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The paper provides a comparative calculation of the radiation protective efficiency of various composite
materials based on titanium hydride using multi-group modeling methods using the ANISN program. The
calculations showed the high efficiency of titanium hydride composites with respect to neutron and gamma
radiation. The relaxation length of the fast neutron flux density in titanium hydride materials is 5.1...7.0 cm. The
spatial-energy distribution of neutron radiation in materials is formed by fast neutrons. The dose rate of gamma rays
behind the material is determined mainly by capturing gamma rays arising in the initial layer of protection.
Introduction to the composition of the protection of boron atoms reduces the level of capture gamma radiation, but

does not affect the attenuation of fast neutrons.

INTRODUCTION

The design of radiation protection of nuclear power
plants (NPP) is a multi-stage process based on the
search for optimal solutions to ensure the radiation
safety of maintenance personnel and to protect the
reactor plant equipment from unacceptable radiation
damage, i.e. weakening of the basic values of the
functionals of ionizing radiation to the maximum
permissible values [1].

In the process of designing radiation protection, the
necessary modeling of protective properties is carried
out using multi-group and statistical calculation
methods, the results of which determine the
composition, geometry and thickness of the protection.
For a calculated or known radiation intensity of a
nuclear reactor, it is necessary to select the composition
of protection in such a way that it provides thermal and
biological protection, as well as equipment protection to
the established maximum permissible standards. At the
same time, biological protection is of primary
importance, which ensures the protection of staff and
the public from radiation [2].

The design of the radiation protection of NPP is a
multi-stage process based on the search for optimal
solutions to ensure the radiation safety of maintenance
personnel and to protect the reactor installation
equipment from unacceptable radiation damage, i.e.
weakening of the basic values of the functionals of
ionizing radiation to the maximum permissible values
[1].

In the process of designing radiation protection, the
necessary modeling of protective properties is carried
out wusing multi-group and statistical calculation
methods, the results of which determine the
composition, geometry and thickness of the protection.
For a calculated or known radiation intensity of a
nuclear reactor, it is necessary to select the composition
of protection in such a way that it provides thermal and
biological protection, as well as equipment protection to
the established maximum permissible standards. At the
same time, biological protection is of primary

importance, which ensures the protection of staff and
the public from radiation [2].

The task of designing protection can be seen as the
opposite in relation to the calculation of the attenuation
of radiation from the given sources. In this case, the
initial data used by the maximum permissible radiation
levels for protection, and the desired quantities are the
parameters of protection. This task is performed by the
method of successive approximations based on the
approximations of the security settings using the
following program code calculates the basic functionals
of the radiation. The results of the comparison of the
values obtained functionals with the maximum
permissible values of the adjustments accepted part of
the protection with the subsequent performance of the
calculation. The final composition of protection,
thickness and geometry of the layers is produced when
the coincidence of the calculated values of the
functionals with the specified maximum permissible
values [1, 2].

Thus, the main challenge in designing is finding the
necessary optimality criterion, and choosing the best
variant of development of the set of the admissible in
accordance with the quality indicators. The optimality
of the solution selected depends on the number of
options considered and the variation area of the main
technical parameters affecting performance. The most
important  parameters when designing radiation
shielding reactor materials are nuclide composition of
the fillers, the binder matrix used for the calculation of
the basic functionals of attenuation of neutron and
gamma radiation as well as thermal, structural,
mechanical, chemical properties and radiation resistance
of the final composite. Used fillers, as a rule, should
provide multi-level performance of radiation protection.
In this direction promising the use of functional fillers
having high radiation shielding properties, but also a
high compatibility with the binder matrix [3, 4].

When choosing a filler, special attention is paid to
materials with a high specific density of hydrogen
atoms, which effectively slow down fast neutrons. The
choice of binders is limited by the requirements for the
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mobility of mixtures due to the need to fill radiation
protection structures of complex geometry and
inaccessible places [5-8].

To a large extent, the requirements for compact
protection of transport NPP are met by designers based
on titanium hydride materials and, above all, products
based on compact titanium hydride (CTH) with
hydrogen atoms up to 3.5 wt.% and titanium hydride
fractions (THF) with a hydrogen atom content of up to
3.6 mass%, which have found application in a number
of projects [9-11].

