletion layer) was considered for the
Si detector, and the dose absorbed in the entire panel
that housed several transistors was considered as the
pre-amp for conservative evaluation. Figure 3 shows
the geometry of the simulation used for the calcula-
tions. The absorbed doses accumulated in the compo-
nents over 60 years of age are listed in tab. 2.

RADIATION HARDNESS TESTS

To observe the functional changes in the detector
and pre-amp owing to the amount of absorbed dose accu-
mulated over the design lifetime, the effect of radiation
quality was not considered. The radiation damage in-
duced by the displacement per atom (DPA) mechanism
differs between neutrons and gamma-rays. Therefore, a
comparison of the results from neutron and gamma-ray
exposures is currently being planned. The gamma-ray ir-
radiation tests were conducted at the Advanced Radia-
tion Technology Institute facility of the Korea Atomic
Energy Research Institute using a ’Co source with an
activity of 2.4 kCi (1 Ci = 3.7-10'° Bq). The Si detector
(ORTEC ULTRA BU-037-1200-300) with a 300 pum de-
pletion layer and pre-amp (ORTEC '*?A) was shielded
using 5 cm thick lead bricks to mimic the shielding struc-
ture. Furthermore, an amplifier (ORTEC 460), power
supply (ORTEC 428), and multichannel analyzer
(ORTEC 928) were connected to obtain the spectra dur-
ing irradiation. The experimental parameters included
amplifier gain of 50, shaping time of 0.1 ps, bias voltage
of 90 V, lower-level discriminators (LLD) of 250 chan-
nels, conversion gain of 1024 channels, and spectra re-
cording time of 10 minutes. The MAESTRO (ORTEC)
software was used to analyze the spectra. Figures 4 and 5
show the block diagrams of the devices and the experi-
mental set-up, respectively. As shown in fig. 5, alanine
pellets were attached to the top of the vacuum chamber
and the side of the pre-amp to measure the absorbed
doses in the Si detector and pre-amp.

Owing to the thin depletion layer of the detector,
the spectra for electrons (beta particles), gamma-rays,
or electronic noise are formed in the low-channel
range (approximately 0-400 channels). Therefore, a

Table 2. Absorbed doses accumulated for 60 years on a Si
detector and pre-amp

Absorbed dose for 60 years [Gy]
Components
By gamma-rays | By neutrons Total
Si detector 434.43 595.41 1029.84
Pre-amp 385.68 107.59 493.27

Background radiation

(neutron/gamma)

Figure 3. The geometry of MCNP
simulation to calculate the absorbed
doses of each component over a
60-year design lifetime
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210pg alpha source was used to evaluate the functional
state of the detector during high-dose gamma irradia-
tion, including its influence on the relatively high
channel range (approximately 400-600 channels). The
components were irradiated with gamma-rays for 57
hours to reach 1.03 kGy, which was the accumulated
dose of the Si detector obtained from the simulation.

The actual absorbed doses of each component
were derived from those of the alanine pellets using
the mass absorption coefficient [12]. The measured
doses of alanine pellets were based on the dose ab-
sorbed in water at a density of 1 gcm™. The appropri-
ate conversion equation is as follows

Hsi

ﬂ water / ,D water

D D

i (1)

water

where D is the absorbed dose, and pi/p — the mass ab-
sorption coefficient. Table 3 lists the measured doses
of each alanine pellet and the corresponding actual
doses of each component. The detector received ap-
proximately 12 % less irradiation than the calculated
dose, whereas the pre-amp was exposed to approxi-
mately 150 % more irradiation than the estimated
dose. Despite these variations, it was concluded that
investigating the effect of accumulated doses should
not be problematic.

RESULTS AND DISCUSSION

Signal loss of alpha particles under a
high-dose-rate environment

In the experiment, the spectra of gamma-rays
and alpha particles were formed in the low-(250-350
channel) and high-channel range (500-600 channel),
respectively. Spectra were recorded at 10 minute inter-
vals over a total duration of 57 hours. In the
high-dose-rate environment, the alpha spectrum was
not detected (left panel in fig. 6). However, each time
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Si detector, -t

ORTEC ULTRA
Pre-amp,

ORTEC 142A

the gamma source was shut down for a few minutes
during the experiment, alpha counts were recorded
again (right panel in fig. 6). After the experiment was
concluded, alpha counts were measured normally,
with approximately 1 kGy of dose accumulated in the
components.

