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Wide band-gap semiconductor detectors have good application prospects in the compact systems intended for de-

tecting low-level radiation and identifying radionuclides.

In the present work, the algorithm of identification of

radionuclides and determination of their quantitative characteristics was researched. The responses of CdZnTe-
and TIBr-detectors to radiation from '37Cs, °°Sr, “°K, '3'T and %°Co were simulated by Monte-Carlo method via
GEANT4 v. 4.9.6 package for realization of this algorithm. It allowed us to create a databases of spectral signatures

for the investigated detectors and to use them as input data for the regression model.

PACS: 29.40.Wk, 85.30De, 07.85.-m
1. INTRODUCTION

Identification of radionuclides and determination
of their quantitative characteristics is a key problem
in the environmental remediation. One of the so-
lutions of such problem consists in the preliminary
selection and preparation of soil’s samples. However,
it takes sufficiently long period of time and, in ad-
dition to this factor, the given technique is very ex-
pensive. The method of in-situ identification of ra-
dionuclides and determination of their activity and
concentration is cheaper and fast-responding. Over
many years, wide band-gap semiconductor detectors
have good application prospects in the compact sys-
tems intended for detecting low-level radiation and
in-situ identifying gamma-radiators. The main ad-
vantage of such detectors is the lack of need for their
cooling (in contrast to HPGe-detectors). Wide band-
gap semiconductor detectors operate at room temper-
ature. Moreover, these detectors can be used for mea-
suring beta radiation spectra [1]. Thus, wide band-
gap semiconductor detectors are suitable for working
in the mixed radiation fields.

To in-situ identify radionuclides it is necessary
to analyze the whole measured spectrum obtained
by a detector. The analysis of such spectrum re-
quires knowledge of response of detector to radia-
tion of every radionuclide, which may be contained in
the investigated mixture composition. In the present
work, the responses of CdZnTe- and T1Br-detectors
to mixed gamma-beta radiation and radiation from
every radionuclide, which may be contained in the
investigated mixture composition, were simulated by
the Monte-Carlo method via the GEANT4 v. 4.9.6
package, which is a universal toolkit for the simu-

lating the passage of charged particles, neutrons and
gamma quanta through matter. The algorithm of the
in-situ identification of radionuclides and the deter-
mination of their activity, researched in this work,
is based on LASSO (Least Absolute Shrinkage and
Selection Operator) regularization [2].

2. DESCRIPTION OF THE MODEL

The measured (or simulated) total spectrum from

a mixture of radioactive sources can be presented in
the form:

(1)

Here, Y - a vector of the measured (or simulated)
spectrum of radiation from the mixture of radioactive
sources, X - a detector’s response matrix to all indi-
vidual sources of radioactive radiation, which may be
contained in the mixture composition, 3 - a vector of
coefficients determining a contribution of each source
in the mixed spectrum, € - a vector of noise. In detail,
the equation (1) can be rewritten in the form:

Y=Xg3+e.
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Here, n — a number of channels in the detector, k —
a number of radioactive sources, which may be con-
tained in the mixture composition.

The responses of CdZnTe- and T1Br-detectors to
mixed gamma-beta radiation, Y, and radiation from
every radionuclide, which may be contained in the
investigated mixture composition, X, were simulated
by the Monte-Carlo method via the GEANT4. The
vector of unknown coefficients, 3, was determined by
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a method of LASSO regularization based on the min-
imization of functional:

1Y — XBI3 + plBl1 = min,u >0, (3)

where p — a regularization parameter. Such kind
of the regularization was applied to problems of the
radionuclide identification by Bai et al. [3]. They
used the LASSO regularization to determine which
radionuclides are contained in the mixed radiation
source. However, they did not conduct any investi-
gation connected with the determination of the ra-
dionuclide activity.

In the present work, the regularization problem
was solved numerically using the coordinate descent
method. The peculiarities of the application of this
algorithm to solving the LASSO regularization prob-
lem were researched in detail by Wu and Lange [4].