To assess the protective effectiveness of various
composite materials based on titanium hydride, this
paper presents comparative calculated data using multi-
group modeling methods. The performed calculations
are estimates and made for hypothetical compositions.

MATERIALS AND METHODS

To conduct computational studies wused a
composition based on a CTH, THF, the fraction of
titanium hydride and portland cement (PC) with
different water-cement ratio (CTHF). It also describes
boron-containing compositions of the composites as
well as comparative analysis with serpentinite concrete.

Variation calculations of spatial-energy distribution
of neutrons and y-rays in materials protection were
carried out according to the program ANISN [12],
designed for solving one-dimensional transport
equations of the theory of radiation transport by discrete
ordinates, taking into account the scattering anisotropy
in the multi-group approximation. ANISN solves any
order of approximation of the scattering phase function
with Legendre polynomials (Py) and using the boundary
conditions in the form of albedo, that specify for each
energy group of neutrons returning to the system at the
boundary [13].

Spectrum of neutrons in the program ANISN
calculated for the 22-group splitting of the energy
interval. A gamma spectrum was 18-group splitting. For
comparison of the protective properties of materials are
all design options normalized to one and the same
reactor power. The distribution of fluxes of neutrons
and y-rays, as well as the distribution of dose from
neutrons and y-rays in materials protection were
considered in plane geometry.

Concentrations of elements used in the calculations
were determined on the basis of elemental and chemical
composition of materials (Tables 1-3). The
compositions and volumetric mass of the investigated
materials are presented in Table 4.

Table 1

The elemental composition of the material CTH

Element, wt.%
Ti| H |[Fe|Si|AlI| C |O|N]| CI F
95.0/ 3.44 0.2/ 0.1 | 1.0 | 0.07 |0.15|0.04| 8-10"* |3-10™*

Table 2
Elemental composition of THF material

Element, wt.%
Ti H Al | C |Fe | Si| O N
95.63 3.50 [0.40|0.05[0.20|0.08{0.10|0.04

Table 3
Chemical composition of PC, wt.%
CaO 8102 A|203 F6203 MgO 803
65.8 20.8 4.9 3.5 2.9 2.1
Table 4
Compositions of protection materials
Nuclear
Material, Bplk concentration
No. L weight,
Composition ka/m? of hydrogen,
g x10%* 1/cm®
1 |CTH 3800 0.0747
2 | CTH in the masonry,
taking into account 3400 0.0646
block gaps
3 |THF 2526 0.0542
4 |CTHF (80.6 wt.%
DHT, PC, 2790 0.0482
W/C =0.8)
5 |CTHF (75.8 wt.%
DHT, PC, 2970 0.0476
W/C =0.3)
6 |CTHF (90.4 wt.%
DHT, PC, 3127 0.0568
W/C =0.9)
7 |CTHF (85.5 wt.%
DHT, PC, 3262 0.0558
W/C =0.27)
8 | CTHF with boron
(84.5 Wt.% DHT,
PC. BA, 3262 0.0552
W/C =0.27) **
9 | Serpentinite concrete
(serpentinite —
80.4%, PC — 17.2%, 2100 0.0163
W/C =0.75)

*Water-cement ratio (W/C) of the prepared mixture;
**poron-containing additive (BA) 5 wt.%.

In variant calculations, compositions consisting of a
reactor core, reactor structural elements, a reflector, and
a layer of the protective material under study 1 m thick
(which corresponds to the thickness of the hydrogen-
containing layer in real protection) were considered.
Moreover, in the calculations it was assumed that the
protective material is located immediately after the steel
reactor vessel with a thickness of 125 mm, which allows
gamma rays to leak from the core, the reactor structures,
and the reactor vessel.

RESULTS AND ITS DISCUSSION

The results of calculating the functionals are
presented in Figs. 1-4, which shows the nature of the
distribution of the flux density of fast and thermal
neutrons, as well as the dose rate of neutron and gamma
radiation over the thickness of the protection materials.

