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ABSTRACT 

In this paper shielding analysis is performed to establish neutron and gamma dose rates 

around the transfer cask HI-TRAC VW loaded with Fuel Assemblies (FA) from Nuclear Power 

Plant Krsko (NEK) Spent Fuel Dry Storage (SFDS) Campaign one. The HI-TRAC VW is a 

multi-layered cylindrical vessel designed to accept a Multi Purpose Canister (MPC) during 

loading, unloading and transfer to dry storage building. The MPC can contain up to 37 spent 

fuel assemblies. The analysis is divided into two steps. The first step is the source term 

generation using ORIGEN-S SCALE sequence. The source is calculated based on the operating 

history of spent fuel assemblies currently located in the NEK spent fuel pool. The obtained 

intensities and spectra of the spent fuel assemblies are used in the second step to calculate the 

dose rates around the transfer cask. A comprehensive shielding analysis included the calculation 

of dose rates resulting from fuel neutrons, fuel gammas, neutron induced gammas (n-g 

reaction), and hardware gammas under normal conditions and during accident scenario. To 

obtain the dose rates with the acceptable uncertainties, FW-CADIS based variance reduction is 

adopted, as implemented in ADVANTG code. The dose rates around HI-TRAC VW cask are 

calculated using MCNP6 code for all 16 casks loading belonging to Campaign one in order to 

illustrate the impact of fuel assembly selection schemes proposed by company responsible for 

project realization (Holtec International). 

1 INTRODUCTION 

Nuclear Power Plant Krsko (NEK) has started with the preparations for the project of 

constructing the Spent Fuel Dry Storage (SFDS). The project is a part of the overall NEK Safety 

Upgrade Program. The SFDS is intended to increase Spent Fuel Assemblies (SFAs) storage 

capabilities while increasing safety due to its passive characteristics. The project design and 

construction have been awarded to Holtec International (HI) and Faculty of Electrical 

Engineering and Computing (FER) has performed the independent expert review and 

evaluation of the project documentation related to doses and criticality. The project is currently 

in the process of obtaining a construction license and nuclear licensing is expected in few 

months. 

SFDS project includes 70 HI-STORM FW storage casks arranged in 7x10 array, which 

will be located in the Dry Storage Building (DSB) at the NEK’s site. HI-TRAC VW transfer 

mailto:paulina.duckic@fer.hr
mailto:davor.grgic@fer.hr
mailto:mario.matijevic@fer.hr
mailto:radomir.jecmenica@fer.hr


605.2 

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 7  ̶  10, 2020 

cask will be used for relocating the SFAs from Spent Fuel Pool (SFP) to the DSB. The 

relocation of the SFAs is foreseen in four campaigns (Campaign one 16 SFAs, Campaign two 

16 SFAs, Campaign three 12 SFAs and Campaign four 18 SFAs). The SFAs are placed in the 

sealed Multi-Purpose Canister (MPC) made of steel. The MPC is designed to fit both HI-TRAC 

VW and HI-STORM FW cask and can contain up to 37 SFAs. The HI-STORM FW storage 

overpack provides shielding and structural protection of the MPC during storage. The overpack 

is a heavy-walled steel and concrete cylindrical vessel. It has air inlets at the bottom and air 

outlets at the top to allow natural circulation through the cavity to cool the stored MPC. The 

HI-TRAC VW transfer cask provides shielding and structural protection of the MPC during 

loading, unloading, and transfer of the loaded MPC. It is a multi-layer cylindrical vessel made 

of carbon steel inner and outer shell with a layer of lead in between, also of a neutron shield 

water jacket attached to the exterior, water jacket carbon steel shell and a retractable bottom lid 

used during transfer operations [1]. 

