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a b s t r a c t

A comprehensive approach for modeling the pulse height spectra of gamma-ray detectors from passing
radioactive cloud in a case of accident at NPP has been developed. It involves modeling the transport of
radionuclides in the atmosphere using Lagrangian stochastic model, WRF meteorological processor with
an ARW core and GFS data to obtain spatial distribution of radionuclides in the air at a given moment of
time. Applying representation of the cloud as superposition of elementary sources of gamma radiation
the pulse height spectra are calculated based on data on flux density from point isotropic sources and
detector response function. The proposed approach allows us to obtain time-dependent spectra for any
complex radionuclide composition of the release. The results of modeling the pulse height spectra of the
scintillator detector NaI(Tl) Ø63x63 mm for a hypothetical severe accident at a NPP are presented.
© 2022 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In accordance with the requirements [1e3], continuous radia-
tion monitoring must be carried out on the territory in the vicinity
of the NPP. The tasks of radiation monitoring include: rapid
detection of significant changes in dose rates or concentrations of
radionuclides in the air; provision of information and data for the
assessment of radiation doses to the population, including actual
and predicted values; information support in making decisions
aimed at eliminating accidents [1,2]. Currently, equipment installed
at existing monitoring system posts measures mainly the dose rate
values in the on-line mode [4e9]. However, it does not allow us to
obtain the radionuclide composition of air contamination. The use
of gamma-spectrometric equipment in monitoring systems for
direct measurements of the radiation from the radioactive cloud
can make it possible to obtain operational data on the qualitative
and quantitative nuclide composition of the cloud, type of accident
at NPP that led to the release of radioactivity into the atmosphere,
and its dynamics. Also, based on the analysis of the measured pulse
height spectra, information can be obtained for comparison with
the established limit values of nuclide concentrations in air, to
adjust the operational intervention levels taking into account
by Elsevier Korea LLC. This is an
updated data on the accident [10,11], for taking measures to protect
the population in the event of an emergency due to release of
radioactivity into the atmosphere, as well as for reducing the un-
certainties of the estimates of radiation doses to the population
performed by calculation codes. Thus, it is an urgent task to study
the capabilities of gamma-spectrometric equipment as part of the
posts of radiation monitoring systems for detecting the radiation of
various radionuclides contained in the radioactive cloud. This
problem can be solved by mathematical modeling of the pulse
height spectra of detectors measuring gamma radiation emitted by
radionuclides contained in the radioactive cloud.

The issues of modeling the pulse height spectra of detectors in a
case of radioactive releases into the atmosphere are considered in a
number of works [12e16]. In [12], the problem of determining the
reference pulse height spectra to estimate the volumetric activities
of radionuclides in the air and radioactive release rate was inves-
tigated. Such reference spectra were calculated for a selected sig-
nificant radionuclides in the NPP releases, using a simplified
representation of the radioactive cloud based on the Gaussian
dispersion model. In the study presented in [13], the pulse height
spectra of the scintillation detector NaI(Tl) Ø200x2” monitoring the
radioactive releases at NPP have been modeled. Information on
atmospheric transport models does not provided by authors,
apparently a direct contribution from the source of the release
without dilution and the dynamics of the accident was evaluated.
To determine the concentrations of specific radionuclides in the air,
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Fig. 1. Procedure to calculate pulse height spectra of gamma-ray detectors due to ra-
diation of nuclides from passing cloud in a case of accident at NPP.
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including isotopes of iodine and caesium, based on the results of
spectrometric analysis, the authors of the work [14] have been
obtained the pulse height spectra of NaI(Tl) Ø200x2” detector using a
model of a radioactive cloud in the form of an infinite space with a
uniform distribution of radionuclides. Such an approximation is
correct to perform assessments outside the NPP site under unstable
meteorological conditions, in some cases it is not applicable at
distances up to 10 km from the source [17]. In [15], a method for
modeling total absorption peak for the NaI(Tl) detector Ø2.500 � 2.500

mm is considered, which is one of the components of the total
spectrum. The method makes it possible to calculate efficiency in
terms of total absorption peak count rate using approximation of a
uniform, triangular and Gaussian distribution of activity within the
radioactive cloud. In [16], the total absorption peak efficiency of the
NaI(Tl) detector Ø80x80 mmwas calculated for a cloud in the form
of a semi-infinite space, modeled by a hemisphere with uniform
nuclides distribution. Thus, the methods proposed in [15,16] do not
allow us to estimate the entire spectra, and use a simplified
description of source of gamma radiation in air.

