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HIGHLIGHTS
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® Neutron yield and energy spectrum of (Th,Pu)O, through (a,n) reaction were estimated.
® Analytical calculation method was proposed to characterize the multi-layered spent fuel, (Th,Pu)O,.
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This paper reports on an important issue of designing appropriate nuclear fuel of a high-temperature gas-cooled
nuclear reactor operating in a thorium-plutonium nuclear fuel cycle. The neutronic calculations for a fuel of
specific isotopic composition were performed before the analyses were done on the alpha emission probabilities,
and on the neutron and photon sources as a result of (a,n) reaction. The main focus was on the quantitative
evaluation of the neutron yield and the neutron energy spectrum for the generated neutrons through (a,n)

reaction on light nuclei of dispersed nuclear fuel. Tests were carried out with the aim of creating an efficient
calculation tool for the initial evaluation of the radiation characteristics for the irradiated multilayer nuclear fuel
with different configurations and compositions.

1. Introduction

The physics of a high-temperature gas-cooled low-power thorium
reactor facility (HGTRU, Russia) has been studied to explore an optimal
configuration of the core and the material composition of the nuclear
fuel (Shamanin et al., 2015, 2016, 2018). The investigated reactor
(Shamanin et al., 2018) could operate for at least 3000 days at a power
of 60 MWth.

The features of reactor core design, the material composition of ir-
radiated nuclear fuel, the operating modes of the reactor and the high
burn-up (~400 GWd/tHM) can affect the radiation, nuclear-physical
and thermophysical characteristics of spent nuclear fuel (SNF). The
revision of the traditional procedures of SNF management seems ne-
cessary in order to achieve ultra-high burn-up depth within the nuclear
fuel during the stage of reactor design.

Since the concentration of various a-emitters in SNF is directly
dependent on the burn-up depth of the nuclear fuel, while the neutron
yield of (a,n) reaction depends on the concentration of light elements in
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the nuclear fuel as well as in the structural materials, it is quite im-
portant to understand both the spatial distribution and the probability
of (a,n) reaction within the fuel assembly (Vlaskin et al., 2015;
Bulanenko, 1979; Murata and Shibata, 2002; Heaton et al., 1989; West
and Sherwood, 1982; Simakov and van den Berg, 2017; Shores, 2005).
Such studies are basically carried out by means of the commonly-used
codes and dedicated programs. However, attention should be made so
that the necessary calculations such as the calculations of the isotope
composition for the nuclear fuel, the numerical simulation of radiation
fields, the development of new procedures and the regulations for SNF
management in the nuclear fuel cycle of the new generation (Innovative
nuclear systems of the generation VI, 2018) are only possible to un-
dertake with scientific justification and modernization. For example,
the ORIGEN-S program (Oak Ridge National Laboratory, USA)
(Hermann and Westfall, 1995) can determine the nuclide composition
of nuclear fuel as well as the energy spectra of neutrons and photons
emitted from SNF, in terms of the given burn-up and holding time.
ORIGEN-S is one of the well-known programs in the world practice
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for the calculation of radiation sources. It is basically used to calculate
the burn-up and emission yield of standard oxide fuel (UO,, (U,Pu)O,)
of the light-water reactors (LWR) type. However, in other reactor types
and fuels than the standard one, ORIGEN-S may lead to incorrect re-
sults.

There are no built-in tools for the calculations of (a,n) reactions in
all energy ranges of interest in other widely used codes, such as MCNPS5,
MCNPX (Los Alamos National Laboratory, USA), KENO-3D (Oak Ridge
National Laboratory, USA), MONK (UK), MCU5 (National Research
Center, Kurchatov Institute, Russia). Note should be taken that in ad-
dition to ORIGEN-S, there are other codes for neutron source calcula-
tions such as SOURCES-4C (Los Alamos National Laboratory, USA)
(Wilson et al., 2009), NEDIS-2m (VNIINM named after academician
A.A. Bochvara, Russia) (Vlaskin and Khomiakov, 2017) and so on
(Leniau and Wilson, 2014). These programs, including the commonly-
used SOURCES-4C code, are mostly dedicated to the calculations of
neutron yield and neutron energy spectrum. Although, SOURCES-4C is
a well-recognized program, only a single work was published by its
developers in 2009 (Wilson et al., 2009) which was devoted to its
capabilities and current status. Comparing to SOURCES-4C, the NEDIS-
2m code (Bulanenko, 1979; Vlaskin and Khomiakov, 2017; Spirin et al.,
2015) seems to be better adapted to the tasks of modern nuclear power
engineering. Therefore, a computational platform for the initial as-
sessment of the radiation characteristics of the nuclear fuel in the nu-
clear fuel cycle of the new generation seems an urgent task.