To determine the regularization parameter, u,
we used a modified cross-validation algorithm. The
method essence consists in the minimization of the
standard deviation of spectrum, calculated via the
investigated linear model, from the spectrum simu-
lated via Monte-Carlo method. Thus, an expression

n

1
vV = EZ(%‘ - Xi;8))?

i=1

(4)

needs be minimal with the optimal regularization pa-
rameter.

3. MONTE-CARLO SIMULATION OF
CdZnTe- AND TIBr-DETECTORS

The passage of gamma-quanta and electrons
through the wide band-gap semiconductor detectors
(CdZnTe and TIBr) was simulated by Monte-Carlo
method via the user program code, embedded in
GEANT4 v. 4.9.6 package. It was described in de-
tail in [5]. This user program code allows the user to
specify the detector’s characteristics and the initial
characteristics of the radiation.

To validate this program we compared the sim-
ulated response of the 6x6x3mm? planar CdZnTe-
detector with the experimental one. The bias volt-
age, Uy, was 150 V. The detector’s dark current was
6nA. The mobility-lifetime products for electrons,
(u7)e, and holes, (ut)p, were 4x107% ¢cm?/V and
5x107% ¢cm?/V, respectively. Even with such char-
acteristics of the CdZnTe-detector, a satisfactory
response was obtained. It was shown that the re-
sponse functions of the CdZnTe-detector simulated
via the described user program code [5] agree with
experimental radiation spectra of *7Cs (Fig.1) and
98r (Fig.2) obtained in [1]. Visible discrepancies
can be due to the simplified geometry description.
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In following investigations, the CdZnTe-detector
with better characteristics was studied. We carried
out a computer experiment, in which the bias volt-
age, Up, was 300 V. The total level of noise in the
CdZnTe spectrometry systems was specified at about
300 e~. It was assumed that the detector’s dark cur-
rent was 3nA. The mobility-lifetime products for
electrons, (u7)e, and holes, (u7)n, were selected at
3x107% em?/V and 3x10~* cm?/V, respectively. In
the present work, we study the in-situ identification
of radionuclides, which are contained in the mixed
emission source and the in-situ determination of their
activity. (137Cs + 99Sr) source is of interest. How-
ever, to obtain a universal algorithm apart from '37Cs
and 2°Sr we researched “°K, T and %°Co. Thus,
our mixed emission source contains short-lived as well
as long-lived radionuclides. Moreover, we simulated
pure beta as well as beta- gamma- radiators.

In the most cases of the in-situ identification of
radionuclides, a radioactive source is placed under
the soil attenuating its radiation. In such situations,
for correct operation of the studied algorithm it is
not enough to define the response functions of the
CdZnTe-detector to radiation from each radionuclide
under certain conditions, we must know the depen-
dence of attenuation of each radionuclide radiation
from the soil depth. It is necessary to pay atten-
tion to that fact that the presence of the radiation
source deep under the soil was not included in our



investigation. In the present work, we determined
the thickness of the surface soil layer, in which the
insignificant attenuation of radiation from 137Cs,
908r, 49K, 31T and %°Co was observed. Figs.3 and
4 indicate how the distribution of the energy ab-
sorbed in the CdZnTe-detector irradiated by '37Cs-
and Sr-sources, respectively, changes with the in-
creasing depth of soil which covers these sources.
In these computer experiments (see Figs.3 and 4),
for good statistics it was supposed that all par-

ticles move toward the direction of the detector.
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The depth of location of the radioactive point
source of 37Cs under the soil changed from 1mm
to 200 mm. In order not to overload the figure, Fig.3
presents a change in the distribution of the energy
absorbed in the CdZnTe-detector irradiated by '37Cs
source only with the 100 mm soil depth, covering the
source. Fig. 3 shows that the soil with 100 mm thick-
ness attenuates gamma-radiation in the 661.7keV
photopeak by 83.7 %. With increasing the soil thick-
ness up to 200 mm this value is attenuated by more
than 95 % (it is not shown on the figure). Overall,
we can detect a radiation from 37Cs by the CdZnTe-
detector if the depth of soil, under which the source

presents, is not more than approximately 100 mm.