In this work a comprehensive approach to the determination of
pulse height spectra from a passing radioactive cloud in a case of
NPP accidents is proposed, based on a Lagrangian stochastic model
of atmospheric dispersion, numerical weather forecast model [18]
and developed model for calculating the pulse height spectra from
radionuclides distributed in air. SOPRO code [19,20], developed on
the basis of the previous version of the NOSTRADAMUSmodel [19],
was used for modeling the atmospheric transport of radionuclides.
Three-dimensional regional meteorological fields, obtained using
the WRF meteorological processor with an ARW core [18] and
constructed on the basis of the initial boundary conditions of GFS
[21], were used as input data. SOPRO model in conjunction with
three-dimensional meteorological data makes it possible to esti-
mate the distribution of radionuclides in the air and their concen-
trations without simplified representation of the radioactive cloud,
as well as to take into account the dynamics of the release and
transport of radionuclides in the atmosphere. Detailed description
of the physics of the atmosphere and the propagation of the cloud
in the surface layer under conditions corresponding to the location
of the NPP allow us to obtain time-dependent pulse height spectra
at given location point near the ground surface. Also, the developed
procedure for calculating the pulse height spectra is invariant to the
radionuclide composition of the release, allowing us to obtain re-
sults for any combinations of radionuclides contained in the air, not
limited to the specified sets of radionuclides.

To test the proposed approach the modeling of the conse-
quences of a hypothetical severe accident at NPP has been carried
out. Pulse height spectra of the scintillation detector NaI(Tl)
Ø63x63mm, placed at 1 m above the ground, have been obtained
for different distances from the source and time intervals after
release.
2. Materials and methods

2.1. Methodology to calculate the pulse height spectra of gamma
ray detectors from a radioactive cloud

The main stages of the proposed procedure to calculate the
pulse height spectra of gamma ray detectors from a radioactive
cloud formed as a result of an accident at NPP are shown in Fig. 1. In
the first step, the radionuclide spatial distribution in the atmo-
sphere is modelled on the basis of information on the source of the
release that can be obtained from project documents or
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calculations using appropriate codes [22] and meteorological data
in a given location. Concentration of radionuclides in the air on a 3D
spatial grid are determined taking into account the time
dependence.

Data on the concentration and radiation characteristics of ra-
dionuclides (values of energies and yield per decay act) allow us to
determine the source of gamma radiation, which will subsequently
be used to irradiate detectors located at specified points near the
ground surface.

Further, a volumetric source of complex shape (a cloud con-
taining radionuclides) is divided into elementary sources, for which
data on the energy distribution of the flux density for various
source energies and distances to the detector locations are
obtained.

Using the representation of the radioactive cloud as a super-
position of elementary sources, the energy distribution of the flux
density at the point of detector location is calculated.

Based on the results of calculation of the energy distribution of
the flux density and response function of the detector, obtained
under the conditions when monoenergetic sources of gamma ra-
diation are placed directly at the surface of the detector, the pulse
height spectrum is determined at a given location point.
2.2. 3D meteorological field model

Four-dimensional meteorological fields (three-dimensional in
space and time-dependent) are used to simulate the atmospheric
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state changes in time and cloud transport in the computational
domain. Meteorological fields serve as input data for modeling the
transport of radionuclides in the atmosphere by the SOPRO code.
The WRF meteorological processor with the ARW core [18] was
used to calculate themeteorological fields. The initial and boundary
conditions for the meteorological calculations were taken from the
GFS database (USA, Global Forecast System) [21]. The GFS database
resolution is 0.25 degrees, meteorological fields with a resolution of
667 m have been constructed for this work. The used grids of
meteorological parameters include the following 3D values:

e wind speed projections on 3 axes;
e temperature fields;
e fields of diffusion coefficients;

as well as two-dimensional fields:

e precipitation;
e type of precipitation;
e the fact of the presence or absence of snow on the surface;
e the values of the Monin-Obukhov scale;
e height of the boundary layer;
e relative humidity at 2 m;
e air density;
e temperature at 2 m.
2.3. Model of radionuclide transport in the atmosphere

