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a b s t r a c t

This paper presents the neutron dose rate analysis of the new CONSTOR® RBMK-1500/M2 storage cask
intended for the spent nuclear fuel storage at Ignalina Nuclear Power Plant in Lithuania. These casks are
designed to be stored in a new “closed” type interim storage facility, with the capacity to store up to 202
CONSTOR® RBMK-1500/M2 casks. In 2016 y, the “hot trials” of this new facility were conducted and 10
CONSTOR® RBMK-1500/M2 casks loaded with the spent nuclear fuel were transported to the dedicated
storage places in this facility. During “hot trials”, the dose rate measurements of the CONSTOR® RBMK-
1500/M2 casks were performed as the dose rate is one of the critical parameter to control and it must be
below design (and safety) criteria. Therefore, having the actual data of the spent nuclear fuel charac-
teristics, the neutron dose rate modeling of the CONSTOR® RBMK-1500/M2 cask loaded with this
particular fuel was also performed. Neutron dose rate modeling was performed using MCNP 5 computer
code with very detailed geometrical representation of the cask and the fuel. The obtained modeling
results were compared with the measurement results and it was revealed, that modeling results are
generally in good agreement with the measurements.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Ignalina Nuclear Power Plant (NPP) is the only NPP in Lithuania.
Having two Units with RBMK-1500 reactors, Ignalina NPP operated
from 1983 y to 2009 y and during that period generated about
22 000 pieces of spent nuclear fuel (SNF) assemblies. After the
restitution of the Independence of Lithuania in 1990 y, the absence
of the possibility to transport the SNF for reprocessing forced to
look for the ways of interim storage. Currently, there are two
storage facilities (“old” and “new”) at Ignalina NPP for dry interim
storage of all generated SNF. The “old” on-site, dry-type SNF storage
facility was put in operation in 1999 y. It was designed as open-air
facility having concrete foundation slab with walls and was fully
loaded in 2010 y when last CONSTOR® RBMK-1500 cask was placed
and since then 20 CASTOR® RBMK-1500 and 98 CONSTOR® RBMK-
1500 casks (containing 6016 SNF assemblies in total) are stored in
it. For the storage of the remaining ~16 000 SNF assemblies,
ute, Breslaujos 3, LT-44403,
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construction of the “new” storage facility was initiated and the first
cask loaded with SNF assemblies was placed to the dedicated
storage place in 2016 y under the “hot trials” program. The “new”

on-site, dry-type SNF storage facility is closed (not open-air) facility
having concrete foundation slab, walls and roof, with the capacity
to store up to 202 CONSTOR® RBMK-1500/M2 type casks. These
“new” CONSTOR® RBMK-1500/M2 type casks are of a different
design compared to the “old” CONSTOR® RBMK-1500 type casks
and have an increased space for housing up to 91 SNF assemblies
(instead of 51 SNF assemblies in the “old” CASTOR® and CONSTOR®
RBMK-1500 type casks). Furthermore, the “new” cask is designed to
be loaded with SNF of any initial enrichment that was used at
Ignalina NPP, while the “old” one was licensed and designed only
for the storage of leak tight SNF having 2.0% U-235 initial
enrichment.

During “hot trials” of the “new” storage facility, the dose rate
measurements of the “new” CONSTOR® RBMK-1500/M2 casks
were performed as the dose rate is one of the critical parameter to
control and it must be below design (and safety) criteria. Having the
actual data of the specific SNF assemblies that were placed in the
particular cask, the neutron dose rate modeling of that CONSTOR®
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RBMK-1500/M2 cask was also performed using MCNP 5 computer
code. Therefore, this paper presents the analysis of the measured
and modeled neutron dose rates around the actual “new” CON-
STOR® RBMK-1500/M2 cask that was transferred to the “new”

storage facility at Ignalina NPP under the “hot trials” program.

2. Description of CONSTOR® RBMK-1500/M2 storage cask
components

The “new” reinforced concrete casks CONSTOR® RBMK-1500/
M2 are designed by German company GNS and are so called
“dual purpose casks”, i.e. they are licensed for the on-site trans-
portation and interim storage of SNF. A general view of the CON-
STOR® RBMK-1500/M2 cask is presented in Fig. 1 a).

