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Abstract

Periodic radiation monitoring of soils today is a priority task not only for Belarus, but also for Japan, suf-
fered by Fukushima nuclear power plant accident. Use of portable and light spectrometers with ability to per-
form in situ measurements makes it possible to quickly estimate specific activity of measured radionuclides
with required accuracy in particular soil site. Basic information of a gamma radiation source (radionuclides
content, effective radius of measurement area and thickness of contaminated layer) can be obtained directly
during measurement. The purpose of this research is to test the feasibility of using algorithms for determina-
tion of specific activity and thickness of contaminated layer under conditions of soil measurement with vari-
able density parameters and radiocesium distribution in soil.

Monte-Carlo simulating allowed to estimate the degree of deviation of the shape of simulated spectra
obtained with the use of Monte-Carlo soil model with uniformly distributed radionuclide in it, and for the
case when the radionuclide distribution by soil profile can be described by an exponential function. For these
cases of natural distribution of radiocesium, the pulse-amplitude spectrum is formed by an effective thickness
of the contaminated site, which contains more than 90 % of radionuclides.

The developed Monte-Carlo model of a probe and contaminated soil site allows to estimate the effect
of the variability of soil density on the total count rate of the pulse-amplitude spectrum. As a result of theoreti-
cal estimations, the relationship between the effective radius of contaminated site is determined as a function
of soil density.

Analysis of the influence of radial zones of the cylindrical gamma source on in sifu gamma-spectrometer
showed that the main contribution to the total count rate of the pulse-amplitude spectrum is made by the radial
zone with radius of up to 40 cm from the center of the probe, regardless of the thickness of the contaminated
layer in geometry «Probe is located on the soil surface». A small site facilitates the selection of measurement
area of land with a sufficiently flat surface, which is desirable during surveying the territories, especially with
complex terrain.

Keywords: in situ gamma-spectrometer, contaminated soil layer, non-uniform distribution, effective thick-
ness, density of soil.
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IIpoBenenne NepHOANUECKOrO paldalliOHHOIO MOHUTOPHHTA IT0YB HA CETOJHSAIHUI JEHb SBISAETCS OIHON
U3 IPUOPUTETHBIX 3a/1a4 JJIs1 00eCIeUeHUsl paAuallMOHHOM 6€301acHOCTHU HE TONIBKO B benapycu, nocrpanasiueit
oT UepHOOBUTECKOW KaTacTpodbl, HO U B SIMIOHUM, TEPPUTOPHH KOTOPOH MOABEPIIIUCH PATUOAKTHBHOMY 3arpsi3-
HeHu1o B pe3ynsrare aBapun Ha ADC dyxycnma. Lens HacTosmed paOoThI 3aKII09aIach B TPOBEPKE BO3MOYKHO-
CTH IPIMEHEHHS pa3pab0TaHHBIX Ha OCHOBE YIPOIEHHON («PaBHOMEPHO» ) MOJIEIIH aJITOPHTMOB OTIPEIETCHUS
AKTHBHOCTH W TOJIIMHBI 3aTPSI3HEHHOTO CJIOS B YCIOBHAX PaJOMETPUH MOYBEHHOTO ITOKPOBA C BAPHATHBHBIMU
napaMeTpaMH IJIOTHOCTH U pacIpesieNeHus paJuoLe3ns o ITyOuHe.

