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The final isotopic composition of spent nuclear fuel (SNF) of the RBMK-1500 reactor depends on the initial enrichment of
nuclear fuel, reactor performance parameters, fuel burnup and cooling time. Consequently, different SNF results in different
radiation characteristics of the CONSTOR and CASTOR containers, where SNF is temporarily stored. Modelling of nuclide
composition and its axial distribution along the fuel channel is done using the Monteburns code system. The MCNP5 code
was used for the evaluation of radiation shielding and the surface dose rate of the CASTOR cask. The neutron and gamma
spectra for MCNPS5 source input are calculated with the ORIGEN-ARP code. The modelling results are compared with ex-
isting experimental data of the representative container leading to satisfactory agreement. This result proves the validation of
calculation methodology for the radiation shielding safety assessment of CASTOR and similar containers used for the storage

of RBMK-1500 SNF.
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1. Introduction

Part of Ignalina Nuclear Power Plant (INPP) spent
nuclear fuel (SNF) is stored in the CASTOR and CON-
STOR containers [1]. The metallic CASTOR cask is
designed for transportation and long-term storage pur-
poses, while heavy concrete-based CONSTOR cask is
usually used for the long-term immobile storage. Both
of these containers are designed for 50 years with pos-
sible extension up to 100-year storage of SNF. To as-
sess the radiation doses outside the containers the com-
position of SNF must be known and the transport of
resulting source neutrons and gamma quanta modelled
properly. One has to note that the extension of storage
time using these containers depends on the knowledge
of the characteristics of SNF and resulting dose rates.
Unfortunately, there are few published data on RBMK
SNF characteristics. Even the information on neu-
tron fluxes in the fuel elements is not known precisely.
Therefore, experimental measurements of dose rates
outside the representative storage containers are indis-
pensable despite the powerful modelling tools available
today for radiation transport estimates.
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In this paper we consider a typical CASTOR cask
intended for RBMK-1500 SNF storage, for which radi-
ation dose rates are calculated and compared with ex-
perimental results.

2. Modelling procedure of the RBMK-1500 SNF
storage cask CASTOR

A 3D model of the RBMK-1500 spent nuclear fuel
storage container CASTOR, which is shown in Figs. 1
and 2, has been created using the 3D MCNP5 geom-
etry set-up [2]. The geometrical parameters, material
properties, and spent nuclear fuel filling history of the
container were taken from data of the representative
CASTOR container No. 0067-14 [3]. The metallic con-
tainer CASTOR has a cylindrical shape and is produced
from cast iron (Fe 98.28%, C 3.3-3.8%, Si 1.3-2.6%,
Mn <0.6%, P <0.03%, S <0.01%, Mg 0.025-0.09%,
Ni<1.3%,Cu <0.15%, Co <0.125%). Stainless steel
(Cr 19%, Mn 2%, Fe 69.5%, Ni 9.5%) was used only
for the central rod of the container. The diameter of the
cast iron cylinder is 2.08 m, its height is 4.4 m, and wall
thickness is 0.3 m. The container is filled with 32M
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Fig. 1. Cross-section of the SNF container CASTOR modelled with MCNP5 (on the left); the arrangement of the different burnup fuel
assemblies, from 13 (label /) to 22 MW d/kg (label 6) (on the right).
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Fig. 2. Longitudinal cut of the CASTOR storage cask.

stainless steel basket where SNF assemblies are placed.
This 32M basket contains 51 fuel assemblies, each of
them divided into two equal parts (341 cm long). The
same baskets are used for the storage of SNF in the stor-
age pool after extraction from the reactor. The burnup
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Fig. 3. Amount of different burnup fuel assemblies in the CASTOR
storage cask.

of SNF in the container varies from 13 to 22 MW d /kg.
In order to simplify our approach only 6 types of differ-
ent fuel burnup assemblies were modelled as presented
in Fig. 3. 102 different half-assemblies were located in
the specified places as reported in the CASTOR con-
tainer No. 0067-14 history [3]. A cross-sectional view
of the CASTOR cask with heterogeneously distributed
different fuel assemblies from 13 to 22 MW d/kg bur-
nup is presented in Fig. 1.

