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The possibility of increasing the efficiency of combined iron and lead shielding of transport containers (TC) for SNF
transportation by railroad is studied. Models for the transport of SNF y-quanta are developed, that make it possible to
determine the dose rates behind thick shields using the Monte Carlo method. It is shown that for layers of the same mass
thickness: the layer of Fe with the thickness of 15 cm, and the layer of Pb with the thickness of 10.4 cm which is equivalent
to 15 cm of iron, placement of Fe in the first layer, and Pb in the second layer provides increase of attenuation of the
gamma flux by more than 2 times as compared with the reverse order. The attenuation of SNF neutrons by Fe and Pb
shields is studied. The gamma flux from SNF can be decreased by ~ 1.5 times by placement of the most of Fe to the first
layer without changing the weight of both layers, in the HI-STAR190UA TC.

INTRODUCTION

A significant part of the transportation of spent
nuclear fuel (SNF) is carried out by railroad in transport
casks (TC) [1]. TC is a complex technical structure of a
cylindrical shape weighting ~ 100...150 t. SNF is placed
in a sealed cylindrical container with a diameter of up to
2 m surrounded by radiation shielding from gamma rays
and neutrons. Gamma radiation shield is a thick-walled
layered hollow cylinder made of steel or cast iron up to
30 cm thick [2]. The neutron shield, which surrounds
gamma shield, is made of light materials: rubber, plastic,
etc. The main weight of the radiation shield is formed by
the gamma shield. The flux of y-quanta and neutrons of
the transported fuel is determined by the level of burnup
and the SNF cooling time in the NPP spent fuel pools.
The effectiveness of radiation shield determines the
amount of SNF transported in the TC in the form of spent
fuel assemblies (SFAs). Up to 32 SFAs with a burnup of
<45 (MW day)/kg and a cooling time of more than 7
years are transported in such casks. The number of
permitted for transportation SFAs decreases with
increase in the level of burnup and decrease in cooling
time: it can be even smaller than twenty. TCs with
combined shield from lead and steel were developed for
transportation of 26...31 SFAs with the burnup of
45...55 MW day/kg and the cooling time of 5...7 years.
The thickness of gamma radiation shield of the NAC-
STC container (26 SFAs) developed by NAC
International is 10.5 cm for Fe and 9.4 cm for Pb [2]. For
the HI-STAR190UA cask (31 SFAs), developed by
HOLTEK for the transportation of SNF from Ukrainian
NPPs for dry storage at the Central Nuclear Fuel Storage
Facility, the thicknesses of gamma shield are 14.4 cm for
Fe and 14.1 cm for Pb [3]. It should be noted, that thermal
calculations for such kind systems were carried out e.g.
in [4, 5].

The purpose of the present paper is to study the
influence of the placement order and thickness of Fe and
Pb layers on the gamma and neutrons radiation transport
from long-lived SNF isotopes through shielding of large
mass thickness.
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1. CALCULATION METHOD

Taking into account the dimensions of the TCs, the
passage of gamma and neutrons radiation through the
thick-walled shield, equivalent to the shield of the TC, is
simulated by the Monte Carlo method. The radiation
source was simulated in the PHITS [6] as a cylinder of
1.8 m in diameter and 3.5m long filled with SNF,
surrounded by layered cylindrical shields. The elemental
composition of the fuel emission zone, which is planned
to be transported in the TCs to the storage by the dry
method, was modeled by homogeneous SNF with a
density of 3.5 g/cm? containing 238U 52.3%, 4°Zr 25.8%,
%Fe 14.6%, 180 7.3% [8]. It is shown in [7] that the flux
of y-quanta on the surface of the source is determined by
the near-surface layer of SNF. As the initial
characteristics of y-quanta, the energy and angular
distributions of y-radiation from a layer of homogenized
SNF =~ 10 cm thick were used. The data obtained as
simulation result from a source in the form of a
cylindrical layer of homogenized SNF =~ 10 cm thick is
used as initial characteristics of y-radiation angular
distributions. In contrast to the gamma radiation shield,
the radiation of neutrons on the surface of the shield is
determined by the entire volume of SNF. Fig. 1 shows
the change in the photon flux simulated by PHITS during
the gamma radiation passage of the ®°Co isotope through
the four-layer shield of Fe and Pb.

