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ABSTRACT

This report summarises the geometry models and calculation methods developed at
the Vinča Institute of Nuclear Sciences for analysis of gamma ray and neutron source
terms and equivalent dose rates on the outer surfaces of existing and transport
containers with irradiated fuel elements of the RA reactor. The burnup data of most
irradiated fuel elements with 2% 235U enriched metal uranium (LEU) are based on
the fuel burnup measurements of fuel elements stored in the stainless steel containers
in the water pools of the RA reactor spent fuel storage, performed by using the
semiconductor detector with the CdZnTe crystal shielded with tungsten. The
methodology for three-dimensional (3D) fuel burnup analysis of RA reactor cores
founded on coupling Monte Carlo method for 3D calculation of node power
distribution and transport method for depletion calculation in one-dimensional (1D)
equivalent cell for each node independently was used for most irradiated fuel
elements with 80% 235U uranium dioxide (HEU). The gamma rays, neutron and beta
particle source terms analysis was founded: on the application of design-oriented
SAS2H sequence (from the SCALE-4.4a code system) for 1D geometry models; and
reference methodologies MOCUP (MCNP-4C/ORIGEN2.1) and KWO2 (KENO-
V.a/ORIGEN2.1) in 3D geometry models of the RA reactor unit cells. The MORSE-
SGC code (from the SCALE-4.4a code system) was used for design oriented
shielding analysis. For reference shielding calculation the MCNP-4C code and
detailed geometry models of spent fuel elements containers were used. The study
representing the experimental validation of methods and geometrical models for
shielding analysis are also presented. Finally, the basic data obtained with presented
methodologies for fuel burnup of most irradiated LEU and HEU spent fuel elements,
for gamma ray and neutron source terms of these fuel elements; and for gamma ray
and neutron equivalent dose rates on the outer surfaces of transport casks with the
RA reactor spent fuel elements are summarised.
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I. INTRODUCTION

In this report the geometry models and calculation methods developed at the Vinča Institute of
Nuclear Sciences for radiological safety assessment of operations during activities on preparation
of the Russian origin spent fuel elements removal from the RA (Vinča) research reactor of Serbia
for its reprocessing and further handling of the products of reprocessing at the FSUE PA
″Mayak″ in the Russian Federation are presented. These activities are described in the
Preliminary Safety Analysis Report (Ref. [1], hereinafter referred to as PSAR) and Finally Safety
Analysis Report″ (Ref. [2], hereinafter referred to as FTSR).

Results representing the experimental validation of the methods and geometrical models are
included also. Finally, radiation characteristic evaluations (gamma ray and neutron source terms)
of most irradiated LEU and HEU spent fuel elements and gamma ray and neutron dose rate
calculations in the vicinity of the transport casks with the RA reactor spent fuel elements are
presented.
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II. CALCUALTION METHODS

Historical review of fuel depletion of the RA Reactor spent fuel elements are given in the
Ref. [3]. The geometry and material composition of the RA reactor spent fuel elements are given
in the Ref. [4]. This reference contains the basic data about: fuel burnup of the RA rector spent
fuel elements; heavy nuclides inventory; activity of most important fission products; gamma ray,
neutron and beta (electron) source terms for these fuel elements; and gamma ray and neutron
equivalent dose rates for water reflected (or dry air) existing containers with the RA reactor spent
fuel elements.

The fuel burnup data of most irradiated fuel elements with 2% 235U enriched metal uranium
(LEU) used in the current radiological safety analysis are based on the fuel burnup measurements
of fuel elements stored in the stainless steel containers in the water pools of the RA reactor spent
fuel storage, performed by using the IRAT semiconductor detector with the CdZnTe crystal
shielded with tungsten [5]. For most irradiated fuel elements with 80% 235U uranium dioxide
(HEU) the fuel burnup data were obtained by using the methodology for three-dimensional (3D)
fuel burnup analysis of RA reactor cores [6] founded on coupling Monte Carlo method for 3D
calculation of node power distribution, and transport method for depletion calculation in one-
dimensional (1D) Wigner-Seitz equivalent cell for each node independently.

Determination of the isotopic composition of the materials present in spent fuel elements is based
on three procedures, being prepared for the analysis of spent fuel characteristics (radiation
sources, decay heat, and spent fuel isotopic composition). The first procedure is based on the
application of the SAS2H control module [7] from the SCALE-4.4a code system [8] and an
approximate geometrical model for the RA reactor unit cell. The second computational tool
employed consists the MCNP-4C utility code [9] and ORIGEN2.1 code [10] interfaced by the
MOCUP driver [11]. Recently developed, the third procedure KWO2 [12, 13] is based on the
applications of the KENO-V.a code [14] and ORIGEN2.1 code.

For criticality analysis the KENO-V.a code with 238 groups ENDF/B-V.2 based library, and the
MCNP-4C code with continuous energy neutron cross section data library VMCCS (developed at
Vinča Institute on the basis of the ENDF/B-VI.8 evaluation) and detailed geometry models of
spent fuel containers were used. The VMCCS library was created with the NJOY-99 (version
112) code [15] for seven temperatures (300, 600, 700, 750, 800, 900 and 1200 K). Unresolved
resonance self-shielding effects were included via subgroup parameters prepared on the basis of
probability table method.

The design oriented shielding analysis was performed with the standard calculation model
available in the SAS4 sequence [16] of the SCALE-4.4a code system, which is based on the
MORSE-SGC [17], a Monte Carlo code with the 27 neutron – 18 gamma coupled energy groups
cross-section data library (based on the ENDF/B-IV evaluation). The calculation model used
assumes that the materials of fuel assemblies have been smeared over the horizontal cross section
of the fuel assembly with the fuel assembly flux as a weighting function. The SAS4 control
module performs a three-dimensional Monte Carlo shielding analysis of a nuclear fuel transport
or storage container using an automated biasing procedure. Biasing parameters required by the
Monte Carlo calculation are generated from results of a one-dimensional adjoint discrete-
ordinates calculation. For Monte Carlo shielding analysis of a spent fuel cask, the purpose of
biasing (or importance sampling) is to encourage and increase the propagation of radiation
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particles toward the cask outer surface so that better estimates of exterior doses can be obtained.
MORSE-SGC has several standard biasing options available to the user: source energy biasing,
energy biasing at collision sites, splitting and Russian roulette, and path-length stretching.

For some problems of shield optimization the XSDRNPM, a one-dimensional discrete-ordinates
code for transport analysis [18] with the 27 neutron – 18 gamma coupled energy groups cross-
section data library is used.

The reference shielding calculation is based on the MCNP-4C, a Monte Carlo code with proton
cross section data library MCPLIB2 (designed by identifiers ending in .02p) and continuous
energy neutron cross section data library VMCCS (developed at Vinča Institute on the basis of
the ENDF/B-VI.8 evaluation). All calculations with the MCNP-4C code used in the current
radiation safety analysis were performed by using 27 energy groups for neutron source
distribution and 94 groups for modeling gamma rays from spent fuel elements.

For most problems analysed in this safety analysis report, variance reduction in the MCNP-4C
calculations was used. For understanding the physical phenomena of analysed problem the
GRAF sequence based on the Gamma Rays Attenuation Formula and dose build-up factors
(written by using DERIVE analytic computational system) were used. Application of this
sequence for source energy biasing in the MCNP-4C code calculation of lead transfer cask with
132 LEU spent fuel elements is shown in Table II.1.

Table II.1. Results of the GRAF script for selected gamma rays
from the 132 LEU spent fuel elements in the lead transfer casks

Energy of
gamma ray

[MeV]

Fraction of
gamma ray

[%]

Contact dose rate at half height
of lead transfer cask

(i.e., 1 cm from outer surface)
[µSv⋅h-1]

1.4175 0.014 0.99
1.2137 0.237 5.05
0.8847 0.113 0.08
0.6617 87.600 0.48
< 0.6 12.000 < 0.01

All gamma rays 100.000 6.61

The obtained results for lead transfer cask with the most irradiated spent fuel elements of the RA
reactor show that source energy biasing is very important, since the main contribution to dose
rate outside of casks coming from high energy gamma rays with very small fraction.