To model the transport of radionuclides in the atmosphere the
code SOPRO [19,20] is used in this work, which is based on a
Lagrangian stochastic transport model with the addition of a finite
clouds model. This model is based on the numerical solution of the
advection-diffusion equation by the Monte Carlo method.

The following assumptions are used in modeling:

- impurity transport is modeled as the transport of an ensemble
of clouds;

e the trajectory of each cloud depends on the speed and direction
of the wind at each point of the computational domain at the
given moment of time;

e the turbulent dispersion of the impurity is modeled by applying
a random displacement that depends on the state of the
atmosphere;

e the change in the trajectory of one of the clouds does not affect
the trajectory of the other clouds and does not depend on the
results of previous calculation step.

When modeling the atmospheric transport, ingrowth and decay
of nuclides in radioactive chains, impurity deposition on the un-
derlying surface, local precipitations, advective and turbulent
transport, as well as differences in the physicochemical forms of
radionuclides in the release were taken into account.

In the approach used, the meteorological conditions for each
cloud are determined by interpolating the values of the parameters
from the model grid of the weather forecast to the point of the
cloud center position.

The following formula is used for defining the concentration at
an arbitrary point with coordinates x, y, z from the i-th cloud of the
cloud ensemble with the center in the point with coordinates xi, yi,
zi:
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where:

e Ciðx; y; zÞ e concentration from the i-th cloud, Bq/m3;
e Аi e total activity of the i-th cloud, Bq;
e xi; yi; zi e coordinates of the cloud center, m;
e x, y, z e coordinates of the center of an arbitrary cell, m;
e R, H e horizontal and vertical dimensions of the cloud, m.

Three-dimensional concentration values for different time mo-
ments are obtained on a spatial grid and stored for subsequent
calculations of the flux density and the pulse height spectra. The
time step for calculating concentrations is 10 min. The spatial grid
consists of horizontal levels located at 10, 20, 30, 40, 50, 75, 100 m
and further with step of 50 m. The lateral dimensions of the cells
are 100� 100m. The cell size of spatial grid postulated in themodel
is the limit for the regional atmospheric transport model deter-
mined by spatial resolution of the available data on the underlying
surface with cell sizes: for terraine 90m, for the type of underlying
surfacee 500m, for the leaf area index - 500m, and the accuracy of
the transport model, determined as a result of verification
calculations.

To calculate the concentration in the elements of the 3D spatial
grid, the following expressions (2) and (3) are used:
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Cdxdydz ¼
X
i

Cdxdydz
i (3)

where:
e Cdxdydz
i e concentration from the i-th cloud in the reference

volume V ¼ dx·dy·dz, Bq/m3;
e Cdxdydz e concentration from the entire ensemble of clouds in

the reference volume V, Bq/m3;
e Аi e total activity of the i-th cloud, Bq;
e xi; yi; zi e coordinates of the center of the i-th cloud, m;
e x, y, z e coordinates of the center of the reference volume, m;
e R, H e horizontal and vertical dimensions of the cloud, m;
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e FðzÞ ¼ 1ffiffiffiffiffi
2p

p
R z
�∞ e�z2=2dz is the error function.

In the equation (2), the concentrations in the reference volume
from the i-th cloud averaged over the cell volume are recorded for
the nodes of the computational grid. This calculation method al-
lows obtaining the values of the ground-level concentration and
the precipitation density that satisfy the conservation law,
regardless of the ratio of the cloud dimensions and the grid cell size.

2.4. Model for calculation of the pulse height spectra from a
radioactive cloud as a source of gamma radiation

Modeling the pulse height spectra of a detector includes the
following main steps:

� Calculation of the energy distribution of the flux density of
gamma radiation incident on the detector;

� Calculation of the pulse height spectra based on the data of the
previous stage and calculated detector response function,
normalized to the unit incident flux.