Neutrons in nuclear fuels are normally produced through sponta-
neous and induced fissions, and a result of (a,n) reactions on the light
nuclei. In standard oxide fuel (e.g., UO,) reactors, the (a,n) reaction
mainly takes place on '7*80 isotopes (Bulanenko, 1979; Spirin et al.,
2015). The contribution of (a,n) neutrons does not exceed 20% for
LWR-type thermal reactors (Bulanenko, 1979), however, this con-
tribution in the BN-type sodium-cooled fast breeder reactor when using
UO, as a fuel, reaches 85-95% (Bulanenko, 1979; Spirin et al., 2015).

The nuclear reactor studied in (Shamanin et al., 2018) was a reactor
unit for epithermal energy (~63.03% of neutron energies range from
4 eV to 183keV) and fast-energy (~24.5% of neutron energies range
from 183 keV to 20 MeV) neutrons, where (Th,Pu)O»-composition was
used as the nuclear fuel. In dispersed nuclear fuels of such a reactor, not
only does (a,n) reaction occur on '7-'80 isotopes, but also do '*C and
29.39gi which are contained in micro-fuel coatings (PyC, TizSiC,) and
fuel pellets (SiC). ¥ un(E), the normalized (a,n) neutron spectra, is sig-
nificantly higher for *C and 2°2°Si compared to those in '7-'%0
(Simakov and van den Berg (2017); Shores (2005); Vlaskin and
Khomiakov (2017) (Leniau and Wilson, 2014; Spirin et al., 2015;
Jacobs and Liskien, 1983); and the carbon (*3C) (Hales et al., 2013).
The calculations of the energy spectra of spontaneous and induced
fission neutrons, Sy(E) and S¢(E), for a mixture of heavy and light iso-
topes are relatively simple tasks compared to (a,n), Sq,n(E). This pro-
blem becomes complicated when one deals with spent dispersed nu-
clear fuel and the media containing different geometry configurations
and material compositions (i.e., isotopic neutron sources based on
alpha-emitters (Vega-Carrillo and Martinez-Ovalle, 2016; Sogbadji
et al., 2014; Elagib et al., 1999), aqueous and alkaline solutions con-
taining different absorbers, etc. (Seale and Andersen, 1991).

For the fresh fuel, yn(E) and S, ,(E) can be calculated using both
available high-precision experimental data (Experimental Nuclear
Reaction Data (EXFOR), 2018; Experimental Nuclear Reaction Data
(ENSDF), 2018) and the dedicated programs (NEDIS-2.0, SOURCES-4C,
SRIM-2013 (Ziegler et al., 2010)). In order to obtain an accurate result,
one has to calculate the energy distribution of a-particles, f,(E), inside the
volumes of both the fuel kernel and the coatings (Bedenko et al., 2018;
Fomushkin, 2010). The energy distribution f,(E) can be obtained relying
on the following commonly-used assumptions: a-particle sources (i.e.,
2327, 239:240.241p1y) are uniformly distributed in the core volume which
emit the radiation isotropically in the space. The spent fuel kernel is a
mixture of unburned isotopes of Pu, Th, minor actinides, oxygen and
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fission fragments. In such a kernel, the energy distribution functions (f,(E),
Xan(E) and S, ,(E)) will depend on the distribution P(E,r) of heavy iso-
topes and fission products in the volume, for which the use of any other
models (Fomushkin, 2010) and extra data requires scientific justification.

In the same vein, the purpose of the present research was the de-
velopment of an effective calculation tool for the initial assessment of
the radiation characteristics of spent fuel within the nuclear fuel cycle
of a new generation nuclear energy system. The modeling and numer-
ical calculations were performed with the well-known programs of
WIMS-D5B, MCNPX2.6.0, SOURCES-4C and SRIM-2013.

2. Numerical simulations
2.1. Methods and approximations

In general, the neutron energy distributions (o n(E), Sh(E)) depend
on several important factors including the geometry of the fuel pellet,
the material compositions of the nuclear fuel, the reactor type and its
operating modes, as well as the distributions of heavy-metal radiation
sources (Pu, Th, minor actinides), fy(r), fission products, frp(r) and
alpha particles, f,(E,r), in the fuel kernel, surface and coatings. Three
different types of fuel pellets identified as 0817, 1017 and 1200 were
used (Shamanin et al., 2018), for which it was proved that an increase
in the fuel pellet diameter would lead to the decrease in both the
proportion of graphite and the reactivity reserve, p;,(t); hence, the core
lifetime would depend on both the initial contents of >*°Pu, 2*2Th and
the produced isotopes 2*'Pu and *°U.