Geometry splitting/Russian roulette was selected as the one of the oldest and most widely used
variance-reducing techniques in Monte Carlo codes. In this technique, as particles migrate in a
important direction, they are increased in number to provide better sampling, but if they head in
an unimportant direction, they are killed in an unbiased manner to avoid wasting time on them.

It has been shown that a near-optimal importance function for selection of emergent particle
parameters, that is, energy and direction of a particle emerging from a source or a collision point,
is the adjoint flux. The adjoint flux is calculated by using the adjoint option in the XSDRNPM
code (a one-dimensional discrete-ordinates code for transport analysis from the SCAALE-4.4a
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code system) for the a slab geometry cask model and are used to specify the appropriate
parameters for all the biasing schemes in the MORSE-SGC and MCNP-4C codes. The adjoint
XSDRNPM calculation start with an adjoint source on the outermost surface, using the response
function as the adjoint source energy spectrum.

The results of application of the space biasing (or importance sampling based on the adjoint
XSDRNPM calculation) and source energy biasing techniques (founded on the GRAF sequence
estimation) for variance reduction in the MCNP-4C calculation of gamma rays dose rate in radial
direction at the half height of the lead transfer cask with TUK-19 canister are given in Table II.2.

Table II.2. Results of the MCNP-4C calculation of gamma rays dose rate in radial direction
at the half height of the transfer cask with TUK-19 canister obtained by using space

biasing (or importance sampling) and source energy biasing

Contact dose rate at half height of lead transfer cask
[µSv⋅h-1]Energy

interval
[MeV]

Fraction of
energy group

[%] 1 cm from
outer surface

100 cm from
outer surface

200 cm from
outer surface

1.33 - 3.50 0.014 1.17 ± 0.05% 0.36 ± 0.04% 0.18 ± 0.05%
1.00 – 1.33 0.237 4.05 ± 0.06% 1.53 ± 0.05% 0.77 ± 0.06%
0.80 – 1.00 0.113 0.10 ± 0.20% 0.03 ± 0.20% 0.015 ± 0.20%
0.60 – 0.80 87.600 0.29 ± 2.70% 0.09 ± 2.40% 0.05 ± 2.60%
0.40 – 0.60 0.055 < 0.01 < 0.01 < 0.01
0.01 –0.40 11.045 < 0.01 < 0.01 < 0.01

Total
0.01 –3.50 100.000 6.51 ± 0.06% 2.01 ± 0.05% 1.01 ± 0.05%

The study representing the verification and experimental validation of the methods and geometrical
models used in this Safety Assessment Report were presented in the Ref. [19] and Ref. [20].
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III. EXPERIMENTAL VALIDATION OF CALCULATION METHODS

Six experiments, performed for the need of validation of prepared computational methods are
presented in Ref. [4]. Two additionally performed experiments for the need of safe removal of
spent fuel elements from the RA reactor are described in this section.

III.1. Measurement of gamma ray dose rate behind the stainless steel door of the Room 99

The equivalent gamma rays dose rate was measured behind the lead glass and stainless steel door,
shown in Figures III.1 and III.2.

In order to provide a good condition for comparison of calculation results with the equivalent
gamma rays dose rates measurements, as gamma rays source was selected the referent fuel
assembly with 11 LEU spent fuel elements stored in the stainless steel container No. 289. As it
shown in Figure III.3, the fuel burnup data of these spent fuel elements were determined with a
high accuracy. The total gamma rays source for this fuel assembly is equal to 1.3⋅1012 photons⋅s-1.
The energy spectrum of emitted gamma rays (condensed to 94 energy groups used in the MCNP-
4C code calculations) is given in Figure III.4.

Mounted on stainless steel wire, selected fuel assembly was moved manually and then by using
specially designed device. The CdZnTe semiconductor detector in tungsten shield with narrow
″lead window″ was used for accurately positioning of desired spent fuel element in the ″see field″
of this detector.

Fig. III.1. Photo of stainless steel door of the Room 99 with built lead glass
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Fig. III.2. Photo of opened stainless steel door of the Room 99 with built lead glass
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Fig. III.3. Fuel burnup of spent fuel elements stored in the stainless steel container No. 289
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Fig. III.4. Energy spectrum of gamma rays emitted from eleven spent fuel elements
stored in the stainless steel container No. 289

The geometry model and detector positions used in the MCNP-4C code simulation of gamma
rays dose rate decreasing through the lead glass built in the stainless steel door of the Room 99 is
shown in Figures III.5, III.6, III.7 and III.8.

Fig. III.5. Vertical cross section of the Room 99 across the upper position
of lifted out fuel assembly with spent fuel elements
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Fig. III.6. Vertical cross section of the Room 99 across the window with lead glass

Fig. III.7. Vertical cross section of the RA reactor across the window with lead glass
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Fig. III.8. Vertical cross section of the Room 99 across the lower position
of lifted out fuel assembly with spent fuel elements

In this geometrical model, the geometry of the Room 99, the RA reactor (with core, reflectors
and biological shields) and reactor hall is modeled in reality as it possible. The thickness of build
glass and stainless steel was determined by measurements. It was found that:

• effective diameter of lead glass is 27.5 cm;
• total thickness of glass window is 40 cm; and
• effective thickness of stainless steel door is 23 cm, i.e., is equal to stainless steel shield of

TUK-19 container (correspond to the thickness for which the decreasing factor of gamma
rays with energy of 661.6 keV is equal to 105).

Since we did not found any data about thickness and density of lead glass in the evidenced
documents connected with the RA reactor design and exploitation, we founded our simulation on
the analogy with existing data for lead glass in the hot cells. On this basis we selected that:
• effective thickens of lead glass with density of 4.76 g⋅cm-3 is equal to 30 cm; and
• effective thickens of glass plate with density of 2.4 g⋅cm-3 is equal to 10 cm.

For metal door of the Room 99 we selected the stainless steel SS304 (with density of 7.95 g⋅cm-3)
which characterize the same nuclide composition as for the stainless steel 08Х18Н10Т (with
density of 7.9 g⋅cm-3) used as the shield for TUK-19 container. The atomic number densities of
nuclides in the glass plate, lead glass and stainless steel SS304 are given in Tables III.1, III.2 and
III.3.
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Table III.1. Atomic number densities of glass plate

Nuclide Atomic number density
[1024 atoms⋅cm-3]

O 4.15362⋅10-2

Na 6.06302⋅10-3

Si 1.73194⋅10-2

Ca 3.86608⋅10-3

Table III.2. Atomic number densities of lead glass

Nuclide Atomic number density
[1024 atoms⋅cm-3]

O 3.26895⋅10-2

Si 1.07851⋅10-2

Ti 6.33229⋅10-4

As 1.32539⋅10-4

Pb 9.65435⋅10-3

Table III.3. Atomic number densities of stainless steel SS304

Nuclide Atomic number density
[1024 atoms⋅cm-3]

Cr 1.56529⋅10-2

Mn 1.30718⋅10-3

Fe 5.55101⋅10-2

Ni 1.14197⋅10-2

Mo 1.37231⋅10-3

Measured and calculated results with the MCNP-4C code are summarized in Tables III.4, III.5,
III.6, III.7 and III.8. These results show a good agreement between measured results and results
obtained by the methodology developed and used in the Vinča Institute.