The representation of a radioactive cloud as a superposition of
point isotropic sources is used for modeling. The energy distribu-
tion of the flux density at the detector location is calculated using
the data for a point isotropic source obtained on a grid by distance
and energy of the source. The energy distributions of the flux
density for isotropic point sources is calculated using the Monte
Carlo method [23e26] in a spherical geometry. Variance reduction
techniques such as Geometric splitting / Russian roulette [26] are
applied. In the intermediate points of the grid the calculations are
carried out using the interpolation method. The resulting energy
distribution of the flux density from radioactive cloud is calculated
as a sum of contributions from all elementary sources:

fðEÞ¼
XNk
k¼1

XNr
i¼1

XNi
m¼1

	
Ak;i $gi;m$f



rk; E; εi;m

��
; (4)

where.

e Ak,i is the activity of radionuclide i in the discrete element k;
e εi,m, gi,m e energy and yield of gamma-line m of radionuclide i;
e rk is the distance from the discrete element k to the detector

location;
e fðrk; E; εi;mÞ e energy distribution of flux density at a distance rk

from a point isotropic source with the energy εi,m;
e Nk is the number of the discrete elements, into which the

radioactive cloud was divided;
Fig. 2. Release of activity into the atmosphere as a result of accident at hy
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e Nr is the number of radionuclides in a given discrete element of
the radioactive cloud;

e Ni is the number of gamma-lines of radionuclide i taken into
account in the calculation.

This method avoids the need for time-consuming calculations to
simulate the gamma radiation transport for each new geometric
exposure conditions, i.e., combination of certain shape of the cloud
and a given detector location. The grid by distance and energy of
source of gamma radiation is chosen on the basis of ensuring an
acceptable level of error while minimizing the amount of data and
the cost of their preparation. The grid by distance includes values
from 10 m to 1 km - 10, 25 m and further with a step of 25 m. The
grid by energy of the source covers the range from 100 to 3000 keV
that contains the most of the gamma-lines of known radionuclides.
To divide this energy range a variable step was used: from 100 to
500 keVe10 keV, from 500 to 1000 keVe20 keV; above
1000 keVe50 keV.

The data on radiation characteristics of radionuclides were
taken from the ICRP Publication 38 [27]. The width of the energy
group of 1 keV is used for calculating the energy distribution of the
flux density and pulse height spectra. It allows us to perform cal-
culations for detectors with different energy resolution.

To estimate the interpolation error, we have calculated the en-
ergy distribution of the flux density in the midpoints of the grid
intervals using both the interpolation and Monte Carlo methods.
The calculations have been carried out for point isotropic sources
containing the following gamma-emitters: Kr-87, Kr-88, I-131, I-
132, I-134, I-135, Xe-138 and Cs-138. These radionuclides can be
present in the air after a release from NPP and have rather so-
phisticated spectra of gamma radiation. The results of calculations
obtained by both methods have been compared for each radionu-
clide. The root mean square error was used as a measure of dif-
ference. Comparison of the calculation results showed that in most
cases the relative root mean square error does not exceed 15%.

After determining the energy distribution of the flux density at
the detector location, the pulse height spectrum of the detector G
(E) is calculated by the convolution:

GðEÞ¼
ðEmax

0

gðE; E0Þ$fðE0ÞdE0; (5)

where.

e gðE; E0Þ is the response function of the detector;
e E0 is the energy of the gamma radiation incident on the detector;
pothetical NPP: (a) - iodine isotopes; (b) - other significant nuclides.



Fig. 3. Terrain in the computational domain.

Fig. 4. Wind speed simulated by the WRF model in the location of source of release.

R.I. Bakin, A.A. Kiselev, E.A. Ilichev et al. Nuclear Engineering and Technology 54 (2022) 4715e4721
e fðE0Þ is the energy distribution of the flux density of gamma
radiation incident on the detector;

e Emax is the boundary of the considered energy range (3000 keV).