Radiation incident on Si detectors ionizes the
material in the semiconductor, creating electron-hole
pairs. Subsequently, these electron-hole pairs move to
each electrode and generate charge signals in elec-
tronic devices such as pre-amps and amplifiers. Owing
to this process, the count rate of the detectors inevita-
bly decreases in a high-count-rate environment. Con-
sequently, there is a limit to the processing time of the
generated signal, known as dead time. Patil [13] re-
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Figure 5. Experimental set-up for the radiation hardness
test; the Si detector was inserted in an aluminum
vacuum chamber without vacuum pumps
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Figure 4. Schematic of the experimental set-up
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Table 3. Experimentally accumulated doses in the Si
detector and pre-amp

Accumulated absorbed dose for 57 h [kGy]

Components

D, water D, Si
Si detector 1.13 0.99
Preamplifier 1.56 1.37

ported that the dead time associated with various units
can be divided into three major categories, as shown in
fig. 7. There is no dead time owing to the rapid charge
transit time (inherent detector dead time) of a semicon-
ductor detector. Therefore, only the pulse processing
dead time and the MCA dead time must be considered.

The LLD was set to 250 channels to minimize
MCA dead time during the experiment. Under these
conditions, the MCA dead time value was only a few
percent. Therefore, the alpha spectrum was not de-
tected in the high-count-rate environment owing to the
dead time of the pulse processing.

Decrease in gross counts by a
defect in charge collection efficiency

Figure 8 shows the decreasing gross count of °Co
gamma-rays as the absorbed dose increased. The counts
decreased relatively rapidly at the beginning of dose ac-
cumulation. Notably, the counts slightly increased owing
to the self-annealing of the detector when the dose was
accumulated again after a 6 minutes removal of the
source to check the alpha signal.

Radiation damage in Si detectors can be classified
into two categories: surface damage, which occurs from
ionization in Si0, and at the Si-SiO, interface, and lattice
defects in the silicon bulk created by radiation exceeding
certain thresholds energies [14]. Aldosari [15] reported
that gamma-rays can cause bulk damage to Si detectors.
For irradiation tests using °’Co, the Frenkel pair is the

only type of defect that decreases the charge-collection
efficiency and can reduce gross counts. This is a repre-
sentative defect caused by the bulk damage to a Si detec-
tor.

However, defects in this experiment, such as sig-
nal loss or gross count decrease, originated from the
high-dose field conditions. This condition simulated
the quantity of radiation that would be absorbed over
60 years, but it was applied all at once during a 57
hours test. A previous study [16] showed that the de-
tector exhibited no defects when tested at an actual
dose rate of approximately 4 mGyh!, which is typical
for the annulus zone.

Variability of alpha counts before
and after gamma irradiation

Figure 9 shows the gross count of the alpha signals
formed by 2'Po before and after irradiation. The total
count for alpha particles was 16138 £127 on average be-
fore irradiation and it decreased to 15758 +126 after irra-
diation. Therefore, the gross count in the high-channel
range decreased by approximately 2.3 %. The full width
at half maximum (FWHM) of the alpha spectrum peak,
shown in fig. 10, changed from 52.95 to 46.75 after irra-
diation. The functional integrity in the high channels was

Inherent

detector .
dead time dead time

[Detector }{ Preamp Amplifier ]—[ SCA J»*[ MC A ]

Figure 7. Sources of dead time in a typical
detection system
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Figure 6. Measured spectra with lost alpha counts under high-dose rate conditions (a) and spectra with alpha counts
recorded again when the source was shut down (b); each experiment has a 10 minute interval
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Figure 8. Decrease in count as the accumulated dose
increases; the sensor was self-annealed while it was not
exposed to gamma-rays

maintained within a dose accumulation of approximately
1-1.4 kGy in the components.

Performance degradation of the
components after irradiation

Degradation of the detector

After irradiation of 0.99 kGy to the detector, the
count rate increased by 773 % from 3338 to 29152. Fig-
ure 11 shows the electronic noise spectra before and after
radiation exposure of the detector. Generally, gamma-ray
doses of approximately 8.6 kGy can lead to significant
performance degradation in Si sensors [5], and the leak-
age current increases linearly with radiation fluence [17].
In addition, random fluctuations in the leakage current
generate small current signals. Therefore, despite the rel-
atively small gamma-ray dose, which did not exceed 1

kGry, the leakage current that could affect the low chan-
nels of the spectrum may increase.