The CONSTOR® RBMK-1500/M2 cask (Fig. 1 a)) is ~4.6 m high,
~2.7 m in diameter and weighs ~96 tons (~116 tons when fully
loaded with SNF and concrete plate). It has a cylindrical shape
where the sidewall of the cask consists of two carbon steel (CS)
liners and special heavy concrete layer (CONSTORIT) between
them. The bottom consists of the same materials and arrangement
as the sidewall. The lids system of the cask consists of primary and
secondary lids, seal plate between them and protection plate on the
top, all being made of CS [1]. The CONSTOR® RBMK-1500/M2 cask
is designed to accommodate a 32M basket and a ring basket and
Fig. 1. A general view of the CONSTOR® RBMK-1500/M2 storage cask (loaded with 32M and
and fuel assembly, d.
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has a maximum storage capacity of 182 SNF half-assemblies (91
SNF assemblies).

A general view of the 32M basket is presented in Fig. 1 b). The
32M basket is located in the centre of the cask cavity and accom-
modates up to 102 SNF half-assemblies. The 32M basket is awelded
structure made of stainless steel (SS) and consists of a bottom plate,
a central shaft which holds five spacer plates and a top plate, po-
sition tubes and a sidewall sheet with penetrating holes. All plates
are welded to the central shaft and are surrounded by a sidewall
sheet [1].

A general view of the ring basket is presented in Fig. 1 c). The
ring basket is assembled from special alloy parts and stainless steel
tubes providing 80 positions for SNF half-assemblies at two pitch
circles. The ring basket is located in the gap formed by 32M basket
and inner liner of the cask inside the cask cavity [1].

A general view of the RBMK-1500 fuel assembly (FA) is pre-
sented in Fig. 1 d). Fuel assembly consists of two fuel rod bundles
(half-assemblies), i.e. the upper half-assembly and the lower half-
assembly, mounted on the central rod (or central tube) with an
extension rod. Lower and upper caps, fasteners and retainers
guarantee rigid connection of half-assemblies and correct posi-
tioning of fuel rods (FR) in the FA. Each of the half-assemblies
contains 18 sealed FR. Fuel rods are installed in the framework
grids along two concentric circles. 6 FR are equally distributed
ring baskets, but without concrete plate on the top), a; 32M basket, b; ring basket, c;



Fig. 2. Representation of the CONSTOR® RBMK-1500/M2 cask Id. 153 loaded according
to the LS B.
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along the inner circle, while along the outer circle there are 12
equally distributed FR. FR are leak-tight tubes filled with cylindrical
UO2 pellets, most of which have a central hole. Several types of
nuclear fuel have been used at Ignalina NPP, differing by initial
enrichment of U-235 and presence of burnable erbium (Er)
absorber. The enrichment of the fuel varies in the range of 2.0e2.8%
U-235 by weight, however FA of different enrichment have the
same initial physical characteristics (dimensions, materials, etc.)
[1].

After the service, FA (or SNF assemblies to be precise) are
removed from the reactor and transferred to the spent fuel storage
pool for at least 1 year of cooling. After that, FA are cut through the
middle into the two fuel bundles (extension rod is cut away and
treated separately as long lived intermediate level waste) and
loaded into the 32M baskets for subsequent wet storage of no less
than 4 years in the storage pools (the lower half-assembly is turned
upside down before the placement into the 32M basket). Finally,
after no less than 5 years of wet storage in the pools, SNF half-
assemblies could be loaded into the storage casks for the dry
interim storage. The maximum mean burn-up over the SNF as-
sembly is up to 29 MW d/kgHM.

3. Methodology

3.1. Conduction of “hot trials”

The purpose of the “hot trials” was to demonstrate that the
“new” SNF storage facility and equipment are fully compliant with
the functional requirements and that the retrieval, packaging,
transport and storage of SNF can be carried out safely and reliably.
“Hot trials” were carried out upon completion of the construction
and pre-commissioning trials (i.e. “cold trials” without SNF as-
semblies) using “hot” (i.e. radioactive) SNF assemblies. After “hot
trials”, CONSTOR® RBMK-1500/M2 casks loaded with SNF were
routinely transferred from Units to the “new” storage facility. “Hot
trials” were undertaken in 2 phases:

� Phase 1: Four CONSTOR® RBMK-1500/M2 casks were loaded
with SNF (2 casks per each Unit of Ignalina NPP). In the Unit 1
one cask was loaded with leak tight fuel, the second cask was
loaded with leak tight and leaking fuel. Both casks in the Unit 2
were loaded with leak tight fuel;

� Phase 2: Six CONSTOR® RBMK-1500/M2 casks were loadedwith
leak tight fuel (3 casks per each Unit).