The calculations showed that in the fuel pellet type 0817, the >*°Pu
and #*2Th nuclei would burn-out very quickly and the time required for
233 and **'Pu accumulations would be too short to maintain a sta-
tionary fission reaction. Therefore, after the 1500 days operation, the
239py content would be very small in the reactor which could cause a
sudden fall in p;,¢(t). The use of pellet types 1017 and 1200 would result
in the accumulation of 223U and ?*'Pu (in the middle of the irradiation
cycle); hence, a longer core lifetime. For fuel pellet types 0817 and
1017, it was noted that the burn-ups of 2**Pu were almost identical
(about 96-97%). Thus, one may conclude that the best option for a long
reactor operation time and the ?*2Th fuel cycle is the fuel pellet type
1200, despite an increase in the fraction of the disperse phase
(®fuel = Vmicrofuel X N/Viatix) in this type would cause a decrease in
the fraction of burned 2*°Pu. Moreover, an analysis showed that for a
better burn-up of 2*°Pu, it is necessary to use the fuel pellet of type 1017
(see Fig. 1) (Shamanin et al., 2015, 2016, 2018).

Further neutronic calculations were performed with the program
WIMS-D5B as a commonly-used program for cell calculations of dif-
ferent reactor types. The WIMS code uses a set of 69-group neutron
energies (14 groups in the fast and 19 in the resonant neutron energy
regions) on the basis of the estimated nuclear data files ENDF/B-VIL.O
(Aldama Daniel and Trkov, 2000), which allows for the calculations for
fast- and thermal-neutron reactors. Since, the geometrical module of
WIMS cannot create the hexagonal-shaped cells, the hexagonal cells of
HGTRU (Shamanin et al., 2018) were converted into a two-dimensional
cylindrical cells. A cylindrical cell is an equivalent Wigner-Seitz cell
with given boundary conditions on the surface of the computational
zone and the translational symmetry on the both upper and lower faces,
with a homogenized fuel cell. In order to calculate the effective mul-
tiplication factor (keg), the axial and radial geometric parameters were
introduced by taking into account the transition from the real size of the
core to the equivalent Wigner-Seitz system (see Fig. 1b).

The calculations were carried out for 30 different reactor core
loading patterns. The heavy metal contents in the fuel pellet cores were
as follows: (%): Pu-50, 22Th-50. Pu isotope composition (%): 238-0;
239-94; 240-5.4; 241-0.6; 242-0. The calculation results are illustrated
in Fig. 2, which confirms that the increase in wg,e of more than 17-18%
does not lead to a significant increase in reactor operation time, whilst
the fraction of burned *°Pu is reduced.
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Fig. 1. (a) A 1017 fuel pellet (b) A calculated two-dimensional model of an equivalent cell.
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Fig. 2. Duration of operation as a function of fraction of dispersed phase.

It can be noticed from Fig. 2 that the overall nature of the de-
pendency on wg,e calculated for t, i.e. t(wge)), regarding the full-scale
heterogeneous reactor model is the same. The results confirm that wge
and t do not differ significantly, despite the fact that the homogeniza-
tion of the fuel cell portion leads to a 3-7% reduction of keg with re-
spect to a more accurate modeling (Leppdnen and DeHart, 2009;
Chukbar, 2015).

The calculations showed that for a fuel pellet type of 1017 with
Weuel = 17% and the thermal power of 60 MWth, the reactor operation
time would last about 3000 days (see Figs. 2-3).

This configuration burned 84.5%, 36.9% and 9.68% of 239y, 24%py
and 232Th, respectively. Since the spent microfuel is a complex mixture
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Fig. 3. Variation of neutron flux density versus neutron energy inside the fuel
section of the reactor cell at the beginning and the end of irradiation for
Weyel = 17%.

of isotopes, the distribution functions (f4(E), x,(E) and S,(E)) will de-
pend on the probability density function, P(E,r) which determines how
and where the radiation interacts within the kernel volume
(Fomushkin, 2010; Bende et al., 1999). The probability density for
neutron interaction, P(ly,r), inside the kernel volume at a distance r
from its center can be described by a function of the following form
(Fomushkin, 2010; Bende et al., 1999):