To perform the calculations several computational
codes had to be combined. The CASTOR container
was filled with spent nuclear fuel of initial 2% 23°U
enrichment. Modelling of SNF nuclide composition
and its axial distribution along the fuel channel was
done using the Monteburns code system [4] and
validated taking into account the experimental data [5].
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Fig. 4. Gamma source energy spectra for different burnup SNF
modelled with ORIGEN-ARP [7] and averaged gamma source en-
ergy spectrum.

The results of SNF nuclide composition were already
reported in [6]. Afterwards, the gamma and neutron
source spectra were calculated with the ORIGEN-ARP
code from the SCALE 5 codes package [7]. Finally,
MCNPS5 was used for neutron and gamma transport
and evaluation of radiation dose rates at the surface of
CASTOR cask. For the input data MCNP5 requires de-
tailed 3D geometry and particle source description, ma-
terial composition, their densities, and specific nuclear
data. In this case, ENDF/B-VI data library was used
for the fuel and structure materials, while JENDL-3.2
data files were employed for fission products.

This particular container No. 0067-14 was also ex-
amined experimentally with standard thermo-lumines-
cence (TLD) and Series 1000 MIN-RAD dosimeters.
The dose in the TLD attached at 8 points around the
CASTOR container was accumulated during the period
of 167 hours, resulting in the total measurement uncer-
tainty of £5-10%. In addition, gamma dose rates were
also measured with MIN-RAD at 4 points at the CAS-
TOR cask surface. The precision of MIN-RAD was
somewhat worse compared to TLD, i.e., about +10—
15%. The thermo-luminescent dosimeter (TLD 100)
uses lithium fluoride LiF : MnTi. The SLi abundance in
natural Li causes the thermal neutron sensitivity of LiF
detectors. This is because Li exhibits large thermal
neutron absorption cross-section for the (n, o) reaction.
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Fig. 5. Neutron source energy spectra for different burnup SNF
modelled with ORIGEN-ARP.

According to [8] the TLD sensitivity to thermal neu-
trons is approximately 13%.

3. Results

The isotopic composition in weight percent of the
main nuclides important for modelling of neutron and
gamma transport is presented in Table 1. Nuclide com-
position was calculated taking into account the differ-
ent cooling time for different burnup fuel, which was
calculated from the assembly removal from the active
core until the experimental measurements of CASTOR
casks (see Fig. 1 and Table 1 for details). The aver-
age cooling time corresponds to 13 years. A gamma
source, resulting from ORIGEN-ARP calculations, for
different burnup of RBMK-1500 SNF is presented in
Fig. 4. One can see that energy distribution of gamma
rays is very similar for every fuel burnup considered.
On the other hand, it is seen that the gamma ray in-
tensity is changing moderately with fuel burnup. The
difference of the total gamma source intensity between
13 and 22 MW d/kg fuel is about 50%.

The neutron spectra are also similar for different
cases of fuel burnup as shown in Fig. 5. But the differ-
ence between 13 and 22 MW d/kg fuel burnup results
in the increase in the neutron source intensity nearly by
one order of magnitude (~8 times).

As it has been mentioned above, CASTOR is filled
with different burnup SNF assemblies. Consequently,
the neutron and gamma sources in the cask are dis-
tributed heterogeneously. The distribution of gamma
and neutron sources according to the 6 types of fuel as-
semblies in the CASTOR cask is presented in Table 2.
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Table 1. Isotopic composition of main nuclides (wt %) of different burnup for RBMK-1500 reactor SNF
with initial 2% 235U enrichment, after corresponding cooling time.