The objective of “hot trials” in terms of radiological protection
was the proof that the set safety criteria (maximum dose rates) are
not exceeded. For storage conditions, the following maximum dose
rates on the cask surface were set:

� 0.96 mSv/h on the top of the cask without a concrete plate for
gammas and neutrons;

� 1 mSv/h on the side surface of the cask for gammas and
neutrons.

In order to check the CONSTOR® RBMK-1500/M2 cask radiation
shielding efficiency, SNF with maximum decay heat was chosen for
loading into the casks according to the loading scheme B (for
loading of SNF into the CONSTOR® RBMK-1500/M2 casks, two
loading schemes (LS A and LS B) are allowed) at Unit 2 during Phase
1. LS B allows the 32M and ring baskets to be loaded with any fuel
type except 2.8%, however, the inner 12 positions of the 32M basket
must remain empty. For the neutron dose rate analysis in this pa-
per, one of the CONSTOR® RBMK-1500/M2 casks loaded in Unit 2
was chosen, namely Id. 153 cask.
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The CONSTOR® RBMK-1500/M2 cask Id. 153 was loaded with 10
SNF half-assemblies having 2.4% enrichment and 160 SNF half-
assemblies having 2.6% enrichment. The actual layout of the
loaded SNF half-assemblies into the CONSTOR® RBMK-1500/M2
cask Id. 153 is presented in Fig. 2.

The SNF half-assemblies (see Fig. 2) are grouped according to
the average operated power ranging from 6.21 to 20.66 MW/tHM
and which is calculated based on the achieved burn-up and irra-
diation time for each SNF assembly.
3.2. Measurements

After the CONSTOR® RBMK-1500/M2 cask is loaded with the
SNF, the dose rate measurements on the side surface of the cask are
performed in the cask service station located in the storage pools
hall at Unit. The dose rate measurements on the top of the cask are
also performed here, but they are not representative for the storage
configuration of the cask, as the cask is not equipped with the
secondary lid and seal plate. Neutron dose rate measurements are
performed using Thermo Scientific neutron meter RadEye N [2]
(see Fig. 3) and the dose rate is expressed as ambient dose equiv-
alent H*(10). The measurement uncertainty of the neutron meter is
±20%.

After the transfer of the loaded cask from the Unit to the SNF
storage facility, the secondary lid and seal plate are welded to the
cask body at the cask service station in the storage facility and the
cask is prepared for storage. At this time the dose rate measure-
ments (representative for the storage configuration of the cask) on
the top of the cask are performed. Neutron dose ratemeasurements
are performed using neutron meter RadEye N [2] of the same type
as at Unit (see Fig. 3).

As the primarily objective of the “hot trials” measurements was
to prove that the dose rates are below the allowed limits, the dose
rates were measured only at the predefined points and more
detailed dose rates distribution analysis was not performed. Visual
representation of the dose rate measurement points D1eD12
around the CONSTOR® RBMK-1500/M2 cask is presented in Fig. 4.
For the dose rate measurement points D1 and D2, the



Fig. 3. Dose rate measurement equipment (neutron meter RadEye N [2]).
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measurements are performed in the cask service station at storage
facility when cask is prepared for storage, while for the points
D3eD12 the measurements are performed in the cask service
Fig. 4. Dose rate measurement points around CONSTO
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station at Unit, before the transfer to storage facility. D1 point is
located in the centre of the top surface of the cask (protection
plate); D2 point is located on the top surface of the cask at 600 mm
distance from the D1 point in 90� axis; D3, D4, D5 and D6 points are
located on the side surface of the cask, respectively, at 3750 mm,
2500 mm, 1500 mm and 750 mm elevations from the cask bottom
in 30� axis; D7, D8, D9, D10 and D11 points are located on the side
surface of the cask at 1500 mm elevation from the cask bottom,
respectively, in 90�, 150�, 210�, 270� and 330� axis; D12 point is
located in the centre of the bottom surface of the cask (actually, this
point could be located in the central area of 600 mm radius), see
Fig. 4.
3.3. Modeling approach