As follows from the figures, in a first approximation,
neutron attenuation can be described by a simple
expression (1):

O(d) = D, - e~ 4, 1)



where @, — neutron flux density without protection;
d(d) — neutron flux density behind a layer of protection
thick d, cm; 4 — neutron relaxation length, cm.
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Fig. 1. Distribution of fast neutron flux density (@x)
in materials No. 1-9
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The calculations showed that the spatial-energy
distribution of neutron radiation in the material is
formed by fast neutrons. The nature of the distribution
of the dose rate of gamma radiation (P,) over the
thickness of the protection and its value behind the
protection determines the radiation flowing onto the
front wall and the capture gamma radiation generated in
the initial layer of the material, a few centimeters thick
(and for the materials under consideration, in our
calculation composition reactor protection, the first

component is less than the second). In this case, with an
increase in the layer thickness, an equilibrium spectrum
is established for fast and thermal neutrons. Therefore,
when comparing the protective properties of materials
in this case, the value of the fast neutron flux density
can be considered as the main criterion. The same
pattern is followed by a weakening of the dose rate of a
neutron study.
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The introduction of boron atoms into the
composition (composite No. 8), which has a high
absorption cross section of slow neutrons (thermal and
epithermal), significantly reduces the thermal neutron
flux density and capture gamma radiation. Moreover, it
has almost no effect on the fast neutron flux density (®s)
and neutron dose rate (P,). A similar material without
boron is material No. 7. Compared to material No. 7,
behind material No. 8, the value @ at a thickness of 1 m
decreases 95 times, and the value of P, decreases 3.7
times.

Table 5
The relaxation length of fast neutrons (¢,, cm) on the
thickness of the protective layer (h, cm) of materials

No. Afn. (N), cm
material 0...30 30...60 60...100
1 4.3 5.4 6.3
2 4.8 6.0 6.9
3 6.8 7.9 9.3
4 5.9 6.9 7.9
5 5.8 6.7 76
6 5.2 6.3 7.3
7 5.1 6.1 7.0
8 5.2 6.2 7.1
9 9.3 9.7 10.1

The relaxation lengths of the fast neutron flux
density and the dose rate of gamma radiation in the
materials under study, obtained on the basis of the
calculation data for the attenuation of the functionals of
neutron and gamma radiation, are presented in Tables 5
and 6.

The relaxation length X at the layer thickness d = d—
d, was determined from the relationship (2) and 3):

A = (dy —dy) / In(P(dy)/P(d7)), 2
A = (dy —dy) / In(P(d,)/P(d2)), @)



where ®(d,), ®(d,) and P(d,), P(d,) — accordingly, the
neutron flux density and the dose rate of gamma rays on
the thickness of the protection layer d; and d,.

Table 6
The relaxation length of the dose rate of gamma rays
(A, cm) on the thickness of the protection layer (h, cm)

of materials
No. 7\41' (h)v cm
material 0...30 30...60 60...100

1 8.3 8.8 9.3
2 9.1 9.7 10.3
3 12.3 13.6 14.9
4 10.4 114 12.4
5 9.9 10.8 11.7
6 9.6 10.4 111
7 9.2 9.9 10.5
8 10.1 10.1 10.5
9 13.6 14.7 15.7

In the physical sense, the relaxation length A
indicates the thickness of the layer of material, where
the density of neutron flux is attenuated in e times
(e =2.718).

Analysis of the obtained data (see Tables 5 and 6)
shows that with the increase of the thickness calculated
layer of the investigated material, the value of the
relaxation length of rapid neutrons XA¢, gradually
increases, tending to a constant value.

This is due to tightening of neutron spectrum on the
thickness, which in turn is connected with the energy
dependence of the scattering of fast neutrons on
hydrogen atoms of materials. The attenuation of the
neutron dose rate by protection from materials based on
THF actually corresponds to the attenuation of the fast
neutron flux density.

The increase of hydrogen content in the material
leads to a decrease in the value As, (see Table 5), and
this dependence decreases with increase in the thickness
of the material. This may be due to the energy loss of
neutrons to the thickness of the protection and reduction
of the processes of elastic scattering on hydrogen. This
trend is most pronounced in the composite of No. 7,
where the values of the relaxation length of rapid
neutrons with a layer thickness of 60...100 cm is
comparable to As, for material No. 2 on the basis of the
CTH in the masonry.

In the composites the presence of hydrogen due to
the content of the hydride phase. The presence of
hydrogen due to its content in the associated water of
the cement stone has a much smaller impact on the
protective properties of materials. In this regard,
compositions with a reduced content of bound water,
which is removed after heat treatment, its protective
properties are not inferior to the materials of the same
density with PC in which part of the bound water
remains.