Burnup, MW d/kg

Nuclide 13 15 16 17 19 22
24y 126:107*  1.23-107* 1.22-107* 1.17-107* 1.15-107* 1.08-107*
25y 7.19-.107%  6.31-107% 5.78.107% 5.03-107% 4.59.-107% 3.38.1073
236y 1.77-107%  1.90-10~%  2.02-10~% 2.09-10~% 2.15-107® 2.31.1073
238y 8.57-1071 8.56-10' 8.68-107! 854.107! 854.107' 8.51-1071
237N 6.81-107°  8.00-107° 9.04-10"° 1.00-10~* 1.09-10~* 1.36-10~*
238py 1.00-107° 1.36-107° 1.71-107° 2.03-10~° 2.34.107° 3.57.107°
239py 2251073 2.29-107% 2351072 2331073 2341073 2.36-1073
240py 9.80-107% 1.12:107% 1.25-107% 1351073 143107 1.63-1073
24lpy 1.73-107%  2.10-107*  2.39-107* 230-107* 243-107* 2.97.107*
242py 7.73-107%  1.07-107* 1.33-107* 1.62:10~* 1.88-10~* 2.94.107*
133Cg 449-107*  4.99-107* 5.42:107* 5.76:107* 6.06-107* 6.96-107*
1478m 1.29-107*  1.38.107* 147-107* 1.55-107* 1.60-10~* 1.73-107*
160 1.18-10~*  1.18-10°' 1.20-10°' 1.18107! 1.18107' 1.18-1071
Cooling time, years 12.33 11.65 11.29 13.62 13.62 13.47
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Fig. 6. Absorption of gamma rays in the CASTOR storage cask

wall as a function of the wall thickness, counting from the centre
of the container.

The total gamma source intensity in the cask is about
1.76-10'6 ~/s, and the total neutron source intensity is
~ 7.62-107 n/s. These values were used in our fur-
ther calculations for normalization of gamma and neu-
tron doses calculated with MCNP5, because MCNP
tallies are initially normalized per one starting parti-
cle. The average intensity of the gamma source from
one fuel assembly is about 3.45-10'4 ~ /s, which corre-
sponds to 16 MW d/kg fuel burnup. The averaged in-
tensity of the neutron source from one fuel assembly is
1.49-10° n/s corresponding to the fuel burnup between
16 and 17 MW d/kg.

As it was pointed above the complicated geometry
of the CASTOR cask with different burnup SNF was
described using a hexagonal lattice filled with appro-
priate assemblies as shown in Fig. 1. In this way the

heterogeneous distribution of SNF half-assemblies is
obtained. The dose rate calculations were performed
with MCNPS5 using ring detector option for two differ-
ent particle source descriptions: homogeneous gamma
and neutron source distribution of 16 MW d/kg SNF in
all 102 half-assemblies and heterogeneous distribution
taking into account different burnup SNF assemblies
according to the existing irradiation history.

The absorption of gamma rays in the 31 cm thick
CASTOR cask wall is presented in Fig. 6. The CAS-
TOR wall was divided into 7 regions every 5 cm in
order to observe attenuation of gamma rays and to
determine the importance of gamma ray transport in
each region. In Fig. 6 one can see that photon flux
in the absolute value in the last region of the CAS-
TOR wall decreases nearly by 10 orders of magnitude
in the low energy range, while somewhat smaller atten-
uation is observed for high energy photons. The en-
ergy distribution of the photons also changes consid-
erably: penetrating the first 5 cm of the wall the low
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Fig. 7. Neutron moderation in the CASTOR storage cask wall as
a function of the wall thickness, counting from the centre of the
container.

energy photons are totally cut and the intensity of the
flux drastically decreases. For this reason specific vari-
ance reduction techniques were needed to increase the
statistics of Monte Carlo calculations. For example, the
photon tracking transport importance in MCNPS was
gradually increased from 1 to 109 starting from the ini-
tial to the outside wall of the cask; otherwise it would
be impossible to obtain a statistically significant result
in a reasonable computing time.

Neutrons generated in spent nuclear fuel are contin-
uously moderated and attenuated in the iron wall of the
container. The neutron moderation in the CASTOR
cask wall as a function of the wall thickness is pre-
sented in Fig. 7. The absolute value of the total neutron
flux in the last region of the CASTOR wall decreases
by a factor of 27. The neutron spectrum at the container
surface is considerably changed — the fast neutron part
is reduced by 3 orders of magnitude compared to the
thermal neutron part, which is reduced by a factor of
22 and which is the major contributor to the total neu-
tron dose at the surface.