The general modeling approach presented in this paper consists
of two main steps. Firstly, the RBMK-1500 SNF characteristics are
modeled using computer code TRITON from SCALE 6.1.3 computer
codes system [3]. Then, employing the modeled characteristics of
SNF, neutron transport in the CONSTOR® RBMK-1500/M2 cask is
modeled and shielding capabilities are determined by the help of
MCNP 5 ver. 1.6 code [4]. Application of these codes for RBMK-1500
reactor related modeling (SNF characterization, characterization of
neutron activatedmaterials, etc.) could be found, e.g., in Refs. [5e7],
for application related to the shielding evaluation of SNF storage,
e.g. Refs. [8,9], or for application outside nuclear industry, e.g., in
Ref. [10].

The RBMK-1500 SNF characteristics were modeled taking into
account the information on the actual SNF assemblies, loaded into
the CONSTOR® RBMK-1500/M2 cask Id. 153. Nine “reference” SNF
assemblies based on the average operated power were selected to
R® RBMK-1500/M2 cask (3D view, a; top view, b).



Table 1
Data on modeled SNF loaded into the CONSTOR® RBMK-1500/M2 cask Id. 153.

No. Initial U-235 enrichment, % by
U weight

Initial burnable absorber Er2O3 content, %
by U weight

Irradiation time
range, days

Cooling time,
days

Power range,
MW/tHM

Number of SNF assemblies in
cask, pcs.

RA1-
RA3

2.4 0.41 2600e3500 3177 6.2e8.4 5

RA4-
RA9

2.6 0.50 1100e2500 3175 9.4e20.7 80
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bemodeled to cover thewhole amount of 85 pcs. of SNF, see Table 1
and Fig. 2.

Detailed description of RBMK-1500 SNF characteristics
Fig. 5. CONSTOR® RBMK-1500/M2 cask model developed with th
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modeling using TRITON computer code is not presented in this
paper, as it is analogous to the one, presented in paper [5]. The only
differences are associated with the different operation time, power
e MCNP 5 computer code (horizontal cut, a; vertical cut, b).



Table 2
Neutron source strength for the “reference” RBMK-1500 SNF assemblies.

Group No. Group boundaries, MeV RA1 RA2 RA3 RA4 RA5 RA6 RA7 RA8 RA9

(particles per second for one tHM of SNF)