P(lo,1) = [v(x,r)W¥(x)dx @

here v(x,r) is the probability for a neutron interaction in the kernel
volume at a distance r from its center; where W(x)dx = exp(—x/1p)dx/
1o is the neutron attenuation inside the kernel material following an
exponential law; 1o = A/R is the normalized neutron range; A, and R
are the weighted average of neutron path and kernel radius, respec-
tively. At the beginning and the end of irradiation cycle, the A and 1
values were Ay = 1/%; = 1/0.309 = 3.24cm, ly; = 93, and A = 1/
0.313 = 3.19cm, lgp, = 91, respectively. In order to estimate 1y, the
weighted average value of neutron mean free path, A, would be cal-
culated based on the assumption that the neutron flux density, ¢,(E),
remained identical for all fuel pellet materials (i.e., graphite matrix,
kernel and coatings) (see Fig. 3). The P(lo,r) plot for several values of 1o
is shown in Fig. 4.

Fig. 4a shows that the distribution P(lo, r) for large lp; and lgo
(A»R) is almost uniform (P(lo1,02,0)/P(lo1,02,175) = 1.26), but it
changes significantly from P(lps,r) when A, = R (Fig. 4b, line 5). For
A «R, the probability P(lps o4, 1) is larger in the peripheral part of the
kernel (Fig. 4b, line 3 and 4) which accounts for the fission products
screening the inner kernel region from the incident neutron flux. This
screening effect is well-known for the reactor developers as self-
shielding and taken into account by almost all neutron transport pro-
grams in the field. Using this model (Fomushkin, 2010), one can esti-
mate the screening effect (A« R), where the corresponding correction

P(lo,r) P(ly.1)
7E-03
027
6E-03 | —1 0
—, 25
SE-03 023
3E-03 | 0.19
2E-03 L . . .07
0 50 100 150 200
r, pm r, ym
(a) (b)

Fig. 4. Probability density function for neutron interactions in the kernel vo-
lume: 1 -1p; =91, 2 - 1gy = 93; 193 = 0.1; lgg = 0.2; Ips = 1.
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Fig. 5. Spatial distribution of fission fragments in the kernel volume:1 -
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will be helpful when the neutron mean free path is much larger than the
transverse kernel size (A » R).

Provided that one can assume the heavy isotopes burn out uni-
formly in the kernel (P(lp,r) = 1.26 = 1), at the time the irradiation
ends, the a-particles and fission fragments sources are uniformly and
homogeneously distributed within the kernel volume. The spatial dis-
tribution of fission fragments, frp(r), can be the determined according to
Eq. (2) (Fomushkin, 2010):

3

E,Oslsl—r
fe(lr)={3(1 _ 1
(L) (2 1y

4
0, I<1+4r

1-r2

), 1-r<I< 141
arl

(2)

where r = x/R, 1 = A/R, and A is the fission products ranges inside the
kernel. The average excitation energy of a light (A; = 90) and heavy
(A5 = 140) fragments are about 8 and 10 MeV, respectively. Therefore,
the ranges of light products in the kernel material at the end of the
irradiation will approximate 4-7 ym (1; = A/R = 4um/
175um = 0.023) (Ziegler et al., 2010) and their spatial distributions
(see Fig. 5, line 1) are independent of r, similar to heavy metals, except
for the peripheral layer.

Relying on the calculations above, one can establish the following
assumptions: (1) The irradiated core is a homogeneous mixture of
heavy isotopes, fission products, and oxygen; (2) The a-particle sources,
i.e., the fission products, are uniformly and homogeneously distributed
in the kernel; (3) Each source emits the radiation isotropically in the
space; and (4) The distribution functions x4 »(E) and S,(E) depend only
on the differential energy spectrum of a-particles, f,(E) = dN,(E)/dE,
inside the kernel and on its surface.

Ny (E)x(1-P,), a/s/kernel
1E+8
1E+6
1E+4
1E+2

1E+0

40484949525555586.1
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2.2. The intensity and energy spectrum of alpha particles

The configuration of the kernel, coatings and fuel pellet is shown in
Fig. 1. In order to calculate f,(E), one has to analyze and solve the
problem of radiation emerging from the kernel surface. Similar pro-
blems were solved, for example, in (Fomushkin, 2010; Bende et al.,
1999; Bak et al., 1965) whose theoretical aspects can be found in the
literature on lattice theories. The probability for a radiation to emerge
from the core, P, was calculated for a source with self-absorption
(Fomushkin, 2010; Bende et al., 1999; Bak et al., 1965):

3

1 1
P= W((MR)Z -3 + (MR+5)exp( - ZMR))

3
where p = 1/ is the absorption coefficient, and A, is the mean free
path of the radiation. Eq. (3) is valid for any pR wherein the particles
(neutrons, y-ray) mean free path is described by the exponential decay
distribution f(x)dx = exp(—x/Ao)dx/Ao. For pR»1 (Ao«R), the first term
in (3) contributes, so that P = 3/(4 uR) = 3\¢/(4R). The probability P
was obtained in (Bak et al., 1965) as a triple integral whose integrand
was expanded in a series before an integration-by-part was performed
followed by a summation over an infinite series.