Not many studies on shielding of transfer casks have been published and existing 

references are mainly concerned with metal dual purpose casks (storage and transfer). Shultis 

[2] performed radiation analysis of a dual purpose TN-68 spent fuel cask providing a step by 

step shielding analysis methodology using MCNP. Ko et al. [3] analyzed shielding of dual 

purpose casks developed by Korea Radioactive Waste Management Corporation. They used 

SAS2H/ORIGEN-S module of SCALE5.1 for radiation source term calculations and MCNP 

for shielding calculations. Chen et al. [4] calculated surface dose rates of a spent fuel dry storage 

cask using MAVRIC. The dose rates included the contributions from fuel neutron, fuel gamma 

and hardware gamma (due to fuel assembly structural material neutron activation) sources from 

SFAs homogenized in four axial layers. Gao et al. [5] analyzed the dose rates for two 

geometrical models of the TN-32 dual purpose cask. One model was simplified by 

homogenizing the SFAs and the other model detailed the SFAs on the pin-by-pin level. Lai et 

al. [6] compared two commonly used codes for advanced shielding calculations: 

MCNP/ADVANTG and MAVRIC. In our previous research we have analyzed the dose rates 

around a benchmark model of the HI-STORM storage cask [7]. 

In this paper shielding analysis is performed to establish neutron and gamma dose rates 

around the transfer cask HI-TRAC VW loaded with SFAs from NEK SFDS Campaign one. 

The analysis is divided into two steps. The first step is the source term generation using 

ORIGEN-S SCALE sequence. The source is calculated based on the operating history of spent 

fuel assemblies currently located in NEK SFP. The obtained intensities and spectra of the spent 

fuel assemblies are used in the second step to calculate the dose rates around the transfer cask. 

A comprehensive shielding analysis included the calculation of dose rates resulting from fuel 

neutrons, fuel gammas, neutron induced gammas (n-g reaction), and hardware gammas under 

normal conditions and during accident scenario. To obtain the dose rates with the acceptable 

uncertainties, FW-CADIS based variance reduction is adopted, as implemented in ADVANTG 

code. The dose rates around HI-TRAC VW cask are calculated using MCNP6 code for all 16 

casks loading belonging to Campaign one in order to illustrate the impact of fuel assembly 

selection schemes proposed by HI. 

2 METHODOLOGY 

2.1  Computation tools 

As already mentioned, the analysis is divided into two parts. Firstly, the source term is 

generated using the ORIGEN-S code from SCALE6.2.3 package and then the obtained source 

is used in shielding calculations. The shielding calculations are conducted using MCNP6 code 

and ADVANTG3.0 code is used for obtaining variance reduction parameters.  
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ORIGEN-S is a SCALE module [8] intendent for calculations of time-dependent 

concentrations and source terms of a large number of isotopes. The calculations can be 

performed for different nuclear applications such as fuel irradiation in nuclear reactors, 

activation of the fuel element hardware, storage, transportation and manipulation with spent 

fuel elements removed from the reactor. The primary goal is to use the multi-grouped cross 

sections from any standardized ENDF/B library in the calculations. For this purpose, previous 

calculations are required within the SCALE system or the AMPX system, developed at Oak 

Ridge National Laboratory. These codes calculate cross-sections by simulating conditions 

within any reactor fuel assembly and converting data into a library that can be used within 

ORIGEN-S. The resulting libraries are time dependent and they contain fuel composition 

variations during irradiation.  

 

MCNP (Monte Carlo N-Particle) [9] is a general purpose 3D transport code used for 

neutron, photon, electron or coupled neutron/photon/electron calculations which cover 

different nuclear related fields, such as radiation shielding, radiation protection, dosimetry, 

criticality safety, fission and fusion reactor design, decontamination, decommissioning, etc. 

The code is based on the Monte Carlo method which is defined as a stochastic simulation. 

Continuous, as well as multigroup, cross sections are available and for thermal neutrons, S(α, 

β) and free gas treatments are available. MCNP is versatile due to its features (a powerful 

general source, criticality source, and surface source; both geometry and output tally plotters; 

a rich collection of variance reduction techniques; a flexible tally structure; and an extensive 

collection of cross-section data).  

ADVANTG (Automated Variance Reduction Generator) [10] code is intendent for 

generating variance reduction parameters in terms of weight windows and biased source 

distribution. ADVANTG modifies the MCNP input by adding biased source distributions and 

provides wwinp file containing space and energy dependent weight windows. The space is 

defined over the 3D discrete mesh and multigroup energy division is used. The variance 

reduction parameters are efficiently generated using 3D discrete ordinates solutions of the 

adjoint transport equation. The purpose of using variance reduction techniques is to obtain 

uniformly converged arbitrary tallies. 