1 (0.01e10.0)E�09 1.72E-06 1.91E-06 1.90E-06 1.90E-06 2.13E-06 2.20E-06 2.11E-06 2.03E-06 1.95E-06
2 (1.00e3.00)E�08 7.50E-07 8.61E-07 8.54E-07 8.58E-07 1.01E-06 1.05E-06 9.90E-07 9.43E-07 8.87E-07
3 (3.00e5.00)E�08 2.31E-04 2.67E-04 2.65E-04 2.70E-04 3.17E-04 3.32E-04 3.14E-04 3.00E-04 2.82E-04
4 (5.00e10.0)E�08 1.50E-04 1.71E-04 1.70E-04 1.73E-04 2.01E-04 2.10E-04 1.99E-04 1.90E-04 1.80E-04
5 (1.00e2.25)E�07 1.44E-03 1.67E-03 1.66E-03 1.69E-03 1.99E-03 2.08E-03 1.97E-03 1.88E-03 1.77E-03
6 (2.25e3.25)E�07 1.30E-03 1.50E-03 1.49E-03 1.52E-03 1.78E-03 1.86E-03 1.76E-03 1.68E-03 1.58E-03
7 (3.25e4.14)E�07 8.79E-04 1.02E-03 1.01E-03 1.03E-03 1.20E-03 1.26E-03 1.19E-03 1.14E-03 1.07E-03
8 (4.14e8.00)E�07 7.65E-03 8.86E-03 8.80E-03 8.96E-03 1.05E-02 1.10E-02 1.04E-02 9.94E-03 9.36E-03
9 (8.00e10.0)E�07 3.94E-03 4.55E-03 4.53E-03 4.61E-03 5.40E-03 5.63E-03 5.34E-03 5.10E-03 4.81E-03
10 (1.00e1.13)E�06 3.76E-03 4.36E-03 4.33E-03 4.41E-03 5.18E-03 5.41E-03 5.12E-03 4.89E-03 4.61E-03
11 (1.13e1.30)E�06 4.62E-03 5.35E-03 5.32E-03 5.41E-03 6.35E-03 6.64E-03 6.29E-03 6.00E-03 5.65E-03
12 (1.30e1.86)E�06 1.67E-02 1.94E-02 1.92E-02 1.96E-02 2.30E-02 2.40E-02 2.28E-02 2.17E-02 2.05E-02
13 (1.86e3.06)E�06 4.40E-02 5.09E-02 5.05E-02 5.15E-02 6.04E-02 6.31E-02 5.97E-02 5.70E-02 5.37E-02
14 (3.06e10.7)E�06 4.72E-01 5.47E-01 5.43E-01 5.53E-01 6.49E-01 6.78E-01 6.42E-01 6.13E-01 5.78E-01
15 (1.07e2.90)E�05 1.93Eþ00 2.24Eþ00 2.22Eþ00 2.26Eþ00 2.66Eþ00 2.78Eþ00 2.63Eþ00 2.51Eþ00 2.36Eþ00
16 (2.90e10.1)E�05 1.38Eþ01 1.59Eþ01 1.58Eþ01 1.61Eþ01 1.89Eþ01 1.98Eþ01 1.87Eþ01 1.79Eþ01 1.68Eþ01
17 (1.01e5.83)E�04 2.08Eþ02 2.41Eþ02 2.39Eþ02 2.44Eþ02 2.86Eþ02 2.99Eþ02 2.83Eþ02 2.70Eþ02 2.55Eþ02
18 (5.83e30.4)E�04 2.44Eþ03 2.82Eþ03 2.81Eþ03 2.86Eþ03 3.35Eþ03 3.50Eþ03 3.32Eþ03 3.17Eþ03 2.98Eþ03
19 (3.04e15.0)E�03 2.66Eþ04 3.08Eþ04 3.06Eþ04 3.11Eþ04 3.66Eþ04 3.82Eþ04 3.62Eþ04 3.45Eþ04 3.25Eþ04
20 0.015e0.111 5.42Eþ05 6.29Eþ05 6.24Eþ05 6.35Eþ05 7.45Eþ05 7.78Eþ05 7.37Eþ05 7.04Eþ05 6.63Eþ05
21 0.111e0.408 3.10Eþ06 3.59Eþ06 3.56Eþ06 3.63Eþ06 4.26Eþ06 4.45Eþ06 4.21Eþ06 4.02Eþ06 3.79Eþ06
22 0.408e0.907 6.74Eþ06 7.80Eþ06 7.76Eþ06 7.89Eþ06 9.26Eþ06 9.67Eþ06 9.16Eþ06 8.75Eþ06 8.24Eþ06
23 0.907e1.42 6.90Eþ06 7.98Eþ06 7.93Eþ06 8.08Eþ06 9.48Eþ06 9.91Eþ06 9.38Eþ06 8.96Eþ06 8.44Eþ06
24 1.42e1.83 4.78Eþ06 5.54Eþ06 5.50Eþ06 5.60Eþ06 6.58Eþ06 6.87Eþ06 6.51Eþ06 6.21Eþ06 5.85Eþ06
25 1.83e3.01 1.01Eþ07 1.17Eþ07 1.16Eþ07 1.18Eþ07 1.39Eþ07 1.45Eþ07 1.37Eþ07 1.31Eþ07 1.23Eþ07
26 3.01e6.38 8.77Eþ06 1.02Eþ07 1.01Eþ07 1.03Eþ07 1.21Eþ07 1.26Eþ07 1.20Eþ07 1.14Eþ07 1.08Eþ07
27 6.38e20 8.87Eþ05 1.03Eþ06 1.02Eþ06 1.04Eþ06 1.23Eþ06 1.28Eþ06 1.21Eþ06 1.16Eþ06 1.09Eþ06

Total: 4.18Eþ07 4.84Eþ07 4.81Eþ07 4.90Eþ07 5.75Eþ07 6.01Eþ07 5.69Eþ07 5.44Eþ07 5.12Eþ07
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and cooling time, used to model the exact characteristic of “refer-
ence” SNF. TRITON modeling results, showing neutron source
strength for the “reference” SNF (from RA1 to RA9, see Table 1), are
presented in Table 2.

