
THE STUDY OF PHYSICAL PROCESSES AND THE

OPTIMIZATION OF THE COMPOSITION OF THE

RADIATION-SHIELD LAYER OF THE PRODUCT PKN-1A

Y.V. Rudychev1,2∗, S.I. Prokhorets1, M.A. Khazhmuradov1
1National Science Center ”Kharkiv Institute of Physics and Technology”, 61108 Kharkiv, Ukraine;

2 V.N.Karazin Kharkiv National University, Kharkiv, Ukraine

(Received July 7 2020)

The work is devoted to the analysis of the transportation features of isotopic fast neutrons sources from the point

of view of the used radiation-shield materials and their compositions. A three-dimensional model of the portable

container of the packaging set PKN-1A was developed, and neutron irradiation of the container was simulated under

conditions of transportation of the neutron source IBN-8-5. The equivalent dose rate (EDR) values on the surface

of containers with different composition of the radiation-shield material are calculated. Experimental studies of the

EDR attenuation of neutron radiation from isotopic sources of fast neutrons for samples of various radiation-shield

material compositions have been carried out. The results of mathematical modeling are in good agreement with

experimental data.

PACS: 28.41.Qb, 28.41.Ak, 28.41.Fr, 28.31.Te,24.10.Lx, 29.30.Kv

1. INTRODUCTION

Analysis of the features of transport of isotopic
sources of fast neutrons, from the point of view of
used radiation-shielding materials and their compo-
sitions, demonstrates that in order to protect against
neutron radiation is widely used concretes of different
composition, water, earth ground, and various poly-

mer materials, having in its composition the hydrogen
atoms. The use of water, concrete, soil as protection
against neutrons is possible in stationary storage of
radiation sources. Scheme and general view of a sta-
tionary neutron source storage system at the Institute
of Nuclear Physics, Novosibirsk, Russian Federation
is presented at Fig.1.

Fig.1. Scheme and general view of the stationary storage system of neutron sources
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In Ukraine and other CIS countries development
of the mobile vehicles for radiation shielding from
neutrons (containers, packaging systems) received
the bulk of attention. In modern practice high
pressure borated polyethylene and WEP (Water
Extended Polyester) are applied as the radiation-
shielding materials during transport of fast neutron
sources. Series of transport containers produced by
Hopewell Designs, Inc., USA is presented at Fig.2.

Fig.2. Series of transport containers SC1315N ...
SC5158N

The use of such materials in the manufacture of
equipment for domestic transportation of neutron
sources is difficult because of their high cost, lack
of domestic production of such materials, techno-
logical difficulties in their use in the actual pro-
duction and insufficient durability. The Russian
and the domestic production of the mobile vehi-
cles for radiation shielding from neutrons (contain-
ers, packaging systems) are widely used radiation-
shielding compounds based on paraffin. Exam-
ples of Russian and Ukrainian packaging sys-
tems are shown at Figs.3a and 3b, respectively.

Fig.3a. Set packing UKTIIA-380, OPEN JOINT
STOCK COMPANY “GEOTRON”, Tyumen, Rus-
sia

Radiation-protective materials must provide and
keep the ability to attenuation of ionizing radiation
(in this case the neutron radiation) for the operating
temperatures up to +70◦C.

However, at temperatures below this threshold
(at +50◦C) paraffin, which has a complex structure

of a number of saturated hydrocarbons, has started
melting under the effect of high temperature.

Fig.3b. Set packing PKN-1A, KIEV CEN-
TER OF ENGINEERING TECHNOLOGIES
”ATOMBUDPROEKT” Kiev, Ukraine

This causes to a change in homogeneity by volume.
Therefore this can involve to a transformation in the
radiation-shielding properties of this material. The
aim of this work is to study radiation-shielding com-
pounds based on paraffin, their ability to keep homo-
geneity over the entire operating temperature range,
the simulation and experimental study of equivalent
dose of neutron radiation on models and prototypes.