3. Results and discussion

3.1. Results of modeling pulse height spectra from a radioactive
cloud in a case of hypothetical accident at NPP

To test the developed approach to modeling the pulse height
spectra and to make a primary assessment of the possibility to
Fig. 5. 3D view of radioactive cloud at 10 (a) and 30 (b) minutes
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detect the gamma radiation of radionuclides in a radioactive cloud
by gamma spectrometer, placed at 1 m above the ground, the at-
mospheric transport of the radionuclides in a case of severe acci-
dent at the NPP with VVER-1000 has been simulated. Hypothetical
scenario with the release of radioactive substances into the atmo-
sphere as a result of rupture of fuel element claddings and a leakage
caused by a containment failure was considered. The nuclide
composition of the release included isotopes of krypton, rubidium,
rhodium, cesium, barium, iodine, tellurium, and xenon. In Fig. 2 the
dynamics of the release of activity from the source for the consid-
ered scenario of a severe accident at NPP is shown. The values on
the graphs represent the activities of the most significant radio-
nuclides for successive 10-minute periods from the beginning of
the release and are normalized to the total activity of the release
Q ¼ 5$1015 Bq. The activity is assumed to be released into the at-
mosphere uniformly within each interval.

The height of the release of activity from a hypothetical source
was 40 m. A region with moderate topographical conditions was
chosen as the location of the hypothetical NPP (see Fig. 3, black
color - 78 m above sea level, white color - 195 m above sea level,
source location is marked with star symbol, vertical axis is directed
along the propagation of the radioactive cloud). The terrain along
the path of radioactive cloud is flat with a height difference of less
than 150 m, it includes lakes, evergreen needleleaf forests and
croplands. The location of the NPP does not coincide with any of the
existing NPPs. The calculated meteorological characteristics are
shown in Fig. 4. The three-dimensional view of obtained radioac-
tive clouds for different moments of time is shown in Fig. 5.

In view of the above, a simulation of radionuclide transport in
the atmosphere was carried out using the SOPRO code. Using data
on radionuclide concentrations in air and flux density for point
sources of gamma radiation, the energy distribution of the flux
density at the assumed the detector locations were calculated. After
that, on the basis of expression (5), the pulse height spectra of the
scintillation detector NaI(Tl) Ø63x63 mm from the gamma radia-
tion of the passing radioactive cloud at different distances from the
source of the release were obtained. The detectors were located at
1 m from the ground surface at distances up to 10 km from the
source of release.

Data on the energy distribution of the flux density from point
sources for distances up to 1 km have been used in the calculations,
which allows us to perform estimates when the cloud passes near
or directly above the detector. Thus, the detectors were placed
along the cloud axis, determined by the maximum of total activity.
The pulse height spectra have been obtained for time intervals up
to 60 min from the start of the release with a step of 10 min. As an
example, Fig. 6 shows calculated pulse height spectra of NaI(Tl)
Ø63x63 mm detector for time periods 10 and 30 min and different
distances from the source.

Figs. 7 and 8 show the contribution of individual radionuclides
contained in the radioactive cloud to the pulse height spectra of
after the start of release of radionuclides into atmosphere.



Fig. 6. Pulse height spectra of the detector NaI(Tl) Ø63x63 mm at a height of 1 m in a case of accident at NPP for 10 (a) and 30 min (b) from the start of the release for various
distances from the source.