Flux [1/cm?/source]

10°° 10°® 107 10°® 10¢ 10" 10"
200 T T T T T T T

E

0,100 : E - =
> [,a_v‘c’r Fe  Surface source ¥ - quanta La);ér Pb

Zone of homogenized SNF
0 1 IL fi L 1 1
0 100 200 300 400
z [cm]
Fig. 1. Photon flux passing through four-layer shield
of Fe and Pb
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Fig. 2. Photon flux passing through two-layer shield
of Fe and Pb

The study of the shielding parameters effect on the
characteristics of transmitted photons requires a
significant amount of time for Monte Carlo calculations
due to the large dimensions of both the source (the
height is 3.5 m and the diameter is 1.8 m) and shields.
To speed up the calculations, which make it possible to
study the influence of the thicknesses of Fe and Pb
layers on the characteristics of the shielded radiation, a
simulation model of a flat layered shield with a flat
surface source of y-quanta was produced using PHITS.
The radiation shield is modeled as a set of disks of
different materials of different thicknesses with a
diameter of 2 m and a surface source of y-quanta in the
form of a disk with a diameter of 0.5 m or more. The
energy and angular distributions of y-radiation used in
the surface disk source are similar to those used in the

cylindrical model. Note that the results of calculations
of the change in vy-radiation when passing through
shields of the same thickness in the models of
cylindrical and disk surface sources differ by 1...2%.
The change in the photon flux simulated by PHITS for
the passage of radiation y-quanta of the %°Co isotope
through a two-layer shield of Fe and Pb is shown in
Fig. 2.

The speed of calculations in the model of a disk
surface source is 3-5 times higher than in the model of a
cylindrical source, which provides a statistical error of
less than 5% for large shield thicknesses. Cylindrical and
disk models make it possible to calculate the attenuation
of radiation both for given energies of y-quanta, and for
y-quanta of the SNF spectrum. External y-TC radiation at
a given burnup and SNF cooling time is determined by
long-lived isotopes. When determining the transport of
y-quanta through shield for the main isotopes, it is
possible to determine the effectiveness of SNF shield for
a given burnup and storage time. At storage times of more
than five years, the 3Cs, 3"™Ba (*¥’Cs), ***Eu, and ®Co
isotopes, whose half-life is longer than one year, make
the maximum contribution to y-radiation outside the TC
[8]. Table 1 lists the main characteristics of these
isotopes: half-lives Ty, >1 year, energies of y-quanta
whose quantum yields are greater than 5% of the total
yield Yi.

Table 1
Characteristics of isotopes: half-lives Ty, > 1 year, energies of y-quanta,
and quantum yields which are larger than 5% of the total yield Y;
Isotope Tin vear Ey, MeV Yi, yield/1Bq,

No 2y (yield/1Bg, > 5% total) total (Ey > 0.2 MeV)

60Co 527 1.17 (0.999); 1.33 (0.9998) 2

134Cs 2.06 0.57 (0.15); 0.60 (0.975); 0.8 (0.851) 2.224
3 137mBg (137Cs) 30 0.662 (0.9) 09

0.6 (0.061); 0.72 (0.2); 0.87 (0.115);

154

4 Eu 8.6 1.0 (0.28): 1.27 (0.355) 1.22

The spontaneous fission of 2**Cm, the half-life of
which is 18.1 years, is the main source of neutrons
produced by SNF (about 97.4%) [9]. The neutron
spectrum of spontaneous fission of actinides is similar to
the spectrum of stimulated fission of U and is
approximated by the relation [10]

N(E) = 2/E exp(—E/6), 1)
N
where E is the energy, MeV, and 6 is the hardness
parameter, equal to 1.33 MeV for 2*Cm. The average
energy of such neutrons is approximately 1.995 MeV.

2. CALCULATION RESULTS

The effectiveness of shields from layers of different
thicknesses, as well as the order of their placement with
keeping the shield weight, i.e. at a constant mass
thickness of the shield in units of g/cm? were investigated
in [11]. The thickness of lead in the present paper is
replaced by the equivalent Fe thickness:
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t"Peq = tpo- pro/pre. Here tpp is the thickness of Pb in cm,
pee and ppyp are the mass densities of Fe and Pb. The
thickness of the combined shield made from Fe and Pb,
which is equivalent to the Fe thickness, is determined as
teq = tre + t™q. The mass thicknesses of the radiation
protection are =189 g/cm? and =273 g/cm? and
teq = 24 cm and teq ~ 35 cm for the NAC-STC TC and for
the HI-STAR190UA TC, respectively. Table 2 shows the
magnitudes of the Pb thicknesses in cm and
corresponding Fe-equivalent thickness t™q in cm.