2. MODELING TECHNIQUE

The radiation isotope source in the shipping container
was simulated using the Monte Carlo method using
the well-known and most verified MCNP program [1].
For this purpose, the three-dimensional model of the
packaging PKN-1A was designed, this model corre-
sponds to the geometric parameters of PKN-1A of
the Kiev Center of Engineering Technology ”ATOM-
BUDPROEKT” [2].

Since the radiation doses on the surface of the
complex packaging is not significant, the calculations
were performed only for the transport container. Af-
ter the test calculations and based on our experience
in solving similar problems [3], it was found that the
technical elements such as handles, fastening systems,
screw connections and etc. significantly slow down
calculation times. Therefore the simplified model of
the transport container has been used for the study,
as shown at Fig.4 (portable container model).

The following scheme was used for the irradia-
tion simulation: Into the three-dimensional model of
the environment (air at 20◦C in Fig.5 is denoted in
blue) was placed isotropic neutron source with spec-
tral characteristics corresponding to the type of NBI
source with the possibility of changes in intensity (see
Fig.5. It’s indicated in yellow).
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Fig.4. Three-dimensional model of the packaging PKN-1A

This source is located in a portable container
made of steel. The container is filled with radiation-
shielding layer of the material with the ability to
change its chemical and isotopic composition (see
Fig.5. It’s indicated in red). Monte-Carlo simu-
lation scheme of portable container irradiation by
isotopic radiation source is shown in Fig.5. The
statistical sampling of irradiation source spectrum
was obtained according work [4]. Result of Monte
Carlo simulation of this spectrum is shown at Fig.6.

Fig.5. Monte Carlo simulation scheme of portable
container irradiation by isotopic radiation source

Kiev Center of Engineering Technology ”ATOM-
BUDPROEKT” produces a set of packaging PKN-
1A designed for mobile transportation of neutron

sources IBN-8-4 type. The source intensity of
such source is 5×106 n/s in the solid angle 4π.

Fig.6. Fast neutron spectrum for Pu-Be source
simulations

To ensure the homogeneity of the radiation-shielding
material in a temperature range up to +70◦C, the
company PKCHP ”OST” proposed to use instead
of paraffin composite material 50% boric acid +
50% paraffin (patent N UA 98 578 U.) According
to GOST 16327-88 maximum equivalent dose rate
(EDR) of neutron radiation on the surface should
not exceed 2,000 mSv/h. For the packaging PKN-1A
with neutron source-IBN 8-4 type this condition is
satisfied.

However, packaging type UKTA-380 are designed
for mobile transportation of sources with an intensity
of up to 1×107 n/s, which corresponds to the inten-
sity of 8-5 IBN-source and allows a wider range of
applying of such container. According to the above
method we simulated irradiation of portable con-
tainer by the IBN-8-5 type neutron source with an in-
tensity of 1×107 n/s. As a material for the radiation-
shielding layer of portable container were taken: pure
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paraffin; a mixture of boric acid and paraffin in com-
position 95/5 and 50/50 mass percent respectively.
As a result of the simulation were obtained equiva-

lent dose rate (EDR) on the surface of the portable
container. The values of EDR data are shown in Ta-
ble 1.

Table 1. Values of equivalent dose rate of portable container on the surface for various materials of
radiation-shielding layer

Pure paraffin 95% paraffin 50% paraffin
+ 5% boric acid + 50% boric acid

EDR on the surface, mSv/h 1867 1047 2182

The simulation results show that when we used as
radiation-shielding material layer pure paraffin or a
mixture of 95% paraffin + 5% boric acid, we achieved
the necessary radiation protection conditions. Fur-
thermore a mixture of paraffin and boric acid pro-
vides 1.78 times better radiation shielding character-
istics.

However, pure paraffin and paraffin-boric acid
mixture does not provide material homogeneity in
the temperature range up to + 70◦C, since the ma-
terial structure changes after the melting tempera-
ture is reached. On the other hand mixture com-
position of 50% paraffin +50% boric acid provides
homogeneity in the temperature range, due to the
higher melting temperature. However, the radiation-
shielding properties of this material do not comply
with GOST 16327-88, since the EDR on the surface
of the container is by 9.1% higher, than the maximum
permissible for this source intensity.