Table III.4. Comparison of measured and calculated equivalent gamma rays dose rate in
the Room 99 with fuel assembly from stainless steel container No. 289 in upper position

Equivalent gamma rays dose rate (±1σ, in %)
[Sv h-1]

Detector
position

FH-40G/
FHZ-312

(36-1300keV)

MCNP-4C
MCPLIB2
calculation

Detector D1 0.604
(±3.0%)

0.600
(±0.1%)
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Table III.5. Results of gamma rays dose rate measurements behind lead glass and stainless steel
door with fuel assembly at the bottom of steel container No. 289 (background measurements)

Equivalent gamma rays dose rate (±1σ, in %)
[µSv h-1]

Detector
position

FH-40G/
FHZ-612

(36-1300keV)

E-600/
SmartPole

(36-1300keV)

FH-40G
(36-1300keV)

Detector D4 0.57
(±4.0%)

0.52
(±6.1%)

0.43
(±3.7%)

Detector D6 1.06
(±3.3%)

1.05
(±3.7%)

0.81
(±4.8%)

Table III.6. Results of gamma rays dose rate measurements behind lead glass and stainless steel
door with fuel assembly from stainless steel container No. 289 in upper position

Equivalent gamma rays dose rate (±1σ, in %)
[µSv h-1]

Detector
position

FH-40G/
FHZ-612

(36-1300keV)

E-600/
SmartPole

(36-1300keV)

FH-40G
(36-1300keV)

Detector D4 0.83
(±3.6%)

0.85
(±7.9%)

0.85
(±3.9%)

Detector D6 13.7
(±3.1%)

13.7
(±3.4%)

11.8
(±3.1%)

Table III.7. Comparison of measured and calculated contribution of fuel assembly
from stainless steel container No. 289 in upper position to the equivalent

gamma rays dose rate behind lead glass and stainless steel door

Equivalent gamma rays dose rate (±1σ, in %)
[µSv h-1]

Detector
position

FH-40G/
FHZ-612

(36-1300keV)

E-600/
SmartPole

(36-1300keV)

FH-40G
(36-1300keV)

MCNP-4C
MCPLIB2
calculation

Detector D4 0.25
(±5.3%)

0.33
(±10.0%)

0.42
(±5.4%)

0.50
(±3.5%)

Detector D6 11.7
(±4.7%)

12.7
(±5.0%)

11.0
(±5.7%)

11.5
(±3.0%)
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Table III.8. Comparison of measured and calculated equivalent gamma rays dose rate in
the reactor hall with fuel assembly from stainless steel container No. 289 in lower position

Equivalent gamma rays dose rate (±1σ, in %)
[µSv h-1]

Detector
position

AD5
(60-1300keV)

MCNP-4C
MCPLIB2
calculation

Detector D8 850.0
(±3.0%)

900.0
(±0.1%)

3.2. Comparison of measured and calculated gamma rays dose rate in the Storage Room

The RA reactor spent nuclear fuel stored in the Storage Room (Room-141) consists of about 2.5
tones of metal uranium (LEU, initial enrichment 2 %) and about 14 kg uranium dioxide (HEU,
dispersed in aluminium matrix, initial uranium enrichment 80 %). The total of 8030 spent fuel
elements are stored at the RA research reactor premises, almost all in the spent fuel pool filled by
ordinary water.

The six meters deep temporary spent fuel storage pool in the basement of the RA reactor building
consists of four connected basins (Figure III.9), having thick concrete and (1 cm thick) stainless
steel clad walls. It is filled with approximately 200 m3 of stagnant ordinary water. The total of
307 channel-type stainless steel holders - containers, receiving up to 12 spent fuel elements each,
are placed vertically in the pool. In order to increase the storage capacity, already during the
1960′s the oldest spent fuel elements were gradually taken out of the original stainless steel
containers and repacked into aluminium barrels, each containing 30 aluminium tubes receiving
up to 6 irradiated fuel elements per tube. Both the barrels and the channel-type fuel holders were
filled with demineralized water and hermetically closed.

Four types of gamma rays sources were analysed:
• components of dry basin (Figure III.10) with 60Co source strength of 1.2⋅1010 s-1 giving

equivalent gamma rays dose rate of 160 µSv⋅h-1 at 1 m above floor of dry basin, characterised
with energy spectrum shown in Figure III.11 (measured with CdZnTe detector);

• settling device with 137Cs source strength of 4.5⋅107 s-1 giving maximum equivalent gamma
rays dose rate of 12 µSv⋅h-1 at 1.5 m above floor of the Room 141, characterised with energy
spectrum shown in Figure III.12 (measured with CdZnTe detector);

• the spent fuel elements (characterised with the energy spectrum shown in Figure III.4;
obtained with methodology prepared in the Vinča Institute); and

• light water in the basins (with 137Cs activity equal to 100 Bq ml-1).
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Fig. III.9. Detector position in the Room 141 of the RA reactor

Fig. III.10. Photo of the dry basin in the Room 141 of the RA reactor
(before covering)
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Fig. III.11. Energy spectrum of gamma rays from dry pool
(measured with CdZnTe detector)

0 100 200 300 400 500 600 700
0

10
20
30
40
50
60
70
80
90

100
110
120
130
140
150

 CdZnTe detector measured energy spectrum near settling

C
ou

nt
s

Energy [keV]

Fig. III.12. Energy spectrum of gamma rays from settling device
(measured with CdZnTe detector)
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Geometry model of the Room 141, used in the MCNP-4C code calculations of equivalent gamma
rays dose rate is shown in Figures III.13 and III.14. In these calculations, the gamma rays sources
of spent fuel elements in the aluminium barrels and stainless steel containers were taken from
Ref. [4]. It has been assumed that height of light water in each stainless steel containers is equal
to 150 cm. The results obtained with the MCNP-4C code (for detector position shown in Figure
9) are summarised in Table III.9.

Fig. III.13. Horizontal cross section of the geometry model of the Room 141

Although the lead shield was analysed, in order to avoid the hazards with lead, the dry pool was
covered with eight iron plates fixed on the iron holders. The effective thickness of iron covering
is 2.5 cm (Figure III.15). The results of measurement and the MCNP-4C calculation of gamma
rays dose rates in the Room 141 with covered dry pool are given it Table III.10.

Fig. III.14. Vertical cross section of the geometry model of the Room 141
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Table III.9. Equivalent gamma rays dose rate [µSv⋅h-1] in the Room 141
(before covering of dry pool)

Source2
Dry pool

covered with Pb shieldDetector
position

Source1
Settling 0 cm 1 cm 2 cm 3 cm

Source3
Spent

Fuel &
Water

MCNP-4C
calculation

without
Pb shield

AD21

measured
without

Pb shield
Working

table
0.43
±0.6%

0.22
±15%

0.02
±30%

0.00 0.00 0.33
±10%

1.0
±1%

1.0
±10%

Behind
Pb shield

3.10
±0.3%

0.17
±19%

0.05
±30%

0.01
±50%

0.00 0.30
±10%

3.5
±0.3%

3.3
±10%

Basin 4 0.49
±0.6%

0.33
±11%

0.07
±30%

0.02
±40%

0.01
±50%

5.80
±4%

6.6
±4%

6.5
±10%

Basin 3 0.23
±0.8%

0.66
±9%

0.13
±22%

0.09
±30%

0.05
±40%

7.00
±3%

7.9
±4%

8.1
±10%

Basin 2 0.12
±1.2%

1.40
±6%

0.40
±15%

0.19
±22%

0.08
±34%

11.0
±3%

12.5
±3%

13.0
±10%

Basin 1 0.08
±1.5%

4.90
±4%

2.70
±6%

2.00
±7%

1.60
±9%

8.00
±3%

13.0
±3%

13.2
±10%

Dry basin
(1 m)

0.02
±2.0%

160.0
±1%

33.6
±2%

13.7
±3%

5.90
±5%

5.00
±4%

165.0
±1%

160.0
±10%

Dry basin
(floor)

0.01
±4.0%

302.0
±1%

63.7
±1%

25.1
±3%

10.1
±4%

4.00
±5%

306.0
±1%

300.0
±10%

Fig. III.15. Photo of the dry basin in the Room 141 of the RA reactor
(after covering with 2.5 cm of iron plates)

                    
1 Obtained by the Laboratory of Radiation Protection and Environmental Protection (Lab-100) of the
Vinča Institute of Nuclear Sciences.
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Table III.9. Equivalent gamma rays dose rate [µSv⋅h-1] in the Room 141
(after covering of dry pool with 2.5 cm thick iron plates, October 2006)

Detector
position

Source-1
Settling

Source-2
Dry pool

with 2.5 cm
of iron shield

Source-3
Spent Fuel

&Water

MCNP-4C
calculation

AD2
measured

Working
table

0.43
±0.6%

0.06
±20%

0.33
±10%

0.8
±1%

0.8
±10%

Behind
Pb shield

3.10
±0.3%

0.07
±20%

0.30
±10%

3.5
±0.3%

3.3
±10%

Basin 4 0.49
±0.6%

0.10
±15%

5.80
±4%

6.4
±4%

6.8
±10%

Basin 3 0.23
±0.8%

0.30
±10%

7.00
±3%

7.5
±4%

9.5
±10%

Basin 2 0.12
±1.2%

0.6
±8%

11.0
±3%

11.7
±3%

11.0
±10%

Basin 1 0.08
±1.5%

8.7
±5%

8.00
±3%

16.5
±3%

22.0
±10%

Dry basin
(1 m)