In most general cases, such operations are relatively difficult to
conduct. However, for AR they become greatly simplified and the
solution obtained is also valid for particles with a fixed mean free path
(i.e., a-particles, fission fragments, protons). The problem was solved
using the principles of geometric probabilities (Fomushkin, 2010). This
approach reduces a general problem to the elementary volume calcu-
lations which only require the integration of fairly simple functions.
Different types of radiation, including radiation with a fixed mean free
path was considered in (Fomushkin, 2010). For a radiation of a fixed

and relatively small range (A <R), the probability P is given by the
formula P= %% - %(%)3, for A«R, P~ 3\/(4R).

If the total number of a-particles generated in the kernel at the
instant of radioactive decay is N, and P,(E) is the fraction of radiation
emitted from the kernel, then the number of a-particles remaining and
leaving the kernel are Nyo(1 — P4(E)) and Ny (E) = Ngo'Po(E), respec-
tively (see Fig. 6a). The differential energy spectrum of a-particles
emitted from the kernel surface per unit time into a solid angle 4w is

related to P,(E) relation as follows (see Fig. 6b):
dR(E) _

dE

31 dE 31
AR AE (—dE/dx) 4 e (E)R’
@
where Ay(E) = [dE/(—dE/dx) is the range of a-particles in the kernel
and e,(E)=(—dE/dx) is the stopping power of a-particles. The mean

3 d(E) _

f.(E) = N,
a(( ) a0 o0 4R dE

free  path, 1/Aq(E) = Z(Wi/A)), and the stopping power
dN, (E)/dE, a/s/cm?
5S5E+04
4E+04
od o1
ob o
3E+04 _oo®
od 02
2E+04 1 T
1E+04 £
u]
0E+00 -1-1-:-)- o CI)O =
3 4 5 6
E,, MeV
(b)

Fig. 6. Energy spectrum of a-particles: (a) At the decay point; (b) From the kernel surface to the solid angle 4x for: 1 - irradiated fuel; 2 - unirradiated fuel.
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eq(E) = Z(Wyey) in the kernel material and in the coating were calcu-
lated according to Bragg-Kleeman scaling rule. The mean free path,
Rqi(E) and the stopping power e4;(E) of the i-th nuclide were also cal-
culated using SRIM-2013 program (Ziegler et al., 2010). Fig. 6 shows
the energy spectra of a-particles for irradiated and unirradiated fuel.
The number of a-particles, N,o, within the kernel of unirradiated fuel
pellet (wge; = 17%) was ~2.39-10° a/s/kernel, 99.9% of which were
generated via the decay of 23%2*°pu isotopes, whose average energy
was < E, > = Z8;E; = 5.15MeV. The emission probability of a-parti-
cles from the kernel surface was P(5.15) = 7.11%.

For the irradiated fuel pellet, Noo = 3.08107 a/s/kernel, about
99.06% of the a-particles were generated through the decay of the
isotopes 24>2*Cm, with averaged energy and emission probability
of <Ey, > =5.93MeV and P,(5.93) = 7.94%, respectively. The cal-
culation also showed that the a-particles generated in the kernel of both
unirradiated and irradiated fuel pellets remained in the first coating
(PyC) since their ranges did not exceed 35 pum (see Fig. 6a). In order to
use SOURCES-4C code (Wilson et al., 2009) for further calculations, the
continuous spectrum f,(E) was transformed into energy-group type via

Ei1
the following relation F® = [ f(E)dE , where i=(0-24),

Eo = 10 *MeV, E,; = 6.2 MeV.

The SOURCES-4C program conducted the calculation of the in-
tensity and energy spectrum of neutrons produced in both (a,n) and
spontaneous fission reactions, as well as the yield and energy spectrum
calculations for neutrons generated through the interactions of a-par-
ticles of a given energy spectrum within thick targets (Fig. 6b).
SOURCES-4C calculated the neutron production using four different
models (homogeneous, beam, interface, and three-region problems). In
the present work, two model of homogeneous and beam were used.