In connection with the mentioned above, for a
given geometry of the container we must choose a
radiation-shielding material which parameters satisfy
its homogeneity and the radiation protection require-
ments.

3. ANALYSIS OF
RADIATION-SHIELDING LAYER FOR

PORTABLE CONTAINER

The effectiveness of radiation-shielding layer is de-
termined by absorption or cross-sections of radiation
neutron capture, in this case the reaction (n, γ) and
(n, α). Due to the fact, that the values of these cross-
sections vary significantly depending on the neutron
energy, therefore an important factor in the effective-
ness of radiation-shielding layer are processes neutron
energy change. These processes are determined by
the elastic and inelastic scattering or reactions (n, n0)
(n, n′) respectively. Note, that since hydrogen and
carbon have a small atomic numbers, even by elastic
interactions (n, n0) neutrons lose much of their en-
ergy for every act of collision, so these elements are
an effective neutron moderator and carbon also has a
probability of inelastic reactions (n, n′). Analysis of
cross-sections makes it possible to evaluate the effec-
tiveness of radiation-shielding properties of the given
materials.

Hydrogen, which is part of the paraffin, effectively
moderates neutrons and the boron in the composition
of boric acid absorbs thermal and epithermal neu-
trons. Effective is the homogeneous mixture of 95%
paraffin and 5% boric acid, unfortunately, it is not
practically feasible from the view of the composition
homogeneity, since it has a low melting temperature.
When we have the mixture of 50% paraffin and 50%
boric acid this material reduces the effectiveness of
neutron moderation, because for carbon and oxy-
gen in elastic interactions the amount of transferred
energy from neutron is a 12 and 16 times smaller
than the energy for hydrogen, so this composition
is slightly less effective than the pure paraffin. To
increase the effectiveness of radiation shielding we
decided to add in our material the element with a
large cross section of neutron interactions, such as
lead (Fig.7).

Fig.7. The total cross-section for the interaction of
neutrons with some elements

For fast neutrons in hydrogen, which is part of the
paraffin, capture cross section is rather small (Fig.8).
Therefore, by adding elements of lead, we obtain an
additional mechanism of multi-scattering in elastic
interaction, and additional (n, γ) reaction which have
higher cross-section than the (n, γ) reaction of hydro-
gen. In other words, neutrons, passing through paraf-
fin, interact with lead atoms and absorbed by the
(n, γ) reactions or due to the scattering, changed di-
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rection and ultimately moderated by hydrogen atoms
and absorbed by boron atoms. As a result of the fore-
going, it can be concluded that for small thicknesses
the most effective radiation-shielding material is a
composition of 50% paraffin 45% boric acid and 5%
lead, by increasing the thickness of the radiation-
shielding layer, the lead influence is reduced because
the paraffin layer thickness is enough for effective
neutron moderation and their following absorption.
Based on the above analysis for different materials of
radiation-shielding layer we simulated neutron irra-
diation of portable container kit packaging PKN-1A,
by the plutonium-beryllium neutron source IBN-8-5
type. The source intensity was 1×107 neutrons per
second in a solid angle of 4π.

As a result of the simulation were obtained equiv-
alent dose rates EDR on the surface of the portable
container. The values of EDR data are shown in Ta-
ble 2.

Fig.8. The capture cross section for the interaction
of neutrons with some elements

Table 2. Values of EDR of portable container on the surface for various materials of
radiation-shielding layer

Pure 95% paraffin 50% paraffin 50% paraffin 50%paraffin
paraffin +5% boric +50% boric +45% boric +45% boric

acid acid acid acid
+5% lead +5% iron

EDR on the 1867 1047 2182 1346 1560.6
surface, mSv/h

The simulation results completely agrees with the
above analysis. Considering the melting point, the
most effective is a mixture of 50% paraffin +45%
boric acid +5% lead.