0.02
±2.0%

49.5
±1%

5.00
±4%

54.5
±1%

60.0
±10%

Dry basin
(floor)

0.01
±4.0%

98.5
±1%

4.00
±5%

102.5
±1%

100.0
±10%

The obtained good agreement between calculated and measured equivalent gamma rays dose rate
confirms the applicability of described non-destructive methodology for radiological
characterisation of rooms with complex unknown gamma rays sources like the Room 141 of the
RA reactor building.
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IV. NUCLEAR CRITICALITY ANALYSIS

(In progress)

IV.1. Description of geometry model of the TUK-19 cask

Geometry model of the TUK-19 cask with 132 spent fuel elements used in the MCNP-4C code
for the nuclear criticality and radiation protection analyses is show in Figure IV.1. The atomic
number densities of nuclides in the stainless steel shield (SS 08Х18Н10Т, thick 23 cm)) are given
in table VII.

Fig. IV.1. Horizontal cross section of the TUK-19 container filled with 12 fuel channels
each with 11 spent fuel elements of the RA reactor

Table IV.1. Atomic number densities for stainless steel 08Х18Н10Т

Nuclide Atomic number density
[1024 atoms⋅cm-3]

C 3.16884⋅10-3

Si 1.35515⋅10-3

P 5.37591⋅10-5

S 2.96741⋅10-5

Ti 5.96339⋅10-4

Cr 1.64695⋅10-2

Mn 1.73195⋅10-4

Fe 5.92461⋅10-2

Ni 8.10567⋅10-3
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IV.2. Description of geometry model of the SKODA VPVR/M cask

Geometry model of the SKODA VPVR/M container with 432 LEU spent fuel elements used in
the MCNP-4C code for the nuclear criticality and radiation protection analyses is show in Figure
IV.2. The atomic number densities of nuclides in the cast steel shield (thick 30 cm) are given in
table IV.2.

Fig. IV.2. Horizontal cross section of the SKODA VPVR/M cask filled with 6⋅12 fuel channels
each with 6 spent fuel elements of the RA reactor
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Table IV.2. Atomic number densities for the cast steel

Nuclide Atomic number density
[1024 atoms⋅cm-3]

C 4.64495⋅10-4

Al 6.54765⋅10-5

Si 8.27668⋅10-4

P 3.75245⋅10-5

S 2.89979⋅10-5

Ti 4.85626⋅10-5

V 2.73790⋅10-5

Cr 1.87766⋅10-4

Mn 1.35399⋅10-3

Fe 8.04811⋅10-2

Co 9.46650⋅10-6

Ni 2.21787⋅10-4

Cu 1.53638⋅10-4

As 7.44633⋅10-6

Nb 2.00163⋅10-6

Mo 7.26875⋅10-5

Sn 2.15399⋅10-5

W 2.52888⋅10-5
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V. RESULTS OF GAMMA RAY AND NEUTRON SOURCE CALCUALTIONS

This section summarises the calculation methods developed at the Vinča Institute of Nuclear
Sciences for analysis of gamma ray and neutron source terms and equivalent dose rates on the
outer surfaces of existing and transport containers with irradiated fuel elements of the RA reactor.

The average fuel burnup data of most irradiated spent fuel elements for selected casks (VPVR/M
and TUK-19) and for VPVR/M canisters, obtained from measurement results for 2% 235U
enriched metal uranium (LEU) and from calculation results for 80% 235U uranium dioxide (HEU)
are given in Table V.1. The cooling time, given in this Table were determined by preserving the
actual source terms for protons and neutrons in the current groups of spent fuel elements
(obtained for actual fuel burnup and cooling time data of each fuel elements in that group) and an
equivalent group with average fuel burnup and effective cooling time.

Table V.1. Average fuel burnup and effective cooling time for selected groups
of most irradiated the RA reactor spent fuel elements

Source
[s-1]Number of

fuel elements

Average
fuel burnup
[MWd⋅t-1]

Effective
cooling time

[Years] Gamma rays Neutrons
LEU (2% 235U) spent fuel elements

432
(VPVR/M cask) 14000 29.1 1.2650⋅1014 2.8740⋅105

132
(TUK-19 cask) 15500 28.6 4.3370⋅1013 1.1180⋅105

72
(VPVR/M canister) 16000 28.6 2.4430⋅1013 6.6210⋅104

HEU (80% 235U) spent fuel elements
432

(VPVR/M cask) 229000 29.5 5.3840⋅1013 1.6890⋅103

132
(TUK-19 cask) 294000 29.5 2.1080⋅1013 8.4960⋅102

72
(VPVR/M canister) 311000 29.5 1.2160⋅1013 5.3280⋅102

The neutron source terms (spontaneous fission, alpha-n and gamma-n neutron sources) are
calculated by SAS2H sequence from SCALE-4.4a code system. The obtained energy spectra of
neutron sources for selected groups of the RA reactor spent fuel elements (Table V.1) are given in
Figures V.1, V.2, V.3, V.4, V.5 and V.6. It has been shown that energy distribution of neutron
source )E(N  can be approximated with two Maxwell fission spectra

)eEaeEa(N)E(N 21 T/E
2

T/E
10

−− +=

where E is neutron energy (in MeV), 0N  is total number of neutrons (given in Table V.1),

1a =0.322, 1T =0.5 MeV are parameters of Maxwell distribution for alpha-n term and 2a =0.726,

2T =1.25 MeV are parameters for spontaneous fission term.
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The gamma ray source term is calculated by using atomic number densities prepared with
SAS2H sequence and a new gamma ray data library based on the Evaluated Nuclear Structure
Data Files (ENSDF) prepared in the Vinča Institute. This library contains about 64000 discrete
lines of gamma rays emitted from 129 actinides and 700 fission products included in the Vinča
Institute analysis. The verification and experimental validation of the photon source term
calculations are described in the Ref. [21] and Ref. [4]. It has been shown in these references that
most reliable calculations require utility of the ENSDF based discrete levels model or the ENSDF
based 94-groups model for gamma ray source. The discrete levels of gamma ray sources for
selected groups of the RA reactor spent fuel elements are given in Tables V.2, V.3, V.4, V.5, V.6
and V.7. The ENSDF based 94-groups energy spectra of gamma ray sources for selected groups
of the RA reactor spent fuel elements (Table V.1) are given in Figures V.7, V.8, V.9, V.10, V.11
and V.12.
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Fig. V.1. Energy spectrum of neutrons emitted from 432 LEU (2% 235U)
most irradiated spent fuel elements (for SKODA VPVR/M cask)
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Fig. V.2. Energy spectrum of neutrons emitted from 132 LEU (2% 235U)
most irradiated spent fuel elements (for TUK-19 cask)
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Fig. V.3. Energy spectrum of neutrons emitted from 72 LEU (2% 235U)
most irradiated spent fuel elements (for SKODA VPVR/M canister)
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Fig. V.4. Energy spectrum of neutrons emitted from 432 HEU (80% 235U)
most irradiated spent fuel elements (for SKODA VPVR/M cask)
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Fig. V.5. Energy spectrum of neutrons emitted from 132 HEU (80% 235U)
most irradiated spent fuel elements (for TUK-19 cask)
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Fig. V.6. Energy spectrum of neutrons emitted from 72 HEU (80% 235U)
most irradiated spent fuel elements (for SKODA VPVR/M canister)
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Table V.2. Energy spectrum of gamma rays emitted from 432 LEU (2% 235U) spent fuel
elements with average fuel burnup equal to 14000 MWd⋅t-1

and effective cooling time of 29.1 Years

Energy of
gamma ray

[MeV]