Hcnonb3oBaHue TMOPTATUBHBIX i Sifu CIIEKTPOMETPOB TIO3BOJIAET ONEPAaTUBHO OLEHUTH YIENIbHYIO
AKTHBHOCTh KOHTPOJIMPYEMBIX PaJHOHYKINAOB U IJIOTHOCTH 3arpsI3HEHHS TOUYBBI MPSIMO HA MECTE M3MEPEHUS
U ¢ HeoOXOauMOH TOYHOCTHIO. OCHOBHas MH(OpPMAIMSI 00 NCTOYHHMKE TaMMa-M3Iy4deHHs (TPHUCYTCTBYIOIIHE
pagroHyKINABL, ()(EeKTUBHBIN paaiyc ydacTka M TOJIIIMHA 3arPSI3HEHHOTO CIIOS) MOXKET OBITh MOydYeHa He-
MOCPEICTBEHHO TI0 pe3ysibTaraM M3MEpPEeHHs aIrapaTypHOro CHEeKTpa B CPaBHEHHH C TEOPETHUECKMMH (Kau-
OpOBOYHBIMM) CHEKTpaMH. TeopeTHdecKue CIEKTPhl PACCUUTHIBAIOT ITyTEM HMHTAIMOHHOIO MOJIEIHPOBa-
HUSI TIpoLiecca 7 Situ W3MEPEHUM aKTUBHOCTH paguoHyKauaoB '**Cs u ’Cs, paBHOMEPHO paclpeneieHHbIX
B OJJHOPOAHON MOYBEHHOMN Cpejie TOCTOSHHOM MIIOTHOCTH. Ha mpakTuke cieayeT yuuThIBaTh NPHOIU3UTENBHOCTD
MPUHATON MOJENHN M3MEPEHHUH B OTHOLICHHH PEabHOTO MPOQHIIA 3anTyOIeHus paJHOaKTUBHBIX 3arpsA3HEHUH
Y N3MEHYMBOCTH IUIOTHOCTH MCCIIEAYEMBIX TIOUB.

AHanm3 BIUSHUS paiialibHBIX 30H IHIMHAPUYECKOr0 HCTOYHNKA Ha MHTETPaIbHYIO0 CKOPOCTh CYETa CIIeK-
TpOMeTpa M0Ka3aj, YT0 OCHOBHOMN BKJIaJ BHOCAT pajUalbHbIE 30HBI B paaunyce 10 40 cM OT IleHTpa ycTpoiicTBa
JIETeKTUPOBAHUS TIPH PACTIOIOKEHNH €r0 Ha MOBEPXHOCTH TIOUBBI BHE 3aBUCHMOCTH OT TOJIIIIUHEI 3aTrPA3HEHHOTO
cytos. HeGoupImast mo TiIoImaan 30Ha BIUSHAS 00JIeT9aeT BEIOOP KOHTPOJIMPYEMBIX YHaCTKOB 3EMJIN C I0CTATOYHO
TUTOCKOH TTOBEPXHOCTBIO, YTO JKENNATENbHO TP 00CIE0BAaHUH TEPPUTOPHHA, OCOOEHHO CO CIIOKHBIM pebedoM.

KuroueBble ciioBa: in sifu TaMMa-CIIEKTPOMETP, 3arPS3HEHHBIN CII0H MOYBHI, HEPAaBHOMEPHOE PacHpeaeIcHIe
paanoHyKINIA, d(p(hEeKTUBHAS TOMIIUHA, IUIOTHOCTH MTOYBBI
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Introduction

The soil, together with atmosphere air and natu-
ral waters, is a main subject for radiation and environ-
mental monitoring [1, 2]. Portable gamma spectrom-
eters with the probe, located above the soil (usually
at 1 m height) [3-6] or on its surface, are being de-
veloped for the purposes of immediate survey of soil
radioactive contamination [3, 7]. An important condi-
tion for the reliability and validity of in situ techniques
of radionuclides activity determination in soil is to
take into account the effect of'its density and thickness
of contaminated layer, as well as the distribution pro-
file of radioactive substances in soil [3, 7, §].

The described in [7] principles of the analysis
of experimental spectra allows to simultaneously ob-
tain information on the content and thickness layer
with gamma-emitting **Cs and '*’Cs nuclides, ex-
pecting their homogeneous distribution over the con-
taminated layer. The algorithm for determination of
specific activity and thickness of the contaminated
layer is based on comparative analysis of experimen-
tal and simulated spectra of cesium isotopes obtained
for a scintillation gamma spectrometer [7]. Simulated
spectra were calculated using the Monte-Carlo (MC)
method for the Nal(TI) detector (@ 63 X @ 63 mm) in
the model of radiometric measurements of the con-
taminated site of the soil, represented as a cylindri-
cal source with uniformly distributed '**Cs and *’Cs
isotopes. The elemental composition (the effective
atomic number Z .~ 10) and the density (1.5 g/cm’)
of the model soil are chosen with maximum corre-
spondence to average parameters of soils of Tohoku
region (Japan) and Gomel region (Belarus) [2, 9-11].
For typical soils in areas contaminated by the Cher-
nobyl and Fukushima nuclear accidents, the Z . val-
ues are almost the same in a wide range of densities
from 1.0 to 1.8 g/cm?® [2, 9, 10].