4. EXPERIMENTAL VERIFICATION OF
THE EFFECTIVENESS OF

RADIATION-SHIELDING MATERIALS

Radiation shielding efficiency for given radiation-
shielding materials was measured at National Sci-
ence Center ”Institute of Metrology”. Namely, they
studied the attenuation ratio of neutrons irradia-
tion from fast neutrons source type IBN-9 for the
three samples. Sample N1 – paraffin item consist
of two bars (pure paraffin), (60×60×80) mm3 sizes
and 160 mm in total thickness, named as 1A and
1B. Sample N2 – the item consist of the two bars
of paraffin, with a special adding (paraffin 50% +
boric acid 50%), (60×60×80) mm3 sizes and a total
thickness of 160 mm, named as 2A and 2B. Sample
N3 - the item of the two bars with a special paraffin
adding (dark color (paraffin 50% + boric acid 45%
+ lead 5%)) with a size of (60×60×80) mm3 and a
total thickness of 160 mm, named as 3A and 3B. The
scheme of experimental studies is shown in Fig.9.

m
m

m
m

Fig.9. The scheme of experimental studies

Measurement of ambient equivalent dose of neutron
irradiation was made by using dosimeter DKS-96n
with a statistical error of the measurement result is
equal to or less than 4%. The attenuation ratios are:
9.47 for the sample N1; 9.69 for sample N2 and 10.16
for sample N3 respectively.
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5. COMPARISON OF SIMULATION
RESULTS WITH EXPERIMENT.

To compare the simulation results with experimental
data the solid-state three-dimensional model is cre-
ated similar to the scheme of the experiment (Fig.10).
The sample is presented to the model in pink, neutron
radiation channel and the environment in blue, con-
tainer NAR-B yellow cross radiation source and dose
detection area is square. In the simulation, when fill-
ing NAR-B container used pure paraffin.

Since the simulation is carried out under ideal
conditions, we assume that the background is 0,
and subtract background by modeling is not neces-
sary, in addition the efficiency of detection of the
detecting device by modeling is 100%. Therefore
the attenuation coefficients depend on the material
properties (in this case, materials are homogeneous)
also ones depend on source spectrum discretization,
in this case the sampling intervals is 40 (accord-
ing to [4]) Table 3 shows the results of a compar-
ison of experimental measurements and modeling.

Fig.10. The three-dimensional model is similar to
the experimental scheme

Table 3. Comparison of experimental measurements and modeling

Samples Experimental measurement Simulation

Open sample Attenuation Open sample Attenuation
source ratio source ratio

Sample N1 (pure paraffin) 28.56 3.01 9.47 28.581 3.32 8.62
Sample N2 2.95 9.69 3.36 8.5

(paraffin 50% + boric acid 50%)
Sample N3 (paraffin 50% + 2.81 10.16 2.31 12.37
boric acid 45% + lead 5%)

The simulation results confirm the previously
made assumptions; experimental data also confirm
the effectiveness of the new material composition.
There is a good agreement between the simulation
and experiment. The difference between the simula-
tion and experiment is 9, 12, and 17% for samples
N1, N2, N3 respectively. These errors are related to
the heterogeneity of the material, not the full identity
of the real spectrum of the neutron radiation source
and the spectrum used in the simulation. Model of a
heterogeneous filling material was built to take into
account the effect of the heterogeneity of the mix-
ture. Due to the fact that we do not have reliable
data on particle size and structure of the mixture con-
firmed by microscopic studies, the following assump-
tions were used in our simulation: This model con-
sist of the powder particles of lead (red), surrounded
by pieces of boric acid (yellow) and filled by paraffin
(blue color), the shape of all the elements has been

selected as cube. Particle sizes were chosen as follows.
We know that lead was in powder PS-1 class, so the
size of the lead was chosen as 25 µm – this is the
maximum size, since according to GOST 99% of the
powder of this class spilled out through a sieve with
a 25 µm cell. On the other hand, we know the mass
percent of components in the mixture, then, based
on the structure of this model, we obtain the size of
boric acid pieces is 103.6 microns, and the size of the
cube with paraffin is 145.7 µm (Fig.11). As a result,
during simulation was used the material dimensions
of (60×60×180)mm3 consisting of 146, 136, 850 cubic
cells, as shown in Fig.11. Similarly we created het-
erogeneous model for lead-free mixture, in this case
the cell size of boric acid was 107.3 µm and the cell
size with boric acid and paraffin was the same as a
last time 145.7 µm. The simulation results are shown
in Table 4.
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Table 4. The simulation results of heterogeneous model