Fig.4 demonstrates the simulation results ob-
tained with 2°Sr source, the location of which under
the soil changed from 1 mm to 6 mm with a discretiza-
tion interval of 1 mm. The soil considerably attenu-
ates beta-radiation from “°Sr. The soil with thick-
ness of 1 mm attenuates beta-radiation from ?°Sr by
10.9%, 2mm — by 42.8%, 3mm — almost by 70 %,
5mm — by more than 90 %. Thus, it is not possible
to detect the ?°Sr source by the CdZnTe-detector at
the thickness of soil covering the source more than
approximately 10 mm.

In the present work, we studied the mixed ra-
dioactive volume source placed in the sufficiently thin
surface layer of soil, the attenuation by which can be
neglected. We simulated the response functions of the
CdZnTe-detector to radiation from individual volume
B7Cs, 998r, 49K, 1311 and %°Co sources with radius
of 0.5mm. Some of these curves are presented on
Figs.5, 6. The activity of every source was 100 MBq.
The measurements were taken in the 4w geometry.
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4. IDENTIFICATION OF
RADIONUCLIDES

To check the described algorithm of the radionu-
clide identification we simulated radiation from the
mixed radioactive source with radius of 0.5 mm which
consists of 137Cs, 99Sr, 49K and '3'I with the ratio of
activities of 0.4:0.1:0.1:0.4, respectively (Fig.7).
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At the deconvolution of the spectrum of this
source we suppose that source can include 37Cs,
908r, 40K, 1317 and %°Co, which is absent in fact. As
the result of the deconvolution of spectrum of the
radiation from the given mixed source the 8 coefli-
cient vector was determined: this value is (0.3986,
0.0979, 0.0916, 0.4023, 0). Thus, it was determined
that %9Co is not present in the mixed source. Us-
ing this B coefficient vector and our reference in-
dividual sources, we determined a mixture compo-
sition and calculated the activity of radionuclides.
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Fig.7. Spectrum of radiation from a mized source of
(37Cs + 98r + K + 3L]) obtained by CdZnTe-
detector

In the present work, we also simulated the
response of 2.7x2.7x2mm planar TIBr-detector
equipped with ohmic contacts (Fig.8). The bias
voltage was chosen as 400 V. We specified the to-
tal level of noise in the TIBr-spectrometry sys-
tems at about 400e~. The mobility-lifetime prod-
ucts for electrons, (u7)e, and holes, (u7)n, were
5%x10"*em?/V and 5x107°cm?/V, respectively.

10°

10°F 2.7x2.7x2 mm TIBr detector

U, =400V
10'

—0,4(]37CS) + O'I(QOSI‘) +0,1(40K) +0.4(13II)

1
500 1000 .
Channel number, i

1
1500 2000

Fig.8. Spectrum of radiation from a mized source
of (¥7Cs + 08r + 10K + 131]) obtained by TIBr-
detector

The same mixed source was used. Results of
the algorithm realization, obtained with using T1Br-
detector, agree with results, obtained with CdZnTe-
detector. In Table 1, the values of the given activity
of radionuclides, which are contained in the mixed
source, are compared with the computed values.

The given values of the radionuclide activ-
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ity agree with the wvalues of the radionuclide
activity obtained via the algorithm investigated
in this article for CdZnTe- and TIBr-detectors.

Table 1. Activity of radionuclides from the mized
radiation source of (*37Cs + 90Sr + 0K + 131])

Activity calculated
o Given via the researched
Radiation activity, algorithm, MBq
POTee MBq CdZnTe TIBr
137Cs 4 3.99 3.88
908y 1 0.98 0.93
40K 1 0.92 0.95
1311 4 4.02 4.05
50Co 0 0 0

If we increase the distance between the inves-
tigated mixed radioactive source and the CdZnTe-
detector, the intensity of radiation from source and
B coefficients will decrease, respectively (Table 2).
However, one can observe which radionuclides are
present or absent in the researched source and how
values of their activity correlate to each other.