The purpose of this research is the verification
of the application of the algorithm, proposed in [7],
for determination of specific activity and thickness
of the contaminated layer under conditions of soil
radiometry with variable density parameters and ra-
diocesium distribution by soil profile.

Materials and methods

The researches were based on simulation of
the radiometric MC model [7], developed accord-
ing to the purpose of the work and parameters of
the probe. MCNP 4B software was used for simu-
lating [12]. The model of the measurement soil vol-

ume, as in [7], is a cylindrical source located in a
semi-infinite isotropic environment with the radio-
actively contaminated layer of the fixed thickness.
Gamma radiation of contaminated soil site was
registered by the detector located on the middle
of the upper surface of a cylindrical source. The
studied model, unlike the prototype, is not limited
to one average value of the soil density and the re-
quirement of uniform distribution of cesium radio-
nuclides over a layer of fixed thickness and can be
used to assess the uncertainty of measurement in
situ with variable parameters.

The height of the cylindrical source d is equal
to the thickness of contaminated layer. The field
of-view of the probe characterizes the radius r.
InMC modeling, the number of emitted particles with
a given energy should be distributed uniformly
over the cylinder. With an increase in the radius r,
the fraction of the photons emitted from regions
of measurement area located far from the detector
(and also the simulation time) increases rapidly,
but the chance of these photons to contribute to the
energy distribution of the pulse-height spectrum
(F8 tally) becomes less and less important.
Therefore, when modeling an extended (including
infinite) source, the size of the measurement area
should be restricted by some effective radius reff, at
which the energy distribution of the pulse-amplitude
spectrum /(E) will be close to experimental one for
the real object.

To determine the effective radius is need to
use acceptable relative deviation . By definition,
the quantity [ is written in the form:

(00) = L (1)
IFEP (OO)

were [rer(r) — the count rate the range +30
of the full energy peak (FEP) for the source of given
radius r; Irep () — the count rate in the same range
for the source of infinite radius.

1

B: FEP

(1)

b

Value of 7 can be considered as the effective ra-
dius = r, of the source corresponding to the rela-
tive deviation f.

The areas behind the circle with radius » > 7,
make an insignificant contribution to the value
1.,.(r), since the probability of a gamma-quantum
reaching from them to the detector, even after scat-
tering in the soil and air, is negligible. At B = 10 %,
a source with a radius T provides 90 % of the total
count rate in energy range from 50 to 3000 keV of

simulated spectrum of contaminated with cesium ra-
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dionuclides soil layer with thickness d in the definite
geometry of measuring.

The value of the effective radius for a uniformly
contaminated soil layer is mainly determined by its
density and energy gamma radiation of the measured
radionuclide, and weakly depends on the elemental
composition of the substance [13, 14]. For radionu-
clide with several gamma-ray energies, the value >
is set by the most intense one. For nearby energies
of the main gamma-ray energies of '**Cs and "*’Cs
in the range 550-900 keV, the effective radius val-
ues will not differ significantly. In further analysis,
an isotope '’Cs with gamma-ray energy of 662 keV
was used to simplify the simulation in order to obtain
simulated spectra.

In cases, observed in practice, the depth of dis-
tribution of radioactive pollution into the soil does
not exceed 20-25 cm [2, 15, 16]. During natural
migration, the content of radionuclides usually de-
creases in depends on depth [2, 15-17]. The process
of radionuclides redistribution by profile depends on
many factors: soil type and density, time since radio-
active contamination; agricultural activities, quantity
of clay content, etc. Over the time, the maximum
content of radionuclides along the soil layers may
vary inland. Even within a relatively small area, ce-
sium isotopes can be concentrated both in compara-
tively thin (2-3 cm) and thick (over 10 cm) layers
[17-19]. To take into account a non-uniformly distri-
bution of radiocesium by soil profile, it is necessary
to introduce a concept «effective depth» or «effec-
tive thickness» of the contaminated soil layer.