Table 2
Values of the Pb thicknesses and the corresponding Fe

equivalent thicknesses t™q in cm

tep, cm | 10.39 | 13.85 | 17.31 | 20.78 | 24.24
tPPeq, cm 15 20 25 30 35

To compare the effectiveness of attenuation of
gamma-ray fluxes, the doses produced by y-quanta of
different energies behind shields made of Fe and Pb of
different thicknesses are calculated. The dose rates
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subject to the energy of y-quanta for the energy range of
0.4...1.65 MeV after passing through shields made of Fe
20, 25, 30 cm thick and Pb with a thickness tg, equivalent
to Fe 20, 25, 30 cm, respectively are shown in Fig. 3 (see
Table 1).
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Fig. 3. The dose rates subject to the energy of
y-quanta for the energy range of 0.4...1.65 MeV
after passing through various shields

The ratio Dp, /Dee, Which characterizes the effective-
ness of shields made of Pb compared to Fe shield, is
presented in Fig. 4. Here Dgy is the dose rate after passing
through the shield made of Pb, and De. is the dose rate
after passing through iron shield, respectively.
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Fig. 4. The ratio Dpy/Dre, Which characterizes the
effectiveness of shields made of Pb compared
to Fe shield

It follows from the data shown in Fig. 4 that, for large
shield thicknesses, the efficiency of lead shield is
significantly higher than iron shield, especially for low
energies of y-quanta.

The shield efficiencies Dpy/Dre subject to the
equivalent Fe shield thickness for y-quanta from isotopes
80Co, 134Cs, 13'Cs, 15*Eu are presented in Fig. 5. It follows
from the data presented in Fig. 5, that the efficiency of
the Pb shield increases with an increase in its thickness
due to the attenuation of the radiation of high-energy y-
quanta of 8°Co and ***Eu isotopes. Average energies of y-
quanta are 1.25 and 1.0 MeV for 5°Co and '**Eu isotopes,
respectively, if Ey is larger than 0.4 MeV. The efficiency
of Pb shield for y-quanta of the *3*Cs isotope is practically
independent of the shielding thickness, the average
energy is Ecss = 0.7 MeV. For the ¥'Cs isotope, whose
emission gamma energy is Ecs =0.662 MeV, the
efficiency of Pb shield is ~0.004 at tgq =15cm, and
~0.001 at teqg = 20 cm.
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Fig. 5. Shield efficiencies Dpy /Dre Vs the equivalent

Fe shield thickness

Features of the transformation of the spectrum of
primary photons from the ***Eu isotope, which contains the
photons with energies both smaller and larger than 1 MeV,
during their passage through the Fe and Pb shields are
shown in Fig. 6. Absorption of high-energy photons,
whose energy is larger than 1 MeV, is approximately the
same as for Fe and Pb (see also Fig. 4), and low-energy y-
quanta are absorbed much better in Pb.

Note that the shape of the spectral distributions of
photons after passing through the 15 and 25 cm thick
shields made of Fe remains practically unchanged — only
the number of transmitted photons changes. A similar
situation occurs when photons pass through Pb shields
with the thicknesses ™., = 15 and 25 cm.
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Fig. 6. The transformation of the spectrum of
primary photons from the S*Eu isotope after
passing through various shields

It is obvious that the radiation shielding properties of
the combined shield depends on the placement order of
the Fe and Pb layers due to the difference in the energy
spectrum during the passage of y-quanta through layers
of the same mass thickness. A two-layer combined shield
equivalent to iron thickness of 30 cm (mass thickness
235.8 g/cm?) is considered, in which the weight of iron
and lead is the same, i.e. the thickness of the Fe layer is
15 cm, and the thickness of the Pb layer is equivalent to
15 cm of iron, which is 10.4 cm of lead. Two cases of the
placement order of such shields are considered. In the
first case, the first layer is of iron, and the second layer is
of lead. And in the second case, the first layer is of lead,
and the second layer is of iron. Table 3 shows the dose
rate ratios Dmat(30)/Dee(30) produced by y-quanta from
0Co, *Eu, 13*Cs isotopes behind shields with a thickness
equivalent to 30 cm of iron. The dose ratios
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Dmat(30)/Dre(30) produced by neutrons from the 2Cm
isotope, the main source of SNF neutrons, are also given.