2.2 Geometry and materials 

The HI-TRAC VW transfer cask geometry modeled in MCNP is shown in Figure 1. The 

model consists of fully loaded MPC, HI-TRAC VW body and bottom and top lid. MPC is an 

enclosed steel vessel containing 37 SFAs within a Metamic basket supported with aluminum 

shims. The remaining space in the MPC is filled with helium. The SFA is divided into several 

axial layers which are homogenized in order to simplify the calculations. Filled MPC is inserted 

into the HI-TRAC VW casks. The body of the cask is in a multilayer configuration consisting 

of a carbon steel inner and outer shell and a layer of lead in between, also of a water jacket and 

water jacket shell. Bottom lid is a plate made of carbon steel and upper lid is a carbon steel ring. 

The cask is surrounded by the air. 

The tally locations are also shown in Figure 1. Six tallies are placed at the surface of the 

cask: one below the cask, two above the cask, and three along the side of the cask. At 1 m from 

the cask’s surface there are five tally locations: one below the cask, one above the cask, and 

three along the side of the cask. The same tally locations are set at 2 m from the cask’s surface. 

The tallies at the side of the cask are in the shape of an annulus, while the tallies above and 

below the cask are of a disk shape.  
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Additionally, a mesh tally is used to obtain the insight in the dose rate distribution over 

the entire modelled geometry. The calculation mesh has 100x100x130 intervals in x, y, and z 

direction, respectively, with a box side of about 7 cm in each direction. 

 

 

 

a) b) 

Figure 1: HI-TRAC geometry modeled in MCNP a) axial, b) radial section 

2.3 Source 

Shielding analysis of the transfer cask includes the calculation of dose rates around the 

cask arising from both neutron and gamma source. Neutron source includes neutrons generated 

from spontaneous fission and neutrons generated from (α, n) reaction. Gamma source consists 

of fuel gamma rays due to fission products and actinides decay, activation gammas resulting 

from fuel assembly hardware activation, and capture gamma rays resulting from (n, γ) reaction.  

The neutron and fuel gamma source terms are calculated using ORIGEN-S in terms of 

neutron and gamma source intensity as well as neutron and gamma energy spectra. The 

calculations are performed for each SFA considering the real operating history of the SFAs 

currently stored in NEK SFP (corresponding burnup, enrichment and cooling time of each 

SFA). ARP libraries required for ORIGEN-S calculation were prepared using TRITON module 

for NEK fuel assembly (W16x16). 

As already mentioned, the casks will be loaded in four campaigns. The first campaign 

includes loading of 16 storage casks. Therefore, we investigate the impact of different sources 

(intensities and spectra) in the first loading campaign on the dose rates around the transfer cask. 

The neutron and fuel gamma source intensities for the first 16 casks in loading plan are given 

in Figure 2 (cask number is given on X-axis). The highest and the lowest neutron source 

intensity of 7.4517e+9 neutrons/s and 2.8805e+9 neutrons/s correspond to cask 8 and cask 14, 

respectively. Cask 14 is also characterized with the lowest gamma source intensity 

(7.5570E+16 gammas/s), however the highest gamma source intensity is observed for cask 16 

(1.1963E+17 gammas/s). 
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The source is modeled in MCNP on an assembly-by-assembly basis. The source intensity 

of each SFA in the MPC is taken into account by introducing the corresponding relative weights 