Gamma ray
fraction

4.4700-32 9.8900-3
6.0600-3 3.5033-4
1.3600-2 1.6100-3
1.3900-2 7.8500-3
1.5780-2 3.5425-5
2.3170-2 5.6965-5
2.6350-2 4.4847-4
2.8640-2 4.3196-4
3.1820-2 2.0580-2
3.2190-2 3.7970-2
3.6400-2 1.3820-2
4.2310-2 2.9869-4
4.3000-2 5.9453-4
4.8700-2 2.1260-4
5.9540-2 6.7100-3
7.1620-2 9.6670-5
8.6550-2 1.4823-4
1.0531-1 1.0236-4
1.2307-1 1.6400-3
1.4022-1 4.7480-5
2.0350-1 2.3913-4
2.4793-1 2.7929-4
2.5400-1 1.9978-5
2.5950-1 2.1797-4
3.4210-1 1.5500-5
4.6913-1 1.1554-4
5.1400-1 1.3494-4
5.8201-1 3.5931-5
5.9176-1 2.0047-4
6.0472-1 5.3009-5
6.5135-1 8.6364-5
6.6166-1 8.9119-1
6.9243-1 7.2429-5
7.2331-1 8.1280-4
7.5680-1 1.8350-4
7.9586-1 4.6444-5
8.5930-1 9.7292-5
8.7319-1 4.9310-4

                    
2 Read 4.4700-3 as 4.4700⋅10-3.
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Table V.2 (continued)

Energy of
gamma ray

[MeV]

Gamma ray
fraction

9.0408-1 3.6093-5
9.9626-1 4.2560-4
1.0047+0 7.2388-4
1.1432+0 5.5923-5
1.2462+0 3.4921-5
1.2744+0 1.4100-3
1.4640+0 4.9095-5
1.5965+0 7.2267-5
1.7000+0 9.0887-7
2.1864+0 1.2126-8
2.6146+0 4.1764-9
3.0688+0 2.9343-13
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Table V.3. Energy spectrum of gamma rays emitted from 132 LEU (2% 235U) spent fuel elements
with average fuel burnup equal to 15500 MWd⋅t-1 and effective cooling time of 28.6 Years

Energy of
gamma ray

[MeV]

Gamma ray
fraction

4.4700-3 9.8700-3
6.0600-3 3.8567-4
6.9500-3 3.9010-5
1.3600-2 1.6700-3
1.3900-2 8.2200-3
1.5780-2 3.4978-5
2.2980-2 4.1999-5
2.3170-2 7.8866-5
2.6350-2 4.6985-4
2.9590-2 3.8285-4
3.1820-2 2.0540-2
3.2190-2 3.7890-2
3.6400-2 1.3790-2
4.2310-2 3.6353-4
4.3000-2 6.5443-4
4.8700-2 2.3391-4
5.9540-2 7.0300-3
7.1000-2 1.1362-4
8.6550-2 1.6380-4
1.0531-1 1.1311-4
1.2307-1 1.8100-3
1.4067-1 5.0707-5
2.0350-1 3.3105-4
2.4793-1 3.0730-4
2.5326-1 2.1612-5
2.5950-1 3.0176-4
3.4201-1 1.6423-5
4.7067-1 1.2922-4
5.1400-1 1.3579-4
5.8201-1 3.9535-5
5.9176-1 2.2058-4
6.0472-1 6.6501-5
6.5010-1 9.4106-5
6.6166-1 8.8942-1
6.9243-1 7.9691-5
7.2331-1 8.9431-4
7.5680-1 2.0190-4
7.9586-1 5.8265-5
8.5784-1 1.0633-4
8.7319-1 5.4254-4
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Table V.3 (continued)

Energy of
gamma ray

[MeV]

Gamma ray
fraction

9.0408-1 3.9713-5
9.9626-1 4.6828-4
1.0047+0 7.9647-4
1.1442+0 5.9824-5
1.2462+0 3.8424-5
1.2744+0 1.5600-3
1.4649+0 5.2894-5
1.5965+0 7.9514-5
1.6995+0 1.0166-6
2.1864+0 1.1983-8
2.6146+0 4.5421-9
3.0692+0 4.0716-13
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Table V.4. Energy spectrum of gamma rays emitted from 72 LEU (2% 235U) spent fuel elements
with average fuel burnup equal to 16000 MWd⋅t-1 and effective cooling time of 28.6 Years

Energy of
gamma ray

[MeV]

Gamma ray
fraction

4.4700-3 9.8500-3
6.0600-3 4.0967-4
6.9500-3 4.4568-5
1.3600-2 1.7400-3
1.3900-2 8.7100-3
1.5780-2 3.4508-5
2.2980-2 4.4808-5
2.3170-2 8.4140-5
2.6350-2 4.9788-4
2.9610-2 4.0684-4
3.1820-2 2.0500-2
3.2190-2 3.7830-2
3.6400-2 1.3770-2
4.2310-2 3.8632-4
4.3000-2 6.9544-4
4.8700-2 2.4915-4
5.9540-2 7.4500-3
6.7400-2 8.9643-5
8.0570-2 3.6030-5
8.6550-2 1.7027-4
1.0531-1 1.1758-4
1.2307-1 1.9200-3
1.4018-1 5.3090-5
2.0350-1 3.5320-4
2.4793-1 3.2731-4
2.5285-1 2.3340-5
2.5950-1 3.2195-4
3.4166-1 1.6917-5
4.7137-1 1.3502-4
5.1400-1 1.3382-4
5.8201-1 4.2112-5
5.9176-1 2.3494-4
6.0472-1 7.1120-5
6.5015-1 9.7455-5
6.6166-1 8.8786-1
6.9243-1 8.4882-5
7.2331-1 9.5258-4
7.5680-1 2.1505-4
7.9586-1 6.2310-5
8.5698-1 1.1210-4
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Table V.4. (continued)

Energy of
gamma ray

[MeV]

Gamma ray
fraction

8.7319-1 5.7788-4
9.0408-1 4.2299-5
9.9626-1 4.9880-4
1.0047+0 8.4838-4
1.1451+0 6.2135-5
1.2462+0 4.0927-5
1.2744+0 1.6600-3
1.4236+0 2.2345-5
1.4940+0 3.3157-5
1.5965+0 8.4694-5
1.6987+0 1.1376-6
2.1864+0 1.1823-8
2.6146+0 4.9565-9
3.0693+0 4.1530-13
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Table V.5. Energy spectrum of gamma rays emitted from 432 HEU (80% 235U) spent fuel
elements with average fuel burnup equal to 229000 MWd⋅t-1

and effective cooling time of 29.5 Years

Energy of
gamma ray

[MeV]

Gamma ray
fraction

4.4700-3 1.0120-2
6.0600-3 1.2334-4
2.2770-2 3.6900-4
3.1820-2 2.1060-2
3.2190-2 3.8840-2
3.6400-2 1.4140-2
4.2310-2 1.1838-4
4.3000-2 2.1305-4
4.8700-2 8.4257-5
6.2160-2 4.2753-5
8.6550-2 8.9714-5
1.1740-1 8.9906-5
1.2307-1 6.5035-4
2.4793-1 1.1069-4
2.4884-1 2.2012-5
3.4430-1 9.8043-6
5.1400-1 1.5820-4
5.4086-1 1.5256-4
6.6166-1 9.1173-1
7.0728-1 1.8776-4
7.2331-1 3.2214-4
8.7319-1 1.9542-4
8.8014-1 6.0689-5
9.9626-1 1.6867-4
1.0047+0 2.8690-4
1.1664+0 4.6513-5
1.2744+0 5.6065-4
1.5268+0 5.4714-5
1.7252+0 1.1361-7
2.1863+0 1.4386-8
2.6146+0 1.7834-9
3.0618+0 1.8621-13
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Table V.6. Energy spectrum of gamma rays emitted from 132 HEU (80% 235U) spent fuel
elements with average fuel burnup equal to 294000 MWd⋅t-1

and effective cooling time of 29.5 Years

Energy of
gamma ray

[MeV]