2.3. Intensity and energy spectrum of the radiation source

The HGTRU hexagonal fuel block was selected for the simulations
(Fig. 7) (Shamanin et al., 2015, 2016, 2018). The fuel block was a dense
high-quality graphite processed at (3000-3300) K temperature with 76
channels of a small diameter (red color) for fuel pellets of type 1017
(210.17 x 10~ 3m) and 7 channels (blue color) of a larger diameter
(@24 x 10~ 3m) for the heat exchange. The dimensions of the fuel
block were 0.207 m width by 0.80 m height.

Fig. 8 shows the calculation results for the neutrons generated inside
a single fuel channel with width and height of 10.17 x 10~ ®m and
0.8 m, respectively. This fuel channel was filled with pellet type of
1017. The function S,(E) were prepared in a group form for further
calculations with MCNPX2.6.0 (Waters et al., 2007).

Fig. 7. The 3D model of the HGTRU fuel block.
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1E+02

1E+01

1E+00
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Fig. 8. Energy spectrum of neutrons generated inside the fuel cell:

1, 2 - Total neutron yield for wg,e = 13 and 17%; 3 - Neutron yield due to
spontaneous fission and (a,n) reaction of 7180 [(Th,Pu)0,]; 4 - Neutron yield
due to (a,n) reaction of '7-*80; 5 - Neutron yield due to the reaction (a,n) of '>C
(PyQ).

The total neutron yield for wg,e = 13% (Fig. 8, line 1) and 17%
(Fig. 8, line 2) were 3.63-10° neutrons/s/basis and ~4.5810° neu-
trons/s/basis, respectively. The contributions of neutrons due to the
reaction (a,n) on '7°*80 oxide fuel ceramics and on *3C (PyC) are 41.1%
(Fig. 8, line 4) and 1.18% (Fig. 8, line 5), respectively. S, n(E) (Fig. 8,
line 4) for unirradiated fuels determined the shape of the total dis-
tribution of S,(E) (Fig. 8, lines 1 and 2) which peaked in the energy
range of 2.25-2.5MeV. The peak was due to the (a,n) reaction on the
18170 nuclei of oxide fuel ceramics; the a-particles were emitted during
the decays of 239240241py and 232Th isotopes.

For irradiated fuel, the total neutron yield S,(E) could be well ap-
proximated by Watt spectral function ((E) = c-exp(—E/a)-sinh(bE)"
2 a=0.86, b = 3.55, ¢ = 0.35), since the contribution of (o,n)-neu-
trons did not exceed 0.1%. Moreover, the energy spectrum of photons
generated during the decay of 23%240:241py and 2°2Th isotopes was
prepared in the ORIGEN-ARP program (Bowman, 2011) according to
the energy group format (44GrpORIGEN) (see Fig. 9).

The total photon yields for wg,e = 13 (Fig. 9, line 1) and 17%
(Fig. 9, line 2) were 5.84-10'° photons/s/basis and ~8.2:10'° photons/
s/basis, respectively. More than 99.01% of photons were generated
within the energy range of 10-30 keV.

3. Results

As discussed earlier, the energy spectra of the neutron and photon
sources (see Figs. 8 and 9) were prepared in an energy group before
they were used in the calculations with MCNPX2.6.0 program (Waters
et al., 2007). The design of the fuel block and its surface map are shown

S,(E), photons/s/MeV

1E+09

1E+06

1E+03

1E+00 -
0 1 2 3 4 5 6 7 8
E, MeV

Fig. 9. Energy spectrum of the photons generated inside the fuel cell:
1, 2 — Photon yield for a fuel of wge = 13 and 17%.
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(@)

(b)

Fig. 10. Surface maps for the computational model of the block; the cross
sections in: (a) XY plane; (b) XZ plane.

in Figs. 7 and 10. The fuel block was constructed in the form of a
regular hexagonal prism with a width and height of 0.207 m and
0.80 m, respectively (see Fig. 7) (Shamanin et al., 2018). The cylindrical
holes designed for the coolant gas filled with air and the temperature of
all calculated zones were assumed to be 293.6 K.