Samples Experiment Simulation (homogeneous) Simulation (heterogeneous)

Attenuation ratio Attenuation ratio Attenuation ratio
Sample N1 (pure paraffin) 9.47 8.62 8.65
Sample N2 (paraffin 50% 9.69 8.50 7.35

+ boric acid 50%)
Sample N3 (paraffin 50% 10.16 12.37 8.18

+ boric acid 45%
+ lead 5%)

mm

Fig.11. Scheme and general view of the stationary storage system of neutron sources

Due to the fact that the size of modeling elements
and the structure may be different from the actual
mixture and size of lead powder piece was selected as
large as possible. Therefore, to improve the reliability
it is better to use the average value of the attenua-
tion coefficients between homogeneous and heteroge-
neous structures. For material composition: paraffin
50% + boric acid 45% + lead 5% we get (12.37 +
8.18) / 2 = 10.275, therefore difference from the at-
tenuation coefficient obtained in the experiment is
about 1.1%, which is less than the experimental er-
ror. Thus, experimental results are in good agree-
ment with simulation results and confirms the earlier
assumption that the material composition: paraffin
50% + boric acid 45% + lead 5% satisfies the re-
quirements for homogeneity of the radiation-shielding
layer because it has higher melting temperature com-
pared to the paraffin and satisfies radiation protection
requirements because it has a higher neutron attenu-
ation coefficient than paraffin.

6. CONCLUSIONS

The analysis of the features of transportation of iso-
topic sources of fast neutrons from the point of view
of the used radiation-shielding materials and their

compositions was carried out. Experimental studies
of the structure of paraffin radiation-shielding ma-
terials in the temperature range have been carried
out in accordance with the requirements of regulatory
and technical documentation. The features of the for-
mation of homogeneous layers of neutron radiation-
shielding material are revealed.

A three-dimensional model of a portable container
of a set of packing PKN-1A was developed and neu-
tron irradiation of the container was simulated un-
der conditions of transportation of a neutron source
IBN-8-5. The equivalent dose rate values on the sur-
face of containers with different composition of the
radiation-shield material were calculated. Mathe-
matical modeling and experimental studies of attenu-
ation of the equivalent dose of neutron radiation from
isotopic sources of fast neutrons on samples of mate-
rials of various compositions have been carried out.
The results of mathematical modeling are in good
agreement with experimental data.

Various criteria are analyzed for making optimal
decisions on the composition of paraffin radiation
protective materials and the features of the technol-
ogy for working with them. The optimal solutions
for this device of radiation technology can be rec-
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ommended for practical use in the manufacture of
protective containers and devices. Based on the re-
search results, a patent of Ukraine for a utility model
was obtained [5].
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ÈÑÑËÅÄÎÂÀÍÈÅ ÔÈÇÈ×ÅÑÊÈÕ ÏÐÎÖÅÑÑÎÂ È ÎÏÒÈÌÈÇÀÖÈß ÑÎÑÒÀÂÀ
ÐÀÄÈÀÖÈÎÍÍÎ-ÇÀÙÈÒÍÎÃÎ ÑËÎß ÈÇÄÅËÈß ÏÊÍ-1À

Å.Â. Ðóäû÷åâ, Ñ.È. Ïðîõîðåö, Ì.À. Õàæìóðàäîâ

Ðàáîòà ïîñâÿùåíà àíàëèçó îñîáåííîñòåé òðàíñïîðòèðîâêè èçîòîïíûõ èñòî÷íèêîâ áûñòðûõ íåéòðîíîâ