Gamma ray
fraction

4.4700-3 1.0110-2
6.0600-3 1.5924-4
2.1490-2 4.1300-4
3.1820-2 2.1030-2
3.2190-2 3.8800-2
3.6400-2 1.4120-2
4.2310-2 1.5283-4
4.3000-2 2.7506-4
4.8700-2 1.0878-4
6.1420-2 6.0535-5
8.6550-2 8.5269-5
1.1824-1 8.6295-5
1.2307-1 8.3966-4
2.4734-1 2.3831-5
2.4793-1 1.4291-4
3.4347-1 1.0414-5
4.9107-1 8.5057-5
5.1400-1 1.5728-4
5.9176-1 1.0258-4
6.6166-1 9.1082-1
6.7802-1 1.3966-4
7.2331-1 4.1590-4
7.5680-1 9.3892-5
8.7319-1 2.5231-4
8.7681-1 7.4226-5
9.9626-1 2.1777-4
1.0047+0 3.7040-4
1.1722+0 5.4473-5
1.2744+0 7.2382-4
1.5345+0 6.6237-5
1.7244+0 1.4506-7
2.1863+0 1.4360-8
2.6146+0 2.3634-9
3.0626+0 1.6073-13
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Table V.7. Energy spectrum of gamma rays emitted from 72 HEU (80% 235U) spent fuel
elements with average fuel burnup equal to 311000 MWd⋅t-1

and effective cooling time of 29.5 Years

Energy of
gamma ray

[MeV]

Gamma ray
fraction

4.4700-3 1.0100-2
6.0600-3 1.7174-4
1.3600-2 9.0281-5
2.3070-2 3.4244-4
3.1820-2 2.1030-2
3.2190-2 3.8790-2
3.6400-2 1.4110-2
4.2310-2 1.6482-4
4.3000-2 2.9664-4
4.8700-2 1.1732-4
7.5420-2 1.5260-4
1.1841-1 8.6086-5
1.2307-1 9.0550-4
2.4681-1 2.4475-5
2.4793-1 1.5412-4
3.4320-1 1.0547-5
4.9267-1 8.9203-5
5.1400-1 1.5696-4
5.9176-1 1.1063-4
6.6166-1 9.1050-1
6.7856-1 1.4835-4
7.2331-1 4.4853-4
7.5680-1 1.0126-4
8.7319-1 2.7210-4
8.7577-1 7.8773-5
9.9626-1 2.3486-4
1.0047+0 3.9946-4
1.1741+0 5.7012-5
1.2744+0 7.8064-4
1.5369+0 7.0066-5
1.7242+0 1.5616-7
2.1863+0 1.4350-8
2.6146+0 2.5895-9
3.0628+0 1.5402-13
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Fig. V.7. Energy spectrum of gamma rays emitted from 432 HEU (80% 235U)
most irradiated spent fuel elements (for SKODA VPVR/M cask)
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Fig. V.8. Energy spectrum of gamma rays emitted from 132 HEU (80% 235U)
most irradiated spent fuel elements (for TUK-19 cask)
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Fig. V.9. Energy spectrum of gamma rays emitted from 72 HEU (80% 235U)
most irradiated spent fuel elements (for SKODA VPVR/M canister)
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Fig. V.10. Energy spectrum of gamma rays emitted from 432 HEU (80% 235U)
most irradiated spent fuel elements (for SKODA VPVR/M cask)
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Fig. V.11. Energy spectrum of gamma rays emitted from 132 HEU (80% 235U)
most irradiated spent fuel elements (for TUK-19 cask)
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Fig. V.12. Energy spectrum of gamma rays emitted from 72 HEU (80% 235U)
most irradiated spent fuel elements (for SKODA VPVR/M canister)
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VI. SAFETY ASSESSMENT OF REPACKAGING AND TEMPORARY STORING
OF THE RA REACTOR SPENT FUEL ELEMENTS

   (In progress)
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VII. SAFETY ASSESSMENT OF LOADING AND TRANSPORT
OF THE RA REACTOR SPENT FUEL ELEMENTS

This section contains the results of safety assessment during loading of the canisters with spent
fuel elements into the casks, preparation of the casks for transportation and their transportation.

VII.1. Radiation safety assessment of sipping tests

Sipping tests are carried out, when canisters are placed into a transfer cask for the TUK-19 and
SKODA VPVR/M casks. The canisters are loaded in basin 4 in the Storage Room of spent fuel
elements. Figure VII.1 gives a diagram of a sipping test, when canister for TUK-19 cask (TS1
canister) is loaded into a transfer cask. Figure VII.2 represents a diagram of a sipping test, when a
basket containing six canister for the SKODA VPVR/M cask (TS2 canister) is loaded into
SKODA VPVR/M cask. Figure VII.3 presents a general layout of the Storage Room with the RA
reactor spent fuel elements.

The MCNP-4C calculations determine dose rates at different points in the Storage Room and
adjacent rooms (detection points in Figure VII.3). In calculating, the dose rates at points No.1-6
were determined at a distance of 1 m from the floor, while at another points (No.7-11) at a
distance of 1.5 m. Detection point No. 11 is at the shielded work place separated from the Storage
Room by a concrete wall (ρ = 2.3 g/cm3). The distance between the floor of the Storage Room
and the center of the lead glass is 1.6 m.

Table VII.1 summarizes calculated gamma rays dose rates for the LEU (2% 235U) spent fuel
elements at detection points No.1-12 as of 01.01.2009 during sipping tests and loading of TS1
canister into a transfer cask, obtained with MCNP-4C code

Table VII.2 summarizes calculated gamma rays dose rates for the LEU (2% 235U) spent fuel at
detection points No.1-12 as of 01.01.2009 and during sipping tests and loading a basket
containing six canisters into the SKODA VPVR/M cask, obtained with MCNP-4C code.

Analysis of the dose rates at detection points demonstrate that during sipping tests work on the
working platform is not allowed, some short operations are allowed in the non-contaminated part
of the storage room (dose rates lower than 10 µSv/h) while the control shielded room enables
unlimited stay of the personnel. Additional effect of ionizing radiation on the personnel during
the sipping tests under normal operation conditions does not take place, and in calculating the
individual and collective exposure an increase in the dose rate is calculated on the basis of the
dose rate at the shielded work place.
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Fig. VII.1. A diagram of sipping tests during loading of the TS1 canisters in the transfer cask
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Fig. VII.2. A diagram of sipping tests during loading of the TS2 canisters
in the SKODA VPVR/M cask
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Fig. VII.3. Detection points during sipping tests

Table VII.1. Gamma rays dose rate during sipping tests for the TS1 canister (for TUK-19 cask)
with 132 LEU (2% 235U) most irradiated spent fuel elements (obtained with the MVNP-4C code)

Number of detection
point (Figure 30)

Dose rate at detection point (±1σ, in %)
[µSv⋅h-1]

1 82.6±0.6%
2 46.6±0.7%
3 49.9±0.7%
4 115.0±0.5%
5 56.5±0.7%
6 53.4±0.7%
7 3.4±2.3%
8 9.7±1.4%
9 0.97±4.0%
10 0.32±5.6%
11 0.055±18.3%
12 N/A
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Table VII.2. Gamma rays dose rate during sipping tests for six TS2 canisters
(for SKODA VPVR/M cask) with 432 LEU (2% 235U) most irradiated spent fuel elements

(obtained with the MVNP-4C code)

Number of detection
point (Figure 30)

Dose rate at detection point (±1σ, in %)
[µSv⋅h-1]

1 77.1±0.6%
2 142.5±0.5%
3 106.0±0.5%
4 76.1±0.6%
5 104.6±0.5%
6 142.6±0.5%
7 6.6±1.8%
8 24.0±1.0%
9 1.6±3.3%
10 0.6±4.4%
11 0.3±9.9%
12 N/A

VII.2. Radiation safety assessment of loading baskets into transport casks

The basket is loaded into TUK-19 using a transfer cask. In the process, an ionizing radiation
source is the basket containing TS1 canister. Biological shielding is the wall of the transfer cask
13.5 cm thick made of lead and cladded with corrosion-resistant stainless steel 0.6 cm thick from
both outside and inside. The dose rates were calculated on the external surface of the shielding
wall of the transfer cask at a different distances form 0 cm to 200 cm. Figure VII.4 shows a
detection points in these calculations. Tables VII.3 and VII.4 present an increase in the gamma
ray dose rates during operations with the transfer cask relative to the background radiation
calculated by the different codes for LEU (2% 235U) spent fuel elements in the TS1 canister.
Equivalent gamma ray dose rate in radial direction at the half height of the transfer cask for the
TS1 canister loaded with 132 HEU (80% 235U) spent fuel elements are given in Table VII.5.
Tables VII.6 and VII.7 summarize neutron dose rates in the vicinity of the transfer cask
determined by different calculation tools for LEU (2% 235U) spent fuel elements in the TS1
canister.