The radiation transport calculations were carried out in two stages:
Firstly, having considered the source neutron energy spectrum, S,(E)
(Fig. 8), a joint calculation of neutron and photon transport was per-
formed including (n,y) reaction (see Figs. 11, 12 and 14). At the second
stage, the photon transport calculations with the given energy dis-
tribution, S,(E) (Fig. 9), was calculated (Fig. 13). The number of
modeled stories was set as 10° to keep the relative error for the output
values of (¢,(E), keg) less than 0.03%. Macroscopic cross sections and
other nuclear data were taken from the ENDF/B-VII.0. ENDF/B-VI.8
(EPDL97) nuclear data libraries were used to simulate the radiation
transport. In addition, nuclear data from the extended ENDF70SAB
(model S(a,B)) neutron data library were used for graphite in the
thermal energy region.

In order to calculate the neutron flux density, ¢s(E), the tally F2 of
the MCNPX code was used on the surfaces of the fuel block (Waters
et al., 2007). The particles weights outside the fuel block and inside the
unit were set to zero (blackbody consideration) and unity, respectively.

The photon flux density, ¢,;(E), for all lateral surfaces was practi-
cally identical (Fig. 13a), whose values for fuel with wg,e) = 13 and 17%
were @,101(E) = 1.21-10° photons/cm?/s and 2.05-10° photons/cm?/s,
respectively. About 99.90% of photon energies were less than 0.6 MeV,
with peak value within 0.1-0.2 MeV, with average energies as < E >
= 0.137 MeV and 0.134 MeV, for wge = 13% and 17%, respectively.
In addition, Fig. 13b shows the total flux density (lines 1 and 2)
emerging from all lateral surfaces ¢, (E) = Z¢;(E), i = 101-106; line 3

¢,(E), photons/cm?/s ——Surface 101 ¢,(E), photons/cm?/s
1E+00 Surface 102 1E+00
Surface 103 ——Surface 201
1E-01 Surface 104 1E-01
——Surface 105 ——Surface 202
——Surface 106
1E-02 ——Surface 201 1E-02
—Surface 202
1E-03 ’ 1E-03
1E-04 1E-04
1E-05 - T — ] 1E-05 +—/—F—F—F——7—7"%
12 3 4 5 6 7 8 9 10 1 2345678 910
E, MV E, McV

Fig. 11. Photon flux generated through (n,y) reaction as a function of energy on
the surface of the fuel block, wse = 13%.
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¢,(E), photons/cm?/s

1E+00
1E-01
1E-02
1E-03

1E-04

1E-05 - T T T T T T T T 1
1 2 3 4 5 6

E,, MeV

Fig. 12. Photon flux generated through (n,y) reaction versus photon energy on
surface 101: 1 - wger = 13%, 2 - Wgyel = 17%.

- the flux ¢,201(E) from the surface 201.

The effective multiplication factor for the fuel block with wg,e = 13
and 17% was equal to keg = 0.00981 and ~0.01222, respectively.
Thus, the fuel block was a deeply subcritical and nuclear-safe system,
and the contribution of neutrons due to multiplication could not exceed
1.2% (~1/(1 —keg) =1.012). Therefore, this component of neutron
field was not further taken into account.

The total neutron flux densities, @,(E), emitted from the surface of
the fuel block with wge = 13 and 17%, were equal to @,(E) = 5.79:10>
n/cm?/s (9.86% of the neutrons emitted from the lateral surface 201)
and ~8.1510% n/cm?/s (9.89% of the neutrons emitted from the sur-
face 201), respectively. The neutron energy spectrum, S,(E), de-
termined the shape of ¢,(E) (see Fig. 14), whose peak value fell within
the energy regions of 2.51-3.16 MeV, while the average energy for a
fuel with wge =13 and 17% were <E > =1.65MeV and
~1.68 MeV, respectively. It was shown that (Plevaka et al., 2015),
@n(E) could be well-approximated by a function as follows: f(E) = [a
(2mY21~ Lexp[ — (E—b)?/2a%].

4. Discussion

The MCNPX code is a Monte Carlo program which is frequently used
to solve the neutron transport equation whose results when a suffi-
ciently large number of histories are taken into account seem accurate
and reliable. When simulating the radiation transport in subcritical
systems (Seale and Andersen, 1991; Plevaka et al., 2015; Shamanin
et al., 2017) and the media contain discrete multilayer regions (Vega-
Carrillo and Martinez-Ovalle, 2016; Sogbadji et al., 2014; Elagib et al.,

,(E), photons/cm?/s ¢,(E), photons/cm?/s

e Surface 101

1E+07 N
Surface 102 1E+07

1E+06 Surface 103 1E+06
1E+05 Surface 104 1E+05

== Surface 105
1E+04 w===Surface 106 1E+04
1E+03 == Surface 201 1E+03
1E+02 —Surface 202 1E+02
1E+01 a 1E+01
1E+00 ‘- 1E+00