Since the protection materials under consideration
have weaker protective properties with respect to
gamma radiation than with thermal neutrons (A, > L),
the primary gamma radiation that arises before the
protection and capture gamma radiation generated in the

initial layers of protection will be weaken less than the
profit of new gamma rays generated by the capture of
thermal neutrons. In this regard, with increasing
thickness of the protection A, increases (see Table 6).
However, due to the considerable attenuation of thermal
neutrons arising secondary gamma radiation is not a
significant contributor to the total dose rate of gamma
rays for protection. This explanation is particularly well
illustrated by the example material No. 8 with boron
with the highest value of attenuation of thermal
neutrons, where the value 2, throughout the thickness of
the protection is practically the same. Thus, the dose of
gamma rays in a material is mainly determined by the
capture gamma quanta arising in the initial layer of
protection and the formation capture gamma rays across
the thickness of protection are irrelevant. As a result, the
relaxation length of the dose rate of gamma radiation in
these materials is almost independent of the content of
hydrogen.

Calculations show high efficiency of the described
materials. The length of the relaxation of ®; materials
based on THF is an average of 5.1; 6.1, and 7.0
(material No. 7) for thicknesses of 0 to 30; 30 to 60 and
60...100 cm, respectively. The formula of attenuation
material No. 7 on the layer thickness 1 m to more than
~ 3 orders of magnitude greater than is widely used in
protecting nuclear facilities serpentinite concrete. For
products of the SCC in the masonry with the actual
density 3.4 g/cm®, the corresponding values of the
lengths of the relaxation of ®s is 4.8; 6.0, and 6.9 cm.

The introduction of boron atoms into the composite
slightly increases the value of A, (materials No. 8 and 7)
at a thickness of 30...60 cm due to the tightening of the
neutron spectra in the thermal and previous thermal
regions. At the same time, the absolute value of the flux
density of thermal neutrons is reduced. The resulting
total effect is a substantial reduction of dose rate of
gamma radiation.

Data analysis of Tables 4-6 shows that increasing
the density of the material decreases the length of the
relaxation, as for neutron and gamma radiation. For
gamma radiation this process is more pronounced and
amounts to 26% in the thickness of the layer 30...60 cm
and 28% and a thickness of 60...100 cm, i.e. almost
independent of the layer thickness.

Calculations show that increasing the density of
protection to 3.2...3.3 g/cm® allows reducing the length
of neutron relaxation to 6.0...7.0 cm, which is 2.2...2.4
times less than in serpentinite concrete. This means that
with the same neutron attenuation factor, the thickness
of protective composites based on titanium hydride and
PC will be ~ 2 times less than serpentinite concrete.

Thus, on the basis of the multi-group modeling, the
high efficiency of materials based on titanium hydride is
shown when used in the protection of transport NPP
instead of serpentinite concrete. Composite materials
based on fractions of titanium hydride and a PC binder,
which have a monolithic protective structure in
comparison with materials based on CTH, are most
effective. In this case, the introduction of boron atoms
into the material of protection leads to a decrease in the
flux density of thermal neutrons and the level of dose
rate of capture gamma radiation



CONCLUSION

Multi-group modeling of the processes of interaction
between the radiation of the active zone of a nuclear
power reactor and materials based on titanium hydride
has shown that gamma radiation behind the protection is
formed by capture radiation flowing from the steel
reactor shell. Secondary gamma radiation generated by
the passage of a neutron flux through the thickness of
the composite does not significantly affect the value of
the gamma ray functional for protection.

The calculations showed the high efficiency of
materials based on THF. According to the efficiency of
attenuation of neutron and gamma radiation, materials
based on fractions of titanium hydride and cement
binder (CTHF) are not much inferior to the CTH
material in the masonry, and they are an order of
magnitude higher than the protective properties of the
fraction without a binder (THF) due to the absence of
neutron slip and denser particle packing. In comparison
with serpentinite concrete, the dose rate of neutrons and
gamma rays in CTHF is much less. The introduction of
boron atoms into the protective composition reduces the
level of capture gamma radiation, but does not affect the
attenuation of fast neutrons. The use of fractions of
titanium hydride without a binder is unreasonable
because of the possible formation of voids in the
protection and slip of neutrons.
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MHOT'OT'PYIIIOBOE MOJIEJIMPOBAHUE 3AIIIUTHI OT HEUTPOHHOI' O
U TAMMA-U3JIYYEHUA MATEPUAJIAMU HA OCHOBE T'MJIPUJIA TUTAHA