Table 3

Dose rate ratios Dmai(30)/Dre(30) produced by y-quanta

and neutrons behind shields with a thickness equivalent
to 30 cm of iron

No Shielding material, Drnar(30)/Dre(30), %
equivalent thickness, cm | ®Co | ™Eu | B¥“Cs | 2%Cm
1 Pb, equi 30 cm 13.1 | 13.0 7.9 169

2 | Fel5cm+Pbequil5cm | 232 | 229 | 12.8 114
3 | Pbequils5cm+Fel5cm | 485 | 47.4 | 30.0 125

It follows from the data given in Table 3 that lead is
the most effective gamma shield; the maximum dose rate
behind Pb shield is 13.1% of the dose rate behind Fe
shield. The dose rate reduction is more than twice higher
in the case of the combined shield in the first case, when
the first layer is of Fe, than in the second case, when the
first layer is of Pb. The shield of Fe is proved to be the
most effective shield against neutrons. The dose rate
produced by neutrons behind the Pb shield, which is
equivalent to 30 cm Fe thick, is ~ 1.7 times higher than
behind the Fe shield. Behind the combined shield made
of Fe and Pb, if the first layer is Fe, the dose rate is ~ 10%
smaller than for the shield with the first Pb layer.

The spectra of y-quanta from the *>*Eu isotope that
passed through the shields of four different composition
are shown in Fig. 7. These compositions are as follows.
First one is 30 cm thick Fe shield. Second one is Pb shield
with a thickness equivalent to 30 cm of Fe. Two other
compositions are combined shields with different order
of Pb and Fe.
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Fig. 7. Spectra of y-quanta from *>*Eu isotope that
passed through the shield of Fe 30 cm thick, the
shield of Pb and the combined shields made of Fe
and Pb with 30 cm Fe equivalent thickness

The neutron spectra behind the same shields are
shown in Fig. 8. Note that the spectra of neutrons passed
through the combined shielding (Pb equi 15cm
+ Fe 15 cm) are very close to the spectra of neutrons
passed through 30 cm Pb and therefore are not shown in
Fig. 8.
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Table 3 shows the dose rate ratios produced by y-
guanta and neutrons behind combined shields, in which
the mass thickness of the layers of lead and iron are the
same, i.e. the ratio tre pre/(tro prb) = Kmass = 1. For NAC-
STC TC Kmass=0.77, and for TC HI-STAR190UA
Kmass = 0.71, i.e. the weight of lead exceeds that of iron
in the radiation shields of these TCs. The attenuations of
y-quanta by two-layer combined shields with a thickness
equivalent to 30 cm Fe, in which Knass = 0.8 and 0.6, are
calculated. For example, it is shown for *>*Eu, that the
dose rate ratio Dma(30, Kmass)/Dre(30) =21.6% and
19.9% for combined shields where Kiass = 0.8 and 0.6,
respectively, compared t0 Dma(30, 1)/Dre(30) = 22.9%.
For the existing TC HI-STAR190UA, which are planned
to be used for the transportation of SNF from Ukrainian
NPPs to the Central Storage Facility (CSFSF), the
radiation shielding characteristics of the TC are
calculated. The model of the TC HI-STAR190UA is
shown in Fig. 9. The disk shield model that simulates the
HI-STAR190UA radiation shielding in the radial
direction is demonstrated in Fig. 10.

6133

Fig. 9. Model of the HI-STAR190UA transport cask
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Simulation of y-quanta from the ®°Co passage through
the shield carried out in PHITS proves significant change
in the photon flux. The passage of neutrons is simulated
in the cylindrical model of the TC. The case named VAR
is considered. It is described in Table 4. The thicknesses
of the Fe layers are changed via the transferring the most
of Fe to layer No. 1 and reducing the thicknesses of the
layers No. 2 and 3. The thickness of the Pb layer, as well
as the thickness of the Holite-A neutron shielding layers
are fixed. Therefore the entire weight of the TC does not
change.
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Fig. 10. The disk shield model

Table 4
Thicknesses of the shield layers in the radial direction
for TC HI-STAR190 UA and the case VAR

N layer Layer material Layer thickness, cm

190UA | VAR

1 Fe 6.4 13.4

2 Pb 14.1 14.1

3 Holite-A 75 75

4 Fe 4.5 0.5

5 Holite-A 6.5 6.5

6 Fe 35 0.5

Table 5 shows the calculated dose rate ratios
produced by y-quanta from *>*Eu, %Co isotopes and by
neutrons from 2**Cm isotope after passing the HI-STAR
190UA shield (Dmiagoua) and after case VAR shield
(Dvawr).