ñ òî÷êè çðåíèÿ ïðèìåíÿåìûõ ðàäèàöèîííî-çàùèòíûõ ìàòåðèàëîâ è èõ ñîñòàâîâ. Ðàçðàáîòàíà òðåõ-

ìåðíàÿ ìîäåëü ïåðåíîñíîãî êîíòåéíåðà êîìïëåêòà óïàêîâî÷íîãî ÏÊÍ-1À, è ïðîâåäåíî ìîäåëèðîâà-

íèå íåéòðîííîãî îáëó÷åíèÿ êîíòåéíåðà â óñëîâèÿõ òðàíñïîðòèðîâêè íåéòðîííîãî èñòî÷íèêà ÈÁÍ-8-5.

Ðàññ÷èòàíû çíà÷åíèÿ ÌÝÄ íà ïîâåðõíîñòè êîíòåéíåðîâ ñ ðàçëè÷íûì ñîñòàâîì çàùèòíîãî ìàòåðèàëà.

Ïðîâåäåíû ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ îñëàáëåíèÿ ýêâèâàëåíòíîé äîçû íåéòðîííîãî èçëó÷åíèÿ

îò èçîòîïíûõ èñòî÷íèêîâ áûñòðûõ íåéòðîíîâ äëÿ îáðàçöîâ ìàòåðèàëà ðàçëè÷íîãî ñîñòàâà. Ðåçóëüòàòû

ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ õîðîøî ñîãëàñóþòñÿ ñ ýêñïåðèìåíòàëüíûìè äàííûìè.

ÄÎÑËIÄÆÅÍÍß ÔIÇÈ×ÍÈÕ ÏÐÎÖÅÑIÂ ÒÀ ÎÏÒÈÌIÇÀÖIß ÑÊËÀÄÓ
ÐÀÄIÀÖIÉÍÎ-ÇÀÕÈÑÍÎÃÎ ØÀÐÓ ÂÈÐÎÁÓ ÏÊÍ-1À

�.Â. Ðóäè÷åâ, Ñ.I. Ïðîõîðåöü, Ì.À. Õàæìóðàäîâ

Ðîáîòà ïðèñâÿ÷åíà àíàëiçó îñîáëèâîñòåé òðàíñïîðòóâàííÿ içîòîïíèõ äæåðåë øâèäêèõ íåéòðîíiâ ç òî÷-

êè çîðó çàñòîñîâóâàíèõ ðàäiàöiéíî-çàõèñíèõ ìàòåðiàëiâ òà ¨õ ñêëàäó. Ðîçðîáëåíî òðèâèìiðíó ìîäåëü

ïåðåíîñíîãî êîíòåéíåðà êîìïëåêòó ïàêóâàëüíîãî ÏÊÍ-1À, i ïðîâåäåíî ìîäåëþâàííÿ íåéòðîííîãî îïðî-

ìiíåííÿ êîíòåéíåðà â óìîâàõ òðàíñïîðòóâàííÿ íåéòðîííîãî äæåðåëà IÁÍ-8-5. Ðîçðàõîâàíi çíà÷åííÿ

ÏÅÄ íà ïîâåðõíi êîíòåéíåðiâ ç ðiçíèì ñêëàäîì çàõèñíîãî ìàòåðiàëó. Ïðîâåäåíî åêñïåðèìåíòàëüíi äî-

ñëiäæåííÿ îñëàáëåííÿ åêâiâàëåíòíî¨ äîçè íåéòðîííîãî âèïðîìiíþâàííÿ âiä içîòîïíèõ äæåðåë øâèäêèõ

íåéòðîíiâ äëÿ çðàçêiâ ìàòåðiàëó ðiçíîãî ñêëàäó. Ðåçóëüòàòè ìàòåìàòè÷íîãî ìîäåëþâàííÿ äîáðå óçãîä-

æóþòüñÿ ç åêñïåðèìåíòàëüíèìè äàíèìè.
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