Poman H. Acmpebunckuii, Anexcanop A. Kapnayxoe

Jana  cpaBHMTEeNnbHas ~ pacyeTHas  OIEHKAa  paJHalliOHHO-3aIIMTHOM  3((eKTHBHOCTH  Pa3IM4HBIX
KOMITO3MIIMOHHBIX MAaTepHaJOB Ha OCHOBE THIPUAA THTaHa C HCIIOJIb30BAHHEM METOJOB MHOTOTPYNIOBOTO
mozenupoBanusi o nporpamme ANISN. Pacuersr mokasanu BBICOKYIO 3(Q(EKTHBHOCTH KOMIIO3MTOB Ha OCHOBE
THIpU/IA TUTaHA 10 OTHOLICHWIO K HEHTPOHHOMY M raMMa-M3IydeHHIo. J[nMHa penakcalyuu IUIOTHOCTH IOTOKa
OBICTPBIX HEHTPOHOB B MaTepHalax Ha OCHOBE T'HIApHWIa TUTaHa cocTaBiseT 5,1...7,0 cm. IlpocrpaHcTBeHHO-
SHEPTEeTHYECKOE pacHpeaesieHne HEeHTPOHHOTO M3IydeHHs B MaTepuanax (popmupyercs OBICTPHIMH HEHTpOHAMM.
MolHOCTh 7036l TaMMa-KBAaHTOB 32 MaTEpUAJIOM OIPENENsSeTCss B OCHOBHOM 3aXBAaTHBIMM TaMMa-KBaHTaMH,
BO3HMKAIOIMMK B HA4yallbHOM CJIO€ 3alUThl. BBEJEHHWE B COCTaB 3alllUThl aTOMOB 0OOpa CHMXKAeT YPOBEHb
3aXBaTHOTO raMMa-U3JIydeHHUs], HO HE BIMSET Ha OCinabiieHne ObICTPBIX HEHTPOHOB.



BATATOTI'PYIIOBE MOJIEJTIOBAHHS 3AXUCTY BIJI HEUTPOHHOT'O I TAMMA -
BUIITPOMIHIOBAHHS MATEPIAJIAMHA HA OCHOBI T'TAPUAY TUTAHY

Poman H. Acmpeouncokuii, Onexcanop A. Kapnayxoe

Jano moOpiBHAUIBPHA pO3paxyHKOBa OIIHKA pamiariifHo-3aXuCHOi e(eKTUBHOCTI pPI3HUX KOMIO3HUIIHHIX
MaTepialliB Ha OCHOBI TiIpUIy THTaHY 3 BUKOPHUCTAHHSAM METOJIB 0araTOrpyrmoBOTO MOJEIIOBAHHS 32 IPOrPaMOI0
ANISN. Po3paxyHKH mmoka3ain BUCOKY €()eKTHBHICTh KOMIIO3UTIB Ha OCHOBI TiApHUAy THTaHY IO BiTHOIIEHHIO IO
HEWTPOHHOTO 1 TaMMa-BUNPOMIiHIOBaHHA. JlOBXMHA penakcamii HIIJIBHOCTI TOTOKY UIBHJKUX HEWTPOHIB Yy
Marepianax Ha OCHOBI TiIpUIY THTaHy CTaHOBUTSH 5,1...7,0 cM. [IpocTopoBo-eHepreTHYHUIT PO3MIOI1I HEUTPOHHOTO
BUIIPOMIHIOBaHHs B MaTepianax (OpMYETbCS WIBHUIKAMHM HeWTpoHamH. IIOTYy)XHICTH 103M raMMma-KBaHTIB 3a
MarepiaioM BU3HAYA€ThCS B OCHOBHOMY 3aXBaTHHMH TI'aMMa-KBaHTaMH, II0 BHHHMKAIOTh Y IOYaTKOBOMY IIapi
3aXuCTy. BBesieHHs 10 cKiIaqy 3aXucTy aToMiB OOpYy 3HMIKYE piBEHb 3aXBaTHOTO IaMMa-BUIIPOMIHIOBaHHS, ajie HE
BIUIMBA€E Ha OCJA0JICHHS IIBUKUX HEHTPOHIB.