Table 5
Dose rate ratios produced by y-quanta
and neutrons after passing the HI-STAR190UA
shield and the case VAR shield

Isotope Dvar/DHi-190ua, %
1 154EU"Y 52
2 80Co - y 73
3 | #4Cm, neutrons 87
The performed calculations show that the

redistribution of iron by changing the thickness of the
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layers makes it possible to significantly increase the
gamma shield efficiency and improve neutron shielding.

CONCLUSIONS

Models of a radiation source of y-quanta in the form
of a cylinder surrounded by a cylindrical shield and a disk
with a layered shield are developed for simulating the
shielding of TCs for SNF transportation by railway. The
Monte Carlo method is used to study the characteristics
of y-quanta from long-lived SNF isotopes after passage
through shields of different thicknesses made of Fe and
Pb. For the '>Eu and %°Co isotopes, the effectiveness of
Pb shields is shown to increase with the thickness of the
shields. For the '**Cs and “*"™Ba(**’Cs) isotopes, the
shielding efficiency of Pb practically does not change
with increasing the lead thickness. The influence of the
order of placement of Fe and Pb layers in a combined
two-layer radiation shield is investigated. The two-layer
shields made of Fe and Pb of the same mass thickness are
considered. Their entire thickness is equivalent to the
iron thickness of 30 cm. Namely, the thickness of Fe
layer is 15 cm, and that of Pb is 10.4 cm (the latter is
equivalent to 15 cm of Fe). The efficiency of combined
shield is shown to be more than twice higher in the case,
if Fe is placed in the first layer and Pb — in the second
layer, than if Pb is placed in the first layer and Fe — in the
second layer. This is explained as follows. High-energy
y-quanta are transformed into low-energy y-quanta
during passage through the first Fe layer. The low-energy
y-quanta are effectively absorbed by the second Pb layer.
The efficiency of y-quanta absorption is shown to
increase with an increase in the proportion (mass) of lead
at a fixed weight of the combined shield. The transport of
SNF neutrons emitted by the 2%Cm isotope through
combined Fe and Pb shields is studied as well. The
maximum attenuation of the neutron flux is shown to be
provided by the shields made of Fe, and the minimum —
by the shields made of Pb. The efficiency of two-layer
shield, in which Fe is placed in the first layer and Pb —in
the second one, is shown to be by ~ 10% higher than that
of the combined layer, in which the first layer is made of
Pb and the second layer — of Fe. Influence of both the
thickness of the Fe layer and relocation of the iron to the
first layer with fixed weight of both Fe and Pb on the
neutron shielding of TCs HI-STAR190UA is studied.
The proposed design of the layer placement order in the
shield is shown to provide significant increase of the
efficiency of the y-quanta attenuation. Thus, to increase
the efficiency of y-quanta attenuation for a fuel cell with
a combined shield made of Fe and Pb the first layer of
radiation shield around the canister with SNF should be
produced of iron of the maximum possible thickness.
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E®EKTUBHICTh KOMBIHOBAHOI'O PAJTIAIIMHOI'O 3AXHCTY 3 Fe TA Pb
TPAHCIIOPTHUX KOHTEWHEPIB /1J151 IEPEBE3EHHS BSIII

B.I". Pyouues, M.O. Azapenkos, 1.0. I'ipka, €.B. Pyouueg

JociimKeHo MOXXJIMBICTh IIJBHIIEHHS e(QeKTUBHOCTI KoMOiHOBaHMX 3axucTiB 3 Fe ta Pb TpancmoptHHX
konTteitHepiB (TK) mmsa mepesesenns BJSIIIL 3amizammeto. Po3pobmeno momem TpaHcmopry y-kBantiB BAIL, mo
J03BOJISIIOTH BU3HAYHTH MeTooM MoHTe-Kapiio moTyKHOCTI 103 3a 3aXHCTaMM BelnuKoi ToBmuHHM. [TokasaHo, 1o
JUIA TapiB OAHAKOBOI MacoBoi ToBmuHM: Fe = 15 cM, Pb = 10.4 cM ekBiBameHTHUM 15 cM 3ami3a, po3MillleHHS B
mepmomMy mapi Fe, a y apyromy — Pb mocnabnroe moTik KBaHTIB OiibInl HiK yaBidi. JlocmimkeHo ocimaOieHHS
ueltponiB BSII 3axucramu 3 Fe ta Pb. Ilpu nepenecenni 6ipII01 acTHHY 3ailiza B IEpIINii map 06e3 3MiHU Baru siK
Fe, tak i Pb, B TK HI-STAR190UA mnortik kBanTiB BSII 3menmryetscs B ~ 1,5 pasm.
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