Table 2. The values of coefficients, 3, at different
distances between the mized radiation source and
CdZnTe-detector

Distance, mm
Source
0.5 1.0 1.5 2.5 4.5
137Cs 0.40 | 0.34 | 0.29 | 0.21 | 0.12
908y 0.10 | 0.09 | 0.08 | 0.07 | 0.04
0K 0.09 | 0.06 | 0.05 | 0.04 | 0.04
1317 0.40 | 0.33 | 0.27 | 0.19 | 0.10
60Co 0 0 0 0 0

Similar results will be obtained, if we increase
the distance between the investigated mixed ra-
dioactive source and the TIBr-detector (Table 3).

Table 3. The values of coefficients, 3, at different
distances between the mized radiation source and
TIBr-detector

Distance, mm
Source
05 | 1.0 |15 |25 |45
137Cs 0.39 | 0.28 | 0.20 | 0.11 | 0.05
908y 0.09 | 0.07 | 0.05 | 0.03 | 0.01
40K 0.10 | 0.08 | 0.07 | 0.05 | 0.03
1311 0.40 | 0.28 | 0.20 | 0.12 | 0.05
50Co 0 0 0 0 0

If we increase a square of source, remaining the
same distance between this source and CdZnTe- (or



TIBr-) detector, correct values of 8 coefficients and
correct values of radionuclide activities will be ob-
tained.

Overall, as we can see from testing the investi-
gated algorithm the obtained method allows iden-
tifying the radionuclides and determining the ratio
of their activities. This ratio does not change with
the increasing or decreasing distance between the
CdZnTe- (or TIBr-) detector and soil. The measure-
ment of spectra of an unknown mixed source at the
same distance as the spectra of individual sources
were measured gives a possibility to determine not
only qualitative characteristics of radionuclides but
also their quantitative characteristics, for example,
activity. We would remind that all investigations
and calculations were conducted for contaminated
very thin surface layer of soil. However, in reality,
in the most cases, contaminated elements are depth
distributed in the soil that is a drawback for in-situ
measurements. Usually, it is supposed that natural
radionuclides are uniformly distributed, and artificial
ones are exponentially distributed [6]. The existent
methods of the in-situ activity measurements of ra-
dionuclides depth distributed in the soil are based on
three algorithms: the multiple photopeak method,
the collimation or lead plate method and the peak-
to-valley ratio method [7]. In following research we
plan to study a use of the algorithm considered by us
together with some existent algorithm of in-situ ac-
tivity measurement or together with its modification.

5. CONCLUSIONS

The algorithm of the reconstruction of spectra of
radiation from mixed beta- gamma-sources placed in
the sufficiently thin surface layer of soil, the attenu-
ation by which can be neglected, is presented. The
investigated method based on the linear regression
gives a possibility to in-situ identify the radionu-
clides, which are contained in these mixed sources,
and to in-situ calculate the ratio of their activities.
The response functions of the CdZnTe- and TIBr-
detectors to the radiation from individual sources
of 137Cs, 998r, 49K, 1311 and %°Co were simulated
via the Monte-Carlo method using the GEANT4
v.4.9.6 package. The obtained response functions al-
lowed creating the databases of spectral signatures
for two researched CdZnTe- and T1Br-detectors and
using them as the input data for the linear regres-
sion model. We identified the radionuclides included
in the mixed source of (3¥7Cs + 99Sr + 40K + 1311)
with radius of 0.5 mm, simulated at the same distance
between source and detector, and calculated their ac-
tivity with a good accuracy at radiation registration
by CdZnTe- and T1Br-detectors. It was shown how
values of coefficients determined via the researched
model for each radionuclide from the mixed radiation
source of (137Cs + %08r + 19K + 131T) with radius of
0.5mm change with the increasing distance between
this source and the CdZnTe- (or T1Br-) detector.