Degradation of the pre-amp

Figure 12 shows the change in the count rates of
the noise spectrum before and after irradiation of
1.37 kGy to the pre-amp. The noise count rate in-
creased by 17 % from 2785 to 3259. Notably, the
height of the peak decreased, whereas the spectral tail
widened. Even if variations in radiation hardness are
observed based on the composition of the components
of the pre-amp, functional damage is usually caused
by high-dose radiation. The test revealed that an ab-
sorbed dose of 1.37 kGy on the pre-amp could lead to
increased noise, indicating damage.

Determination of the level of valid
pulse height discriminator

An increase in the leakage current and electronic
noise in the lower channels caused by radiation expo-
sure can reduce the performance of the detector sys-
tem. Therefore, it is important to set an appropriate
LLD channel to avoid misinterpreting noise as signals
from charged particles, particularly when a coolant
leakage detection system is installed in an annulus
zone with background radiation.

Figure 13 shows the changes in the count rates of
the noise and charged particles according to the LLD
channel setting. In this case, the target radiation was beta
particles from '°N in the leaked coolant, with an assumed
activity of 2.13-107 Bq based on the estimated amount of
16N reaching the detector after 30 seconds when the cool-
ant leaked in a specific geometry [3]. This shows that the

105 === Average alpha counts before irradiation
B Alpha counts after irradiation
b2}
=
£ L
o
(8]
8]
=
=3
©
= 100/ mpeen omsem evien envem sy e mmpem gy m—; m; ;3 - vy
(]
N
© % % '
(=) " -
0.95F . .
F 1§ure 9. Normalized alpha count by
a ""Po alpha source: before (dash
line) and after irradiation (black
dots)
0.90 |-
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
— NN O T W ONO DO~ N®MTWON0 OO
H 3 H = H O H H OHE e oo o=
QO 00 0 Q9 9 QO O O # # #H 3# ;¥ F H H I ¥ H
X X X X X X X X X O 0 0 Q9999 9aa
W oW oW oW oW oo ox x x X x X xX X X x X
W oW oW W W



K. Pak, et al., Radiation Hardness Test of a Silicon Detector and Preamplifier ...

Nuclear Technology & Radiation Protection: Year 2024, Vol. 39, No. 2, pp. 89-97 95
40000 T T T T T
350 T T T T T T
1]
= Count rates: 2785.3
800 - 1 3 30000 1
12}
b [&]
3 201 .
. | o ~
200 - FWHM: 52.95 !" ] 20000
in
150 |- i‘ T 0000 i Count rates: 3258.5 |
n 1 iati =
e /(Radlatlon exposed pre-amp)
100 n §
. L
50 = I\ - 0 1 1 1 1 1
0 20 40 60 80 100
ot 4 Channel
1 1 1 1 1 1
0 200 400 600 800 1000 1200 Figure 12. Change of electronic noise spectrum in the low
(@) ChaRRal channel range before and after irradiation on
the pre-amp
350 —————— ————
50000 T T
300 f 1 1 Noise by irradiated Si
% F é 2 - Noise by irradiated pre-amp )
=
o 250 | 4 = 40000 | 4 3 Noise (Si + pre-amp) L
° A E N 4 ——— N-16 (simulation)
200 | 4
30000
FWHM: 46.75
150 | .
20000
100 E
10000
50 ¢ 4
0 4 0
1 1 1 1 L L A A
0 200 400 600 800 1000 1200 20 40 LLD channel 60
(b) Channel

Figure 10. Spectra formed by a ?'’Po alpha source;
before (a) and after irradiation (b)

T T T T T
250000 | o
Count rates: 29151.5
- 200000 |- (Radiation exposed detector)
=
3
O 150000 - 1
100000 1
50000 | /\ Count rates: 3338.1 i
oF
] 1 1 1 1
0 20 40 60 80 100
Channel

Figure 11. Change of electronic noise spectrum in the low
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Figure 13. Change in count rates of noise and simulated
source (**N), according to the LLD channel setting

count rates of '°N and the noise varied with different
LLD channel settings. This allows the selection of an
LLD channel that reduces the noise effect in low chan-
nels and maximizes the signal-to-noise ratio, thereby
providing a valid detection threshold.