The non-uniformly distribution of radionu-
clides in the soil and the effective thickness of
the contaminated soil layer

For soil model with non-uniformly distributed
37Cs isotope, only few cases from the set of possi-
ble radionuclide distributions along the profile were
considered [11, 19]. Radionuclide content O was dis-
tributed from the surface into the soil on depth up to
3cm, up to 5 cm, up to 7 cm and up to 12 cm accord-
ing with dependences presented in Table 1.

The situation when the layer contaminated with
the radionuclide was located under a «clean» cover
of the soil was also researched. In this case, a clean
environment was modeled between probe and con-
taminated soil layer with a soil layer of a similar el-
emental composition 1, 2, and 3 cm thick, in which
photon starts were not set.

Table 1
Relative radionuclide content Q in the top and lower
layer of the soil profile

The thickness The .
of the soil The con- content Exponential
- tent of 137 dependence of
layer with a ¥7Cs in the of *'Cs radionuclide
non-uniform- in the -
o top layer, content by soil
ly distributed (0-1 cm), % lower cofile
radionuclide > 7% ayer, % p
up to 3 cm 65.4 9.3 0=173.8¢07
up to 5 cm 55.0 2.5 0=112.7¢07
up to 7 cm 48.0 1.0 0=87.19¢0630
up to 12 cm 38.0 0.2 0=58.60¢0464¢

The radiocesium experimental spectrum from
contaminated soil during natural migration of the
nuclide into the soil will differ in shape from the
«equivalent» spectrum with uniform distribution of
the nuclide in the soil layer of the same thickness.
The MC simulating results showed that for simulat-
ed spectrum, which calculated for a non-uniformly
distribution of the radionuclide in the soil layer to a
defined depth (hereinafter, the spectrum § ), some
equivalent soil thickness with uniform radionuclide
distribution can be found, in which an identical sim-
ulated spectrum is formed (hereinafter, the «equiva-
lent» spectrum Seq) (Figure 1).
2E-04 9 = Uniform 2.2 cm

— Non-uniform 5 cm
1.E-04 -

8.E-05 -

4.E-05 4

Pulse count rate, cps

0.E+00

200 400 600 800

Energy, keV
Figure 1 — Spectrum S with non-uniformly distributed
¥7Cs and its «equivalent» spectrum S,, with uniformly dis-
tributed ¥’Cs

The deviation of the FEP heights with the
gamma-ray energy spectrum of 662 keV S rela-
tively to the «equivalent» spectrum S,y cited to mass
unit considering the value of equivalent thickness
of contaminated layer is presented in Table 2.

In the process of MC simulating of spectra,
more than 90 % of photon starts were distributed
in the thickness of the source commensurate to the
thickness of «equivalent» spectra. Thus, more than
90 % of the experimental spectrum will be formed
due to contaminated layer of effective thickness
equal to thickness of uniformly contaminated soil

43



Tpubopul u memoowvt uzsmepenuil
2018.—T.9, Ne 1. — C. 4047
Zhukouski A. et al..

Devices and Methods of Measurements
2018, vol. 9, no. 1, pp. 40-47
Zhukouski A. et al.

layer, which ensures the formation of an «equiva-
lent» spectrum S .

Table 2
Deviation of FEP height with gamma radiation energy
of 662 keV spectra S, relatively to «equivalent» spec-

tra Seq
neESh gft ltlliceks_oil Thickness Tlliist:l t)cfl‘( ]
layer with a «cleany soil the soil The
non}iuniformly layer above layer with ratio of
distributed '¥’Cs the con- an uniform the FEP
taminated R height, %
along the profile laver. cm distribution
(Table 1), cm yer, ¢ 37Cs, cm
0 2 -5.2
3 1 4 2.3
2 6 10.1
0 2 3.1
5 1 5 -1.7
2 7 0.7
0 4 -9.1
7 1 6 0.9
2 8 33
0 4 -5.2
12 1 6 5.0
2 10 1.2

The influence of natural distribution of radio-
nuclides into the soil on shape and intensity of ex-
perimental spectrum can be considered as unissued
component of the systematic error in measuring by
the methodological properties. According the data in
the Table 2, for in situ measurements in geometry
«Probe is located on the soil surface» the indicated

error will not exceed 10 %.