Fig. 7. Contribution of gamma radiation of different radionuclides in the radioactive cloud to the pulse height spectrum of the detector NaI(Tl) Ø63x63 mm for a period of 10 min at
a distance of 1 km from the source in the energy range of 100e1000 keV (a) and 1000e3000 keV (b): 1 - total spectrum; 2 - Kr-88; 3 - Cs-138; 4 - Rb-88; 5 - Kr-87; 6 - Xe-138; 7 -
Isotopes of iodine; 8 - Xe-135; 9 - Xe-135m; 10 - Kr-85m; 11 - Xe-133m.
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NaI(Tl) Ø63x63 mm detector for specific distances and time pe-
riods. As can be seen, the main contribution is made by gamma
radiation of the following radionuclides: Kr-85m, Kr-87, Kr-88, Rb-
88, I-131, I-132, I-133, I-134, I-135, Xe-133m, Xe-135, Xe-138, Cs-
138, as well as tellurium isotopes. Also one can observe total ab-
sorption peaks corresponding to the gamma-lines of Kr-87, Kr-88
and the isotopes of iodine: I-131, I-132, I-134, I-135. However, in
most cases these peaks are not isolated, and this requires the
application of special processing procedures [28] to resolve them.
Fig. 8. Contribution of gamma radiation of different radionuclides in the radioactive cloud to
a distance of 5 km from the source in the energy range of 100e1000 keV (a) and 1000e3000
88; 7- Xe-133m; 8 - Te-133; 9 - Xe-135; 10 - Kr-85m; 11 - Te-132.
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The contribution of Cs-137/Ba-137m is almost impossible to
observe due to their low concentration in the air compared to nu-
clides listed above. In general, obtained spectra corresponded to the
radionuclide composition of the radioactive cloud at the detector
locations and demonstrated an adequate change in accordance
with the dynamics of the radionuclide release into the atmosphere
and the change of the distance from the source.

In contrast to a number of other works, the above results have
been obtained without using the simplified form of radioactive
the pulse height spectrum of the detector NaI(Tl) Ø63x63 mm for a period of 30 min at
keV (b): 1 - total spectrum; 2 - Kr-88; 3 - Kr-87; 4 - isotopes of iodine, 5 - Cs-138; 6 - Rb-
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cloud and taking into account the dynamics of formation of the
cloud and pulse height spectra. Work is in progress to expand data
used in the algorithm to provide calculations for detectors of
various types and sizes and for the cases when cloud passes aside
from the detector. Study is currently being conducted to adapt the
algorithm in order to evaluate contribution of radioactive fallout to
the obtained spectra. It is also of interest to perform multivariate
calculations using data sets with meteorological conditions in the
vicinity of the source of release. This will enable us to assess the
uncertainties of the results due to weather conditions.

4. Conclusion

An approach for determining the pulse height spectra of
gamma-ray detectors from the radioactive cloud has been devel-
oped within this study. It allows modeling the pulse height spectra
of detectors placed near the ground surface for monitoring the
radioactive releases of NPP. An algorithm for calculating the spectra
from the radioactive cloud as a gamma-ray source distributed in the
air was implemented as an extension of the SOPRO atmospheric
transport code. Calculations can be performed for an arbitrary
distribution of radionuclides in the air and complex radionuclide
composition of the release.

Within the framework of our research modeling of atmospheric
transport of radionuclides for a postulated accident at NPP with
VVER-1000 reactor has been performed. Spectra of a scintillation
detector NaI(Tl) Ø63x63 mm have been obtained at various dis-
tances from the source of release and time periods up to 60 min
from the start of the release. Analysis of the results showed that the
main contributions to the spectra are formed by the radionuclides
Kr-85m, Kr-87, Kr-88, Rb-88, Xe-133m, Xe-135, Xe-138, Cs-138 and
iodine isotopes. This can be explained by their high activity in the
radioactive cloud and gamma-lines with high energy. In the
calculated spectra total absorption peaks from gamma radiation of
a number of radionuclides can be observed, including isotopes of
iodine and krypton. This allows us to conclude that it is potentially
possible to determine quantitative characteristics of radionuclides
containing in the radioactive cloud, even in the case of severe ac-
cident at NPP. The same calculation procedure can be applied to
simulate the pulse height spectra of HPGe detectors. Primary re-
sults of our study show that no significant increase in the number of
detected radionuclides is expected, although the number of regis-
tered gamma-lines increases due to the better energy resolution of
HPGe detectors. This can be explained by the fact that the number
of radionuclides that can be identified from spectra are determined
mainly by their contribution to the total spectra, which in turn
depends on relative concentration of radionuclides in air and
nuclide composition of the release. Further research on the appli-
cation of the proposed approach and determining the characteris-
tics of the radioactive cloud from the obtained spectra is currently
being conducted.
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