CONCLUSIONS

In this study, a Si detector and pre-amp were irra-
diated with gamma-rays at a high dose rate to evaluate
the functional stability of a coolant leakage detection
system installed in the annulus zone of an NPP. The ab-
sorbed doses for the detector and pre-amp were de-
rived using MCNP simulations. Based on these calcu-
lations, the detector and pre-amp were exposed to ®°Co
at an activity of 2.4 kCi for 57 hours. Doses of 0.99
kGy and 1.37 kGy accumulated in the detector and
pre-amp, respectively, from the conversion of the ab-
sorbed doses in the alanine pellets to those in silicon. A
219pg alpha source was used as a check source to iden-
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tify functional states during gamma exposure. After
the irradiation, the functional states in the high-chan-
nel range remained stable. However, the electronic
noise increased in the low channels owing to the in-
creased leakage current caused by the gamma irradia-
tion of the detector. Additionally, defects, such as sig-
nal loss of alpha count and a decrease in charge
collection efficiency, were observed.

The absorbed doses that accumulated over 57
hours in the experiment corresponded to the doses that
would accumulate on the detector and pre-amp over a
period of 60 years. The defects were caused by irradia-
tion at a high dose over a relatively short period, repre-
senting severe test conditions. Additionally, previous
studies have confirmed that similar defects were not ob-
served under the actual dose rate, suggesting that the
monitoring system could operate in an actual environ-
ment by utilizing various LLD settings to reduce the ef-
fect of noise in the low-channel range. The results of
this study can be used to provide information for deter-
mining the maintenance and repair schedules during the
operation of coolant leakage monitoring systems.

Since it is known that the radiation damage in a
Si detector causes different aspects depending on the
radiation quality, additional tests using neutrons will
be performed to evaluate the specific degradation of
the components in the future.
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Kunxonr ITAK, Honrxeon KM,
Jour Xjyn KMM, Ceynr Beom I'OX, Jynr-Cuk 40, Jour Kjyn KUM

NCIINTUBAILE YBPCTORE HA PAINJALINTY CUINKOHCKOI JETEKTOPA U
NPETIIOJAYABAYA TOKOM INPOJEKTOBAHOI BEKA CHUCTEMA HAA3O0PA
OYPEIbA PACXJITAITHE TEYHOCTHU PEAKTOPA

TecroBu uyBpcTohe Ha paauWjanMjy COPOBEAEHW Cy Ha CHIHMIUjYMCKOM J[IETEKTOPY U
IpeTnojayaBady Kako OM ce pa3BHO CUCTEM 3a Ipahemwe Lypema pacxiafiHe TEYHOCTH peakTopa, Koju
JIETEKTYje BUCOKOEHEPreTcke GeTa vectuie u3 N y mpuMapHOM XJagumoly peakTopa HyKJIeapHHX
enekTpana. MonTe Kapmo cumynanuje kopuirheHe cy 3a u3padyHaBame 032 Koje 01 ce ancopOoBalie Ha
KOMIIOHEHTaMa TOKOM 60-TOJIMILE-ET IIPOjEKTOBAHOT BeKa Tpajama. KomnonenTe cy 6une uznoxene °Co
rama n3Bopy aktuBHOCTH Off 2.4 kCi TokOM 54 yaca. YTBpheHo je fa cy ancopboBaHe 103€ aKyMyJInpaHe
TokoM Tecta 6mite 0.99 kGy 3a rerextop u 1.37 kGy 3a mpernojauaBau. Tokom Tecra, anga ogdpoj u3 TecTt
MU3BOPA Y OINCETY BUCOKMX KaHaJa HECTAjao je y OKPYKeHY ca BEIMKOM jaurHOM 03¢, a OpyTo rama 6poj
CMalkUBaoO ce KakKo ce akymyimpaHa jo3a moBehasana. [lerpaganmja mepdgopmaHcH AeTeKTopa Hu
IpeTnojayaBayda IpoLewmeHa je nopebemeM anda cursHana u No3aguHCKOr 1IyMa Ipe U Iocje 3padyema.
Eneprercka pe3osnynyja ajncda curHaja y BUCOKO-KaHaJIHOM OIICEry IokKasaja je Majie IpOMEHE, 0K je
€JIEKTPOHCKY IIIyM Y HUCKOKaHalTHOM oricery nosehan 3a npuGmikHo 773 % 3a o3paueHu getekTop u 17 %
3a O3paveHM mpernojayaBad. [IpennmoxeHa je MeToa Koja KOPUCTH Pa3iuyuTe AUCKPUMUHATOPCKE
KaHaJjle HUCKOT HUBOa 3a yOsaxaBame epekata hyMma y cucremy 3a npadyeme.

Kwyune peuu: tieciti uspcitiohie Ha paoujayujy, aKymyaupana aicopbosana 003a, CUAULUJYMCKU
OellieKilop, MOHUTOPUHZ UYPeHad XAa0UOUa PeaKiiopa