The TS1 canister is loaded into the TUK-19 cask on a special frame in the RA reactor hall using
a transfer cask (Figure VII.5). Additional attention during unloading TS1 canister with spent fuel
elements from the transfer cask and loading TUK-19 cask was given to two moments:
• removal of the led plug in order to enable transfer of the SNF from transfer cask to TUK-19

cask;
• setting down top cover of the TUK-19 cask after SNF is loaded from transfer cask.

Results for these cases obtained by MCNP-4C code are given in Tables VII.8 and VII.9. When
the canister with SNF is unloaded out of the transfer cask into TUK-19 cask, an operator must
leave the frame, which is used for loading of TUK-19 cask and which is considered an area of
direct exposure to ionizing radiation (Figure VII.5).
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Even the reactor hall is large and its walls and ceiling are made of concrete (material that well
absorbs gamma ray radiation), the calculating model includes detailed treatment off the photon
reflection from the walls, floor and ceilings.

grapple

canister TS1 in
basket

lead shield

gate

detection points

Fig. VII.4. A diagram of dose rate calculations during loading of a basket into
the transfer cask.

Table VII.3. Equivalent gamma rays dose rate at different distances from the transfer cask for
TS11 canister loaded with 132 LEU (2% 235U) spent fuel elements

(obtained with the MORSE-SGC code)

Gamma ray dose rate
[µSv/h]As of 01.01.09

1 cm 10 cm 50 cm 100 m 200 cm
Side 6.54±2.5% 5.28±2.5% 2.16±2.3% 1.12±3.0% 0.41±1.4%

Bottom 8.17±1.6% 4.71±1.0% 1.01±2.0% 0.34±2.2% 0.10±2.5%
Lid 5.12±1.6% 2.95±1.0% 0.57±1.3% 0.21±1.2% 0.07±1.2%
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Table VII.4. Equivalent gamma ray dose rate in radial direction at the half height of the transfer
cask for the TS1 canister loaded with 132 LEU (2% 235U) spent fuel elements

Equivalent gamma rays dose rate (±1σ, in %)
[µSv⋅h-1]Code

1 cm 50 cm 100 cm
Detailed geometry

MCNP-4C
MCPLIB2 (ENDF/B-V) 6.5±0.1% 2.0±0.1% 1.0±0.1%

Volume homogenised fuel region
MORSE (SCALE-4.4a)
18 groups (ENDF/B-IV) 6.5±2.4% 2.2±2.4% 1.1±3.0%

GRAF.mth
(Gamma rays attenuation

formula)
6.6 2.2 1.2

Table VII.5. Equivalent gamma ray dose rate in radial direction at the half height of the transfer
cask for the TS1 canister loaded with 132 HEU (80% 235U) spent fuel elements

Equivalent gamma rays dose rate (±1σ, in %)
[µSv⋅h-1]Code

0 cm 50 cm 100 cm
MORSE (SCALE-4.4a)
18 groups (ENDF/B-IV) 2.5±2.3% 0.8±2.5% 0.4±2.0%

Table VII.6. Neutron dose rates at different distances from the transfer cask for TS1 canister
loaded with 132 LEU (2% 235U) spent fuel elements (obtained with the MORSE-SGC code)

Neutron dose rate
[µSv/h]As of 01.01.09

1 cm 10 cm 50 cm 100 cm 200 cm
Side 7.33±0.5% 5.53±0.4% 1.58±0.2% 0.67±0.2% 0.22±0.2%

Bottom 5.19±0.5% 2.75±0.2% 0.47±0.2% 0.15±0.2% 0.04±0.2%
Lid 2.25±0.7% 1.20±0.3% 0.21±0.2% 0.07±0.2% 0.02±0.2%

Table VII.7. Results of neutron dose rate calculations in radial direction at the half height of the
transfer cask for the TS1 canister loaded with 132 LEU (2% 235U) spent fuel elements

Equivalent dose rate (±1σ, in %)
[µSv⋅h-1]Code

Library 1 cm 50 cm 100 cm
MCNP-4C

VMCCS (ENDF/B-VI.8) 7.3±0.02% 1.6±0.02% 0.7±0.02%

MORSE (SCALE-4.4a)
27 groups (ENDF/B-IV) 7.3±0.5% 1.6±0.5% 0.7±0.5%
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Fig. VII.5. Loading of the TUK-19 cask using the transfer cask.

Table VII.8. Gamma ray and neutron dose rates during removal of lead plug for
loading of TUK-19 cask from the transfer cask (obtained with the MCNP-4C code)

Detector position
(Figure VII.5a)No.

Axial Radial

Gamma ray
dose rate
[µSv⋅h-1]

Neutron
dose rate
[µSv⋅h-1]

1 Half-height of Pb
plug

50 cm from outer TUK-19
surface, plug side 4.80±2.5% 0.77±0.3%

2 Half-height of Pb
plug

50 cm from outer TUK-19
surface, opposite side 1.68±1.7% 0.78±0.1%

3 Half-height of
transfer cask

50 cm from outer TUK-19
surface, plug side 2.13±0.2% 1.40±0.1%

4 Half-height of
TUK-19

50 cm from outer TUK-19
surface, plug side 0.09±0.2% 0.16±0.1%

5 Half-height of Pb
plug

200 cm from outer TUK-
19 surface, plug side 0.39±0.3% 0.22±0.1%

6 Half-height of
transfer cask

200 cm from outer TUK-
19 surface, plug side 0.46±0.2% 0.25±0.1%

7 Half-height of
TUK-19

200 cm from outer TUK-
19 surface, plug side 0.16±0.3% 0.15±0.1%
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Table VII.9. Gamma ray and neutron dose rates during setting down top cover of
the TUK-19 cask after loading of the TUK-19 cask from the transfer cask for

a case when top cover is 50 cm above the TUK-19 top surface
(obtained with the MCNP-4C code)

Detector position
(Figure VII.5b)No.

Axial Radial

Gamma ray
dose rate
[µSv⋅h-1]

Neutron
dose rate
[µSv⋅h-1]

1 Half-height of
TUK-19

50 cm from outer
TUK-19 surface 379±0.17% 0.70±0.03%

2 Top surface of
TUK-19

50 cm from outer
TUK-19 surface 990±0.2% 0.35±0.04%

3 Half-height of
TUK-19

200 cm from outer
TUK-19 surface 175±0.2% 0.13±0.04%

4 Top surface of
TUK-19

200 cm from outer
TUK-19 surface 166±0.2% 0.11±0.04%

VII.3. Radiation safety analysis of spent fuel elements loaded into TUK-19 cask

Gamma ray and neutron dose rates at different distances from the lateral and the end surfaces of
the TUK-19 cask were calculated to assess a dose exposure of the personnel during loading
operations. Tables VII.10 and VII.11 present an increase in the gamma ray dose rates in the
vicinity of the TUK-19 cask determined by different calculation tools for LEU (2% 235U) spent
fuel elements in the TS1 canister. Equivalent gamma ray dose rate in radial direction at the half
height of the TUK-19 cask for the TS1 canister loaded with 132 HEU (80% 235U) spent fuel
elements are given in Table VII.12. Tables VII.13 and VII.14 summarize neutron dose rates in
the vicinity of the TUK-19 cask determined by different calculation tools for LEU (2% 235U)
spent fuel elements in the TS1 canister.