Having neutron source strength, the modeling of the neutron
dose rates on the surfaces of the CONSTOR® RBMK1500/M2 cask
was performed using the MCNP 5 ver. 1.6 code and the ENDF/B-VII
nuclear data library as a basis. The developed 3D geometry model
envelope the whole cask body with the inside structures (baskets
and SNF half-assemblies) except the concrete plate, as presented in
Fig. 5.

The main data that were set in the MCNP 5 model of the CON-
STOR® RBMK-1500/M2 cask included geometry and dimensions of
the cask, 32M and ring baskets and SNF half-assemblies, compo-
sition and densities of the materials, and source strengths. Pa-
rameters of all the components defined in the model were set in
accordance to the actual design data.

The location of the points, where the dose rates were modeled,
were also set to correspond to the exact locations of the measured
dose rates (D1eD12), as presented in Fig. 4. A “point detector”
feature of a MCNP 5 codewas used for the dose rate evaluationwith
the fluence-to-dose conversion coefficients taken for the ambient
dose equivalent H*(10) from the ICRP 74 publication [11] in order to
be directly comparable with the measurement results.

The cask body, 32M and ring baskets were modeled very
explicitly with an axial and radial dimensions corresponding to the
real dimensions of the components and taking into account shape
peculiarities, see Fig. 5. SNF half-assemblies were also modeled
quite explicitly, but end caps and grids conservatively were not
included in the model. MCNP 5 modeling was performed using
“mode n” for neutron transport and one of the sources from Table 2
was assigned to each of the 170 half-assemblies placed in the cask
according to the loading “map” presented in Fig. 2 (also see Table 1).
The sources were defined using “sdef” card being equiprobably
distributed over the height of fuel pellets column in each fuel rod of
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all SNF half-assemblies. Such source description tends to provide
overestimation of dose dates at the top of the cask in comparison to
the actual source distribution profile, however, the computational
time is reduced significantly. To have a statistically reliable result,
neutron dose rate modeling was performed with 2.5Eþ08 neutron
histories (NPS) and this allowed to have modeling results with
relative error (which is one standard deviation divided by the
estimated value) less than 0.015.

4. Results and discussion

4.1. Measurements

The dose rate measurement results are summarized and pro-
vided in Table 3. The background radiation is subtracted from the
presented measurement results and this allows the modeling re-
sults to be directly comparable with the measured ones. Further-
more, the measurement results could be influenced by other
uncertainties like the neutron meter position, however, they were
not quantified and analyzed here. Results show, that measured
neutron dose rates are lower on the side and bottom surfaces of the
CONSTOR® RBMK-1500/M2 cask Id. 153, while on the top of the
cask, the neutron dose rates are higher.

Themeasured neutron dose rates are in the range from 14 to 132
mSv/h. The maximal dose rate of 132 mSv/h is observed on the top of
the cask (point D1, see Table 3 and Fig. 4). On the side surface of the
cask, the maximal dose rate of 52 mSv/h is observed in the upper
part of the cask at 30� axis (point D3, see Table 3 and Fig. 4). The
minimal dose rate of 14 mSv/h on the side surface of the cask is
observed at two points, i.e. in the middle height and in the lower
part of the cask at 30� axis (points D4 and D6, see Table 3 and Fig. 4).

The measured neutron dose rate distribution around the CON-
STOR® RBMK-1500/M2 cask Id. 153 at 1500 mm elevation from the
cask bottom (see Fig. 6) shows quite homogeneous distribution
around 16e18 mSv/h with the exception at the 330� angle (point



Table 3
Neutron dose rates on the surfaces of the CONSTOR® RBMK-1500/M2 cask Id. 153.

Measurement point Measurement point location Neutron dose rate, mSv/h

Measureda Modeledb Ratio (Mod./Meas.)