The gamma dose is mainly determined by the fission
products (137Cs, 134Cs, 196RN, etc.) and by the neutron
activation products such as %°Co, etc. Taking into ac-
count the information about impurities from Ref. [9],
in modelling it is assumed that Co concentration in
the fuel assembly construction materials (ZrNb alloys,
stainless steel) is 1.05 g (0.04 g in the fuel cladding ma-
terial, 0.71 g in the spacer grid, and 0.3 g of Co from
deposits of activated corrosion products of one fuel as-
sembly). It is well known that the nuclide concentra-
tion depends on the fuel burnup and cooling time af-
ter the removal from the active core. As it has been
reported above, according to the documentation, the

cooling time differs for the fuel assemblies of different
burnup from 11 to 14 years, and the average cooling
time is ~13 years at the time when the measurements
have been performed.

The results of gamma dose rates at the surface of
the CASTOR cask calculated with MCNPS5 ring de-
tector option are presented in Fig. 9. The experimen-
tal data measured with TLD and MIN-RAD dosime-
ters are presented in circles and triangles, respectively.
The MCNP5 modelling results are also compared to
SCALE 4.3 predictions from Ref. [1]. We note that
gamma dose rates obtained from Monte Carlo simu-
lations even taking into account the neighbouring con-
tainers (we assumed the gamma dose rate from the sim-
ilar container surface at 1 m distance (11.8 uSv/h) and
added to the calculated surface dose rate (26.8 1Sv/h))
give a somewhat smaller average value of 38.6 +
0.4 pSv/h compared with measurements. All exper-
imental gamma dose points are ~1.6 times above the
MCNPS5 calculated average, especially for MIN-RAD
measurement at 180° angle, where the difference is al-
most 2.5 times. In our opinion, this result is rather good
taking into account other uncertainties of our model
(spent nuclear fuel composition, irradiation and cooling
history, Co contents in the fuel cladding, etc.). In addi-
tion, this difference might also be due to the CASTOR
container surface contamination with fission products
from the cooling pool. The contamination of the sur-
face with 1 kBq/cm? of 137Cs would increase the dose
by 22 uSv/h, and additional investigation should be
performed to confirm/deny the eventual surface con-
tamination. In addition, the TLD are sensitive to the
thermal neutron flux, which also might explain the in-
crease in the measured gamma dose.

On the other hand, the Monte Carlo calculations
agree quite well with independent calculations per-
formed with SCALE 4.3, which have resulted in the
52 uSv/h dose rate after 10 years of cooling time [1].
The difference in the gamma dose after ~13 years (our
work) and 10 years [1] is determined mainly by " Rh
(daughter of '“°Ru) high energy gammas, which have
great influence on the gamma dose due to the higher
penetration through the cask walls, and by the 5°Co
with its relatively short half-life (17 /o = 5.27 years).

The neutron dose rate at the surface of the CAS-
TOR cask No. 0067-14 calculated with MCNPS is pre-
sented in Fig. 8. The two cases were considered: (a) the
case of a homogeneously distributed neutron source of
16 MW d/kg fuel burnup, and (b) the case of a het-
erogeneously distributed neutron source taking into ac-
count fuel assemblies of higher burnup. The average
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Fig. 8. Angular gamma dose rates at the surface of CASTOR cask No. 0067-14 calculated with MCNP5 ~ ring detectors against SCALE 4.3
predictions from Ref. [1] and experimental data measured with TLD and MIN-RAD dosimeters (see the legend for details).
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Fig. 9. Angular neutron dose rates at the surface of CASTOR cask No. 0067-14 calculated with MCNPS5 in the case of homogeneously
distributed neutron source of 16 MW d/kg fuel burnup and in the case of heterogeneously distributed neutron source taking into account
fuel assemblies of higher burnup (see the legend for details).

neutron dose rate is about 75 xSv/h, and for the homo-
geneously distributed neutron source of 16 MW d/kg
fuel burnup the neutron dose rate values vary within
the range from 68 to 85 uSv/h. In addition, one can
see that for the neutron source even a few assemblies
with high burnup can cause observable anisotropy of
neutron dose rates. This can be explained by lower neu-
tron attenuation rates compared to gammas both in the
absolute value and changes in energy spectra. Indeed,
open circles in Fig. 9 represent the neutron dose calcu-