The effect of soil density on in situ measure-
ments

The results presented above, as well as the re-
sults of the MC simulation in [7], were obtained
with an average homogeneous medium density of

1.3 g/cm’. In real conditions, the typical range of soil
density is in the range from 1.1 g/cm®to 1.8 g/cm?
with a tendency for increase by depth [2, 16].

In order to evaluate the effect of changes in soil
density in the range from 1.3 g/cm?® to 1.8 g/cm® on
the count rate /,,, in FEP region (+3c), simulated
spectra of the '*’Cs radionuclide for different thick-
nesses of the contaminated layer were estimated. Fig-
ure 2 shows the results of MC simulations showing
the inverse dependence of the effective radius 7, on
the soil density for equal values of the parameter f3.

—_
o
S

¢ J=3cm

0
S
L

B d=15cm

The effective radius value 7,5 cm

Soil density, g/cm®

Figure 2 — Dependence effective radius vs. soil density

The component of the error of in situ
measurements caused by the variability of the soil
density, was estimated from simulated spectra
calculated using the effective radius dependencies on
the density in the range from 1.3 g/cm? to 1.8 g/cm?
(see Figure 2). Table 3 shows the calculated data
reflecting the nature of the change in the effective
radius and count rate in FEP range +3c depending
on the soil density.

It was found that in the range of soil densities from
1.3 g/em?’ to 1.8 g/em?, the countrate /,,,, in the FEP region
+ 36 do not change by more than + 5 % compared to
obtained with an average density of 1.5 g/cm?®.

The density of the soil by profile P, is not con-
stant and, as a rule, varies in the direction of increase,
depending on the distribution [16]. Using MC simu-

IFEP’

Table 3
Effective radius values and changing of count rate in FEP range, depending on soil density

The density of the soil, g/cm? 1 1.3 1.5 1.8 2.5
The effective radius values for the thickness of the contaminated soil layer d =3 cm, cm 82 73 69 63 56
The deviation of the count rate /,,, relatively to the ones at soil density of 1.5 g/cm’ 152 40 00 35 223
(d=3cm), %

;};e lesff;cllrj\é;radius values for the thickness of the contaminated soil layer 62 57 54 49 46
The deviation of the count rate /,,, relatively to the ones at soil density of 1.5 g/cm’ 90 31 00 23 53

(d=15cm), %
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lation, the variation of the count rate /,,, was evalu-
ated as a function of the variety in soil density by
profile. The soil density varied in the range from
1.1 g/em? to 1.8 g/cm? in increments of 0.2 g/cm? per
one centimeter of the soil profile. The radionuclide
was distributed non-uniformly to depth of up to 5 cm
and up to 7 cm (Table 1) by soil profile, with «clean»
soil layer 1 cm thick located between the probe and

the contaminated soil layer (Figure 3).

Probe |

Air

p=1.1 g/cm?®
R

A5,

Figure 3 — Monte-Carlo model of the probe and the soil
with different density by profile. The «clean» 0—1 cm layer
of soil was located between the probe and contaminated
layer 1-7 cm.

Figure 4 shows the simulated spectra of S, with
the '3’Cs distribution depth up to 5 cm and up to 7 cm,
their «equivalent» spectra S and simulated spectra
obtained using MC soil model with a different den-
sity profile P, with «clean» top (0—1 cm) layer.

1E-04 -
1E-04 - -
8.E-05 -
6.E-05 -

4.E-05 A

Pulse count rate, cps

2.E-05 A

0.E+00

0 100 200 300 400 500 600 700 800

Energy, keV

Figure 4 — Simulated spectra of the '*’Cs radionuclide
in the soil: a — the spectrum S, (d = 5 cm) with «clean»
soil layer, p,. # const; b — the spectrum S, (d = 5 cm)
with «clean» soil layer, p, = const; ¢ — the «equivalenty
spectrum S (d = 5 cm), p, = const; d — the spectrum
S (d =7 cm) with «clean» soil layer, p, = const; e— the
spectrum S, (d =7 cm) with «clean» soil layer, p,, # const;
J— the «equivalent» spectrum S (d =6 cm), p,. = const

The heights deviations of the FEP for contami-
nated layers up to 5 cm and up to 7 cm with a differ-
ent soil density compared to simulated spectra from a
source with a density fixed at the profile of 1.5 g/cm?

are within + 1 %.