The maximum thicknesses of soil, under which
B7Cs and 9Sr isotopes can be placed for detect-

ing their radiation by the CdZnTe-detector with the
specified characteristics placed above the soil, were
calculated. We concluded that one can detect the
radiation from 37Cs and “°Sr sources by the re-
searched CdZnTe-detector if the thicknesses of soil,
under which the sources are placed, are not more than
approximately 100 mm and 10 mm, respectively.

Overall, it was shown that the investigated algo-
rithm can be used for identifying radionuclides and
determining the ratio of their activities. The values
of the radionuclide activities can be obtained under
certain conditions. To do a universal algorithm we
plan to modify it for determining the values of ra-
dionuclide activities at different distance between the
CdZnTe- (or TIBr-) detector and the source, which
will be depth distributed in the soil.
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MOJEJINPOBAHUWUE METOJ0M MOHTE-KAPJIO OTKJIMKA
IMOJIVIIPOBOAHUKOBHEIX JETEKTOPOB [JJIsdd ITPUBOPOB,
INMPEJHASHAYEHHBIX OJId NAEHTUONKAIINN PAJVNOHYKJIN10B

A. A. Cepwnnux, M. A. Xasrcmypados

[TupoKO30HHBIE TTOIYTPOBOIHUKOBBIE NETEKTOPHI NEPCIEKTUBHBL JIJI UCIIOJIB30BAHNS B KOMIIAKTHBIX CHCTe-
MaX, TPeIHA3HAYEHHBIX JJIs PECUCTPAIMY HA3KOIHEPTETHIECKOTO U3/TyIeHUS U UICHTUPUKAINYA PATUOHYK-
aunos. B mamnoit pabore mccrenoBasics aaropuTM HACHTU(DUKAINN PATHOHYKINIOB U ONPEIETEHUT HX KO-
JUYECTBEHHBIX XapaKTepucTuk. g peaqusanuy JaHHOTO aJrOPUTMa, OBLIH MTPOMOIETUPOBAHBL C TIOMOIIHIO
GEANT4 orkmaukn momynposoaunkobix CdZnTe- u T1Br-nerexropos Ha usnyuenne 37Cs, 20Sr, 49K, 131 u
60Co. D10 1103BOIMIIO CO3IATH 6A3BI CHEKTPATILHBIX CUTHATY]D JIJIS HCCIIELYeMbIX IeTeKTOPOB U HCIOIb30BATh
¥X B KQ4€CTBE BXOIHBIX JTAHHBIX IJIs PErPECCUOHHON MOIE/IH.

MOJEJIIOBAHHS METO/JOM MOHTE-KAPJIO BIATYKY
HAIIIBIIPOBIIHUKOBUX JETEKTOPIB JJIsI IIPUJIAIIB, AKI HIPU3HAYEHI
JJISI IJEHTUGIKAIIIT PAJIOHYKJILIIB

A. I Crxpunnux, M. A. Xascmypados

IITupoko30HHI HAMIBIPOBIAHUKOBI HETEKTOPH TEPCIEKTHUBHI /151 BUKOPUCTAHHA B KOMIAKTHHUX CHCTEMAX,
NPU3HAYEHUX I PEECTPalii HU3bKOEHEPreTUYHOI'O BUMPOMIHIOBAHHSA Ta imenTmdikanii pagaionyrsiimis. Y
JaHiit poboTi MOCTIIKyBaBCA aJITOPUTM ideHTUdIKAI] PATIOHYKIIIIIB Ta BU3HAUEHHS iX KITBKICHUX Xapak-
TepucTuk. s peasizarii gaHoro aaropurmy Oynu mpomosenboani 3a gonomoroin GEANTY siaryku na-
mismposigankosux CdZnTe- i TIBr-gerekTopis na sumpowmimosamms 37 Cs, 2°Sr, 4°K, 31 1a °Co. Ile mo3-
BOJIMJIO CTBOPHUTH 03U CHEKTPATbHUX CUTHATYP M JOCTIIKYBAHUX IETEKTOPIB i BUKOPHUCTATH iX B IKOCTi
BXITHUX JAHUX JJIA Perpeciiinol Mosesti.
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