D1 In the centre of the protection plate 132.0 311.5 2.36
D2 600 mm away from the centre of the Protection Plate in 90� axis 110.0 231.7 2.11
D3 On the side surface at 3750 mm elevation from the cask bottom in 30� axis 52.0 11.8 0.23
D4 On the side surface at 2500 mm elevation from the cask bottom in 30� axis 14.0 15.9 1.14
D5 On the side surface at 1500 mm elevation from the cask bottom in 30� axis 16.0 15.5 0.97
D6 On the side surface at 750 mm elevation from the cask bottom in 30� axis 14.0 13.3 0.95
D7 On the side surface at 1500 mm elevation from the cask bottom in 90� axis 18.0 15.3 0.85
D8 On the side surface at 1500 mm elevation from the cask bottom in 150� axis 16.0 15.7 0.98
D9 On the side surface at 1500 mm elevation from the cask bottom in 210� axis 18.5 15.8 0.85
D10 On the side surface at 1500 mm elevation from the cask bottom in 270� axis 18.0 15.7 0.87
D11 On the side surface at 1500 mm elevation from the cask bottom in 330� axis 39.0 15.2 0.39
D12 In the centre of the cask bottom NAc 15.7 e

a e The measurement uncertainty of neutron meter is ±20%.
b e The relative error of modeled dose rates is less than 0.015.
c e Measurement result is not available (NA).
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D11), where dose rate is nearly 2.5 times higher. Similarly,
measured neutron dose rate distribution along the CONSTOR®
RBMK-1500/M2 cask Id. 153 at 30� axis (see Fig. 7) shows quite
homogeneous distribution around 14e16 mSv/h with the exception
at the top part (point D3), where dose rate is app. 3.5 times higher.

4.2. Numerical modeling

The dose rate modeling results are also summarized and pro-
vided in Table 3 together with measurement results. The modeling
Fig. 6. Dose rate distribution around the CONSTOR® RBMK-1500/M2 cask Id. 153 at 1500 m
Table 3).
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results like measurement results show, that the neutron dose rates
are lower on the side and bottom surfaces of the CONSTOR® RBMK-
1500/M2 cask Id.153, while on the top of the cask, the neutron dose
rates are higher.

The modeled neutron dose rates are in the range from 11.8 to
311.5 mSv/h. The maximal dose rate of 311.5 mSv/h is observed on
the top of the cask (point D1, see Table 3 and Fig. 4), while the
minimal dose rate is observed on the upper side surface of the cask
(point D3, see Table 3 and Fig. 4) and is 11.8 mSv/h. On the side
surface of the cask, the maximal dose rate of 15.9 mSv/h is observed
m elevation from the cask bottom (points D5, D7, D8, D9, D10 and D11, see Fig. 4 and



Fig. 7. Dose rate distribution along the CONSTOR® RBMK-1500/M2 cask Id. 153 at 30� axis (points D3, D4, D5 and D6, see Fig. 4 and Table 3).
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in the middle part of the cask at 30� axis (points D4, see Table 3 and
Fig. 4).

The modeled neutron dose rate distribution around the CON-
STOR® RBMK-1500/M2 cask Id. 153 at 1500 mm elevation from the
cask bottom (see Fig. 6) shows homogeneous distribution in the
range of 15.2e15.8 mSv/h. The modeled neutron dose rate distri-
bution along the CONSTOR® RBMK-1500/M2 cask Id.153 at 30� axis
(see Fig. 7) shows different behavior, where dose rates in the
middle part are higher (15.9 and 15.5 mSv/h, points D4 and D5)
while in the upper and lower parts are lower (11.8 and 13.3 mSv/h,
points D3 and D6).
4.3. Discussion

In general, both measured and modeled neutron dose rates
show the trend that the dose rates on the side and bottom surfaces
of the CONSTOR® RBMK-1500/M2 cask (points D3eD12) are lower
in comparison to the dose rates on the top surface of the cask
(points D1 and D2). This phenomenon is mostly determined by the
fact, that shielding configurations in these areas are different. Side
and bottom parts of the cask have similar shielding configuration
where CONSTORIT (special heavy concrete) is placed between two
CS layers. Such a configuration ensures enhanced neutron shielding
due to the presence of concrete.

In opposite, on the top of the cask, the shielding configuration
has no concrete and consists only from CS components, therefore,
the neutron shielding is less efficient. For this reason (reduction of
neutron radiation passing through the top of the cask), the concrete
cap is placed on the top of the cask (on the protection plate) when
the cask is transferred to the storage facility. The modeled dose
rates on the top surface of the cask are app. 2 times higher in
comparison to the measured ones (points D1 and D2) and even
taking into account measurement uncertainty and modeling error,
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the modeling still overpredicts the measurements and gives con-
servative results. However, such situation is expected, as due to the
actual burnup profile, the source term in the upper part of the cask
is overestimated by applying uniform source in the model and the
modeled results tend to be higher compared to the measurements.