Contributions of radial source zones to the
total count rate of the pulse-amplitude spec-
trum

The results presented above show that in during
radiation monitoring of soils in the measurement ge-
ometry «Probe is located on the soil surfacey, the area
of the cylindrical source, which provides the forma-
tion of 90 % of the total count rate of the pulse-am-
plitude spectrum, is limited to a circle with a radius of
no more than 1 m regardless of soil density and nature
of distribution of radiocesium along the profile.

In assessment of the effect of the sections of
a cylindrical gamma-radiation source on the total
count rate, the effective volume of the soil was con-
sidered as a set of radial zones — one central cylinder
with a diameter of 10 cm and six coaxial cylinders,
nested inside each other with an internal », from 10
to 60 cm and external » = (r, +A) cm radii, where
A is the width of the coaxial cylinder equal to 10 cm.
The height of the cylinders was equal to the thick-
ness of the contaminated layer d. When simulated
spectra were calculated, photon starts were distrib-
uted only in the investigated radial zone, which sub-
sequently moved from the center to the edge of the
field-of-view of the probe limited by the effective ra-
dius . The spectra were calculated for the thickness
of the contaminated layer d =5 cm and d = 15 cm.
The main contribution to the total count rate within a
circle with a radius of T regardless of the thickness
of the contaminated source layer, provides the radial
zones, located directly next to probe in a radius of
40 cm. Analysis of MC simulation results in the form
of a distribution of the relative contributions of radial
zones to the total count rate within the region limited
by r,, is shown in Figure 5.

35 4
B d=15cm

30 B d=5cm
25 4
20 |
15

10 -

5

Relative contribution of the radial zone, %

0

0-10 10-20  20-30  30-40 40-50 50-60 60-70  70-80

Radial zone, cm
Figure 5 — Relative contribution of radial zone to the
total count rate

For practical implementation of in situ soil
measurements, it is not difficult to choose a soil
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area whose surface will fully correspond to the
adopted model of a cylindrical gamma-radiation
source with a sufficiently flat surface. Wherein,
there is no need to take into account the influence
of trees, structures and other objects of the envi-
ronment located at a distance of more than 2 me-
ters. In addition, non-uniform ground at a distance
of more than 40 cm from the center of the detector
will not have a significant effect on the results of
in situ measurements of the specific activity of ra-
diocesium.

Summary

The results of MC simulating showed the effi-
ciency of in situ measurement of soil with undefined
density parameters and distribution of radiocesium
in depth, using the algorithm of determine the thick-
ness of the contaminated layer and the effective vol-
ume, which is based on comparative analysis of the
experimental spectrum and simulated spectra.

The FEP count rate varies within £5 % for
the soil density range from 1.3 g/cm? to 1.8 g/cm?
relatively to the count rate at soil density of 1.5 g/
cm?. This deviation (=5 %) can be considered as the
non-excluded systematic error of the in situ mea-
surement in geometry «Probe is located on the soil
surfacey.

According to results of MC simulating, the
spectrum, obtained for **Cs and "*’Cs isotopes with
arbitrary distribution in the soil, has coincidences in
form and intensity simulated spectrum of the same
radionuclides, uniformly distributed in a layer of
some thickness. Formation of the experimental spec-
trum at in situ measurements of contaminated soils
with **Cs and "*’Cs radionuclides with a natural dis-
tribution by profile is provided by an effective thick-
ness layer, containing more than 90 % of radiocesi-
um. The methodical error of determining the specific
activity of **Cs and '*’Cs radionuclides in soil for the
considered cases of natural distribution by profile is
within £ 10 %.

The presented data of MC simulating for de-
termining of radial zone contribution to the total
count rate of simulated spectrum demonstrate that
the main contribution is made by the radial zone
with radius of up to 40 cm from the center of the
probe regardless of the thickness of the contaminat-
ed layer. Such small site facilitates the selection of
measurement areas of soil with enough flat surface,
which is desirable for surveying areas, especially
with complex terrain.
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