0 1 2 3
E, MeV Ep MeV
(a) (b)

Fig. 13. Photon flux density versus photon energy, for:

(a) fuel with wger = 13%, (b) 1,2 was the total flux density ¢,(E) from all
lateral surfaces, line 1 was obtained for wg,e; = 13%; line 2 for wge; = 17%, 3
was the flux density ,201(E) for wge = 17%.
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¢,(E), neutrons/cm?s ~ ===Surface 101 ¢,(E), neutrons/cm?/s

1E+01

1E+01 = Surface 102
9E+00 F Surface 103 1E+01 —é
SE+00 | Surface 104 —_3
7E+00 | —:ur;ace igz 9E+00 "
—Surface
6E+00 [
SE+00 —Surface 201 TE+00
AE+00 —Surface 202 SE+00
3E+00 3E+00
2E+00
1E+00 L 1E+00 oy L
01 2 3 4 5 6 7 8 01234546 78910
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(a) (b)

Fig. 14. Variation of neutron flux density versus neutron energy on the surface
of the fuel block: (a) wser = 13%; (b) 1, 2 were neutron flux densities at sur-
faces 101 and 201, respectively, (wge = 13%); 3, 4 were neutron flux density
at surfaces 101 and 201 (wguel = 17%).

1999), it is necessary to specify not only a large number of neutron
histories (=108), but also to make sure that the output data, including
the neutron yield and the (a,n) energy spectrum are accurate enough
with relative errors less than 10%.

The fuel block studied in this research was a subcritical multiplying
system with a complex internal structure (Fig. 1). In the fuel block of
such a reactor, the (a,n) reaction has to be considered not only on the
oxygen nuclei (Th,Pu)O, composition, but also on the carbon nuclei of
the first coating (PyC) of microfuel. To calculate the neutron yield from
the coatings, the analytical model proposed in (Fomushkin, 2010;
Bende et al., 1999; Bak et al., 1965) and SRIM-2013 program (Ziegler
et al., 2010) were used.

This approach is more preferable for preliminary evaluation at the
design stage, because it allows the calculations of f,(E) and P,(E) in the
absence of a simulation code and provide the a-particles to transport
from the kernel to the coating (see Fig. 6). Moreover, this approach can
be used to generate substantial information, including input data for
neutron activation analysis (Vega-Carrillo and Martinez-Ovalle, 2016;
Sogbadji et al., 2014; Elagib et al., 1999), the dosimetric parameters of
isotope neutron sources (Vega-Carrillo and Martinez-Ovalle, 2016),
characteristic data for the design of irradiation facilities (Sogbadji et al.,
2014) in multi-source conditions, and other technical problems in-
troduced in (Leniau and Wilson, 2014; Spirin et al., 2015; Elagib et al.,
1999; Seale and Andersen, 1991; Bende et al., 1999). The accuracy of
the calculations can be improved by incorporating updated cross-sec-
tion data of (a,xn) reactions, the more reliable data on the stopping
powers and other recommendations provided in (Vlaskin et al., 2015;
Murata and Shibata, 2002; Simakov and van den Berg, 2017; Shores,
2005; Wilson et al., 2009; Leniau and Wilson, 2014).

5. Conclusions

In the present work, the fundamental issue of handling nuclear fuel
in a high-temperature gas-cooled thorium reactor plant operating in the
thorium-plutonium nuclear fuel cycle was studied. Both the neutronic
and isotope composition calculations of the fuel were performed in the
study, and the a-emitters, neutron and photon sources were analyzed.
Furthermore, the energy spectra of the radiation sources (Figs. 6, 8 and
9) were prepared in an energy group format for more calculations with
the MCNPX2.6.0 code. The results are illustrated in Figs. 11-14. The
main focus was on the quantitative evaluation of neutron yield and
neutron energy spectrum (Fig. 8), following the (a,n) reaction on light
nuclei of spent nuclear fuel (Fig. 1).

The research was conducted with the purpose of creating an effi-
cient calculation tool used for the initial assessment of the radiation
characteristics for a nuclear fuel in the new-generation nuclear fuel
cycle. This enabled the investigation of the radiochemical and corrosion
resistance of the elements used in the transport container design.

Applied Radiation and Isotopes 147 (2019) 189-196

Despite the approach used in this study was economical in terms of
computational costs, it can effectively be used to solve various applied
problems of modern nuclear power engineering.
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