Table VII.10. Equivalent gamma rays dose rate at different distances from the TUK-19 cask
loaded with 132 LEU (2% 235U) spent fuel elements (obtained with the MORSE-SGC code)

Gamma ray dose rate
[µSv⋅h-1]As of 01.01.09

1 cm 10 cm 50 cm 100 cm 200 cm
Side 64.9±1.5% 53.3±1.4% 23.8±1.0% 10.8±0.6% 4.0±0.9%

Bottom 77.2±1.3% 43.1±0.6% 8.0±0.5% 2.6±0.7% 0.8±0.6%
Lid 47.2±1.6% 28.6±0.9% 5.7±0.7% 1.9±0.7% 0.6±0.7%
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Table VII.11. Equivalent gamma rays dose rate in radial direction at the half height of
the TUK-19 cask loaded with 132 LEU (2% 235U) spent fuel elements

Equivalent gamma rays dose rate (±1σ, in %)
[µSv⋅h-1]Code

1 cm 100 cm 200 cm
Detailed geometry

MCNP-4C
MCPLIB2 (ENDF/B-V) 63.4±1.4% 10.4±0.6% 3.8±0.6%

Volume homogenised fuel region
MCNP-4C

MCPLIB2 (ENDF/B-V) 70.4±1.5% 11.6±1.4% 4.1±1.8%

MORSE (SCALE-4.4a)
18 groups (ENDF/B-IV) 64.9±1.5% 10.8±0.6% 3.9±0.9%

XSDRNPM (SCALE-4.4a)
18 groups (ENDF/B-IV) 71.9 11.0 4.0

GRAF.mth
(Gamma rays

attenuation formula)
71.1 10.3 4.1

Table VII.12. Equivalent gamma rays dose rate in radial direction at the half height of
the TUK-19 cask loaded with 132 HEU (80% 235U) spent fuel elements

Equivalent gamma rays dose rate (±1σ, in %)
[µSv⋅h-1]Code

0 cm 100 cm 200 cm
MCNP-4C

MCPLIB2 (ENDF/B-V) 71.1±0.1% 11.6±0.1% 4.3±0.2%

MORSE (SCALE-4.4a)
18 groups (ENDF/B-IV) 65.3±2.5% 10.8±1.0% 3.9±0.6%

Table VII.13. Neutron dose rates at different distances from the TUK-19 cask
loaded with 132 LEU (2% 235U) spent fuel elements (obtained with the MORSE-SGC code)

Neutron dose rate
[µSv⋅h-1]As of 01.01.09

1 cm 10 cm 50 cm 100 cm 200 cm
Side 2.64±0.5% 2.15±0.4% 0.90±0.2% 0.29±0.2% 0.10±0.2%

Bottom 1.68±0.6% 0.97±0.3% 0.18±0.2% 0.06±0.2% 0.02±0.2%
Lid 1.08±0.7% 0.63±0.3% 0.12±0.3% 0.04±0.3% 0.01±0.3%
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Table VII.14. Results of neutron dose rate calculations in radial direction at the half height
of the TUK-19 cask loaded with 132 LEU (2% 235U) spent fuel elements

Equivalent dose rate (±1σ, in %)
[µSv⋅h-1]Code

Library 1 cm 100 cm 200 cm
MCNP-4C

VMCCS (ENDF/B-VI.8) 2.59±0.02% 0.29±0.02% 0.10±0.02%

MORSE (SCALE-4.4a)
27 groups (ENDF/B-IV) 2.64±0.5% 0.29±0.2% 0.10±0.2%

VII.4. Radiation safety analysis of spent fuel elements loaded into SKODA VPVR/M cask

Gamma ray and neutron dose rates at different distances from the lateral and the end surfaces of
the SKODA VPVR/M cask were calculated to assess a dose exposure of the personnel during
loading operations. Tables VII.15 and VII.16 present an increase in the gamma ray dose rates in
the vicinity of the SKODA VPVR/M cask determined by different calculation tools for LEU (2%
235U) spent fuel elements in the TS2 canisters. Equivalent gamma ray dose rate in radial direction
at the half height of the SKODA VPVR/M cask for the TS2 canisters loaded with 432 HEU (80%
235U) spent fuel elements are given in Table VII.17. Tables VII.18 and VII.19 summarize neutron
dose rates in the vicinity of the SKODA VPVR/M cask determined by different calculation tools
for LEU (2% 235U) spent fuel elements in the TS2 canister.

Table VII.15. Equivalent gamma ray dose rate at different distances from the SKODA
VPVR/M cask loaded with loaded with 432 LEU (2% 235U) spent fuel elements

(obtained with  the MORSE-SGC code)

Gamma ray dose rate
[µSv⋅h-1]As of 01.01.09

1 cm 10 cm 50 cm 100 cm 200 cm
Side 3.51±0.7% 2.85±0.7% 1.29±0.6% 0.54±0.5% 0.19±0.5%

Bottom 5.01±3.6% 4.26±2.6% 1.71±4.7% 0.66±2.6% 0.21±3.2%
Lid 3.66±2.4% 3.00±1.7% 1.16±1.1% 0.47±1.0% 0.15±0.9%
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Table VII.16. Equivalent gamma rays dose rate in radial direction at the half height of the
SKODA VPVR/M cask loaded with loaded with 432 LEU (2% 235U) spent fuel elements

Equivalent gamma rays dose rate (±1σ, in %)
[µSv⋅h-1]Code

1 cm 100 cm 200 cm
Detailed geometry

MCNP-4C
MCPLIB2 (ENDF/B-V) 3.07±0.8% 0.48±1.0% 0.17±1.4%

Volume homogenised fuel region
MCNP-4C

MCPLIB2 (ENDF/B-V) 3.33±1.1% 0.52±0.8% 0.18±0.9%

MORSE (SCALE-4.4a)
18 groups (ENDF/B-IV) 3.51±0.7% 0.54±0.5% 0.19±0.5%

GRAF.mth
(Gamma rays

attenuation formula)
3.15 0.50 0.19

Table VII.17. Equivalent gamma rays dose rate in radial direction at the half height of
the SKODA VPVR/M cask loaded with 432 HEU (80% 235U) spent fuel elements

Equivalent gamma rays dose rate (±1σ, in %)
[µSv⋅h-1]Code

0 cm 100 cm 200 cm
MORSE (SCALE-4.4a)
18 groups (ENDF/B-IV) 3.50±0.4% 0.52±1.4% 0.18±1.4%

Table VII.18. Neutron dose rate at different distances from the SKODA VPVR/M cask
loaded with loaded with 432 LEU (2% 235U) spent fuel elements

(obtained with  the MORSE-SGC code)

Neutron dose rate
[µSv⋅h-1]As of 01.01.09

1 cm 10 cm 50 cm 100 cm 200 cm
Side 3.67±0.4% 2.93±0.3% 1.23±0.2% 0.40±0.2% 0.14±0.2%

Bottom 4.14±0.5% 3.10±0.2% 0.98±0.2% 0.36±0.2% 0.11±0.2%
Lid 2.68±0.6% 2.01±0.3% 0.64±0.2% 0.23±0.2% 0.07±0.2%



Radiological Safety Assessment 52

Table VII.19. Results of neutron dose rate calculations in radial direction at the half height of
the SKODA VPVR/M cask loaded with loaded with 432 LEU (2% 235U) spent fuel elements

Equivalent dose rate (±1σ, in %)
[µSv⋅h-1]Code

Library 1 cm 100 cm 200 cm
MCNP-4C

VMCCS (ENDF/B-VI.8) 4.10±0.10% 0.53±0.10% 0.19±0.13%

MORSE (SCALE-4.4a)
27 groups (ENDF/B-IV) 3.67±0.4% 0.40±0.2% 0.14±0.2%
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VIII. CONCLUSION

The overall agreement between the design-oriented computations, based on the MORSE-SGC
code form the SCALE-4.4a code system, and reference calculations based on the MCNP-4C code
were confirmed, and a satisfactory agreement between experimental and computational results
was found.

The basic data obtained with presented methodology developed at Vinča Institute of Nuclear
Sciences for fuel burnup of most irradiated LEU and HEU spent fuel elements, for gamma ray
and neutron source terms of these fuel elements; and for gamma ray and neutron equivalent dose
rates on the outer surfaces of transport casks with the RA reactor spent fuel elements are
summarised.

The resulting dose rate values will be used to assist the development of the working procedures
that have to be observed during the loading of the cask as well as for the audit activities. The
conservative approximations used have to be taken into account in order to have more precise
basic input needed to establish the conditions of personnel operation in the working area, and to
ensure the safety of the staff under ALARA principles.
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