lated with the real neutron source of different burnup
(from 13 to 22 MW d/kg) SNF half-assemblies tak-
ing into account the real distribution of their location
in the CASTOR cask No. 0067-14. For the heteroge-
neously distributed neutron source the average neutron
dose rate is about 85 1Sv/h, and the neutron dose rate
values vary within the range from 76 to 104 uSv/h.
The local superposition of half-assemblies of higher
burnup (16-22 MW d/kg) at the angles of 270 and 220°
resulted in about 28 1Sv/h increase in the neutron dose
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rate. This result confirms that neutron flux distribution
is extremely sensitive to the fuel burnup and influences
the neutron dose rate calculation results. In conclusion
we would like to emphasize that the neutron dose rate
calculation should be performed with the real SNF neu-
tron source distribution in the container, because av-
eraged burnup fuel (in our case 16 MW d/kg) causes
incorrect results. The measurements of neutron dose
rates would be very useful to validate our predictions.

4. Conclusions

The neutron and gamma ray sources in the SNF stor-
age cask CASTOR have been estimated using different
radiation transport and material evolution code pack-
ages such as ORIGEN-ARP, MCNP5, and Monteburns.
The neutron dose rate at the surface of the cask varies
within the range between 76 and 104 uSv/h. The
anisotropy of dose rates is observed for neutrons and
is explained by heterogeneous distribution of different
burnup fuel assemblies inside the container. The aver-
aged gamma dose rate is 38.6 + 0.4 uSv/h and it is de-
termined mainly by '37Cs and ®°Co. This result under-
estimates the corresponding measurements performed
with TLD and MIN-RAD dosimeters by ~50%. The
obtained discrepances might be due to the possible sur-
face contamination, the partial gamma dosimeter sensi-
tivity to neutron flux from the container, etc. Some ad-
ditional investigations on this subject will be performed
in the near future, although in general the agreement
between our predictions and measurements is satisfac-
tory. This work validates the methodology of the radi-
ation shielding and dose rate calculations for RBMK
SNF storage facilities. However, more experimental
data are needed (in particular for other types of storage
containers) in order to provide more precise uncertain-
ties of the predicted values.
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RBMK-1500 REAKTORIAUS PANAUDOTO BRANDUOLINIO KURO KONTEINERIU RADIACINES
SAUGOS VERTINIMAS

A. Plukis @, R. Plukiené #, V. Remeikis , R. Davidonis 2, P. Ku¢inskas ?, D. Ridikas P
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Santrauka

RBMK-1500 reaktoriaus panaudoto branduolinio kuro (PBK)
nuklidiné sudétis priklauso nuo pradinio kuro jsodrinimo, darbo
rezimo bei i§degimo reaktoriuje netolygumy. PBK sudétis savo
ruoZtu lemia laikino saugojimo konteineriy radiacines savybes.

Nuklidiné sudétis bei iSdegimo pasiskirstymo profilis RBMK-
1500 reaktoriaus kuro rinklése PBK saugojimo konteineriuose mo-
deliuota Monteburns ir SCALE 5 programy paketais, naudojant
RBMK-1000 eksperimentinius duomenis [4]. PBK CASTOR kon-
teineriy radiacinés savybeés bei lygiaverté dozé apskaiciuota Monte
Karlo skaitiniais metodais MCNPS5 programa. Gautieji rezultatai
palyginti su reprezentacinio konteinerio eksperimentiniy matavimy
bei modeliavimo su SCALE 4.3 rezultatais [1]. Apskai¢iuota neut-

rony nulemta dozés galia konteinerio paviriuje yra 76-104 uSv/h
intervale, o pastebétas dozés galios anizotropiSkumas yra itakoja-
mas skirtingo iSdegimo rinkliy i§sidéstymo CASTOR konteineryje.
Apskaiciuota 38,6 + 0,4 uSv/h gama spinduliy dozés galia dau-
giausia sudaro 37Cs ir %°Co. Si dozés verté ne visai sutampa su
eksperimentiniy matavimy rezultatais. Manoma, kad tai lemia tiek
dalinis dozimetry jautris Siluminiams neutronams, tiek galimas pa-
virSinis konteineriy uzterStumas.

Sis darbas patvirtina, kad siiiloma metodika yra tinkama vertinti
konteineriy radiacing sauga RBMK-1500 reaktoriaus PBK saugo-
jimo konteineriams. Apskaiciuoty dozés galios verciy paklaidoms
tiksliau jvertinti reikalingi papildomi eksperimentiniai tyrimai.