Comparison of neutron dose rates on the bottom surface of the
cask is not available due to the absence of measurements results,
although taking into account the fact that shielding configuration of
the side and bottom parts of the cask are analogous, modeled dose
rate in the centre of the bottom surface of the cask (point D12)
seems reasonable because it equals modeling results of the dose
rate on the middle part of the side surface (points D4, D5, D7eD11).

The modeled neutron dose rates around the cask are slightly
lower than the measured (see Fig. 6 and Table 3), but taking into
account measurement and modeling uncertainties results are in
good agreement, except point D11. The modeled dose rate distri-
bution around the cask is quite homogeneous and dose rate varies
in the range of 15.2e15.8 mSv/h, whereas for the measured distri-
bution there is a peak of 39 mSv/h at point D11 and 16e18.5 mSv/h
for the rest of the measurement points. Such a peak (of ~2.5 times
higher dose rate) could not be explained solely by the influence of
different neutron emission from SNF bundles with different power
(see Tables 1 and 2), because the highest differences of neutron
emissions are observed for RA1 (lowest neutron emission) and RA6
(highest neutron emission) SNF but even these differences are
lower 1.5 times. Therefore, the measured neutron dose rate at point
D11 was influenced by some external sources and/or actual sur-
roundings/objects in the vicinity of the cask during the measure-
ment, that were not accounted in the modeling.

Similarly, the dose rate distributions for measured and modeled
dose rates along the cask show the same behavior and give the
same results (taking into account measurement and modeling
uncertainties), except point D3 at the upper part of the cask, where
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measured dose rate have a peak, see Fig. 7. The measured dose rate
at a point D3 is 52 mSv/h and is app. 3.5 times higher compared to
the measured dose rates at points D4e6. Although no profile
(equiprobable distribution) along the height of SNF bundle was
considered for neutron source in the modeling, this could not
explain the absence of the peak dose rate at the upper part of the
cask in this case, because the actual neutron source strength pro-
files have peaks at the middle part, not the upper or lower [12].
Therefore, the measured neutron dose rate at point D3 most
probably was influenced by some external sources and/or actual
surroundings/objects in the vicinity of the cask, that were not
accounted in the modeling. Additionally, the exact location of the
measurement point D3 could have noticeable impact, as if the
measured point was located above the CONSTORIT concrete filling
(see Fig. 1), the neutron shielding efficiency there was lower and
this resulted in the increase of dose rate.

Some dose rate measurement and modeling results for the
CASTOR® RBMK-1500 and CONSTOR® RBMK-1500 casks contain-
ing 32M basket with 102 SNF bundles are presented in papers
[13e15]. Although direct comparison of those results with the re-
sults for CONSTOR® RBMK-1500/M2 cask is not very feasible, but
the obtained results show that metal-concrete casks have better
neutron shielding characteristics than the metal cask, however the
radiation safety is ensured for SNF storage in any of these casks.
5. Conclusions

After the measurement and modeling of the neutron dose rates
for the CONSTOR® RBMK-1500/M2 cask Id. 153, which was trans-
ferred from Ignalina NPP Unit 2 to the “new” storage facility under
the “hot trials” program, the following conclusions could be drawn:

� The neutron dose rates on the top of the cask are higher in
comparison with the dose rates on the side surface of the cask.
This is determined by different configuration of shielding ma-
terials and is confirmed by both, measurement and modeling
results;

� The measured and the modeled neutron dose rate distributions
around and along the cask have analogous profiles and give the
same results, except one point in each distribution, where
measured results are considerably higher. These measured
higher dose rates could be explained by the presence of some
external sources (e.g. SNF management activities in the adjacent
SNF storage pools) and/or actual objects in the vicinity of the
cask, that were not taken into account in the modeling;

� Typical measured neutron dose rate on the side surface of the
cask is in the range of ~14e18 mSv/h, and agrees well with the
typical modeled dose rate, which is in the range of ~13e16 mSv/
h. The maximal neutron dose rate is observed in the centre of
the top surface of the cask, where modeled dose rate of ~312
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mSv/h is more than 2 times higher in comparisonwith measured
dose rate of 132 mSv/h.
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