(the ratio of the specific SFA intensity and the total intensity of all SFAs). The sampling in X 

and Y direction for each SFA is uniformly defined, while the sampling in Z direction is burnup 

dependent. The sampling is proportional to the burnup distribution for gammas, whereas for 

neutrons it is proportional to the burnup raised to the power of 4.2 [11]. Both neutron and 

gamma SFAs energy spectra are averaged over three spatial regions. The SFAs with the lowest 

source intensities are placed into the innermost region, the ones with the highest source 

intensities in the middle region and the ones with the medium source intensities in the outermost 

region (HI 3-regions loading). The reason for this lies in the endeavor to optimize both shielding 

and heat transfer capabilities of the casks. The SFA with the highest source intensity produces 

the highest amount of decay heat as well. From the shielding point of view, these SFAs would 

preferably be placed in the innermost region due to self-shielding effect. On the other hand, 

from thermal point of view it is more difficult to enable appropriate cooling of these SFAs if 

placed in the innermost region. The balance between the two criteria is to place them in the 

middle region. The examples of regionalized neutron and gamma spectra for cask 8 are shown 

in Figure 3.  

  

a) 
b) 

Figure 2: Source intensities: a) neutron, b) fuel and hardware gamma 

  
a) b) 

Figure 3: Regionalized spectrum for cask 8: a) neutron, b) gamma 

The activation or hardware gamma source result mainly from the Co-60 decay. The 

isotope Co-60 is formed when isotope Co-59, an impurity naturally present in structural 
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materials, captures a neutron. It decays with a half-life of 5.3 years and emits two lines of high 

energy gammas (1.173 and 1.332 MeV). In this analysis considered are the structural materials 

specific for NEK SFA hardware: stainless steel SS304L, Inconel 718, and Zircaloy. The 

chemical compositions are taken from [12]. The content of Co-59 in stainless steel SS304L, 

Inconel 718, and Zircaloy is 800 ppm, 1000 ppm and 10 ppm, respectively. One can find in the 

references the content of Co-59 in Inconel up to 1%, but this content had to be reduced for 

nuclear applications to decrease activation source. We have conservatively used 0.1%, while in 

practice it is usually even lower (400 to 800 ppm). SFA is axially divided into four regions: 

bottom nozzle (up to the bottom end plug), active fuel (spacer grids and cladding), plenum 

spring (with cladding, top spacer grid and top end plug), and top nozzle (with holdout spring). 

The neutron flux required for activation is taken from the depletion calculations and multiplied 

by the corresponding scaling factors [13]. 

The activation gamma sources are calculated using ORIGEN-S. The calculations are 

performed for each part of each SFA belonging to Campaign 1. That makes in total 2368 

calculations (16 casks x 37 SFAs x 4 axial parts). The total hardware gamma source intensities 

for each of the 16 casks to be loaded in Campaign one are shown in Figure 2 b). Compared to 

the fuel gamma source intensities, it is noticeablethat these intensities are about two orders of 

magnitude lower. However, the emitted high energy gamma rays can penetrate deep into the 

shielding media and must be included in shielding analysis. 

3 RESULTS AND DISCUSSION 

ANSI/ANS-6.1.1-1977 Neutron and Gamma Flux-to-Dose Rate Conversion Factors are 

used to convert tally results to dose rate in rem/h/particle. All output and mesh tally results are 

postprocessed by multiplication with corresponding source intensity and with 1e+4 to obtain 

dose rates in μSv/h. 

3.1 Normal conditions 

X and Z distributions of neutron and gamma (fuel, n-g and hardware) dose rates along 

with the corresponding error bars are shown in Figure 4 a) at about mid-height (z=230 cm), and 

b) along the cask’s surface (x=124.5). It can be observed that although the highest dose rate 

within the cask arises from fuel gammas, they are well attenuated and at the cask’s surface 

predominant dose rate arises from neutrons. Hardware gammas along Z axis have different 

shape than neutrons, fuel gammas and n-g gammas. The dose rates from neutrons, fuel gammas, 

and n-g gammas are the highest in the center of the active fuel part and are decreasing with the 

distance from the center which is in accordance with the axial burnup profile. However, at the 

lower and upper part of the cask, the dose starts to raise again due to less shielding material at 

the bottom plate and the top of the cask is opened. The dose rate distribution of hardware 

gammas has depression for the active fuel part due to more shielding material and peaks are 

observed at the bottom and top of the cask due the hardware gamma source resulting from top 

and bottom nozzle.  

Figure 5 represent mesh tally results for neutron, fuel gamma, n-g gamma and hardware 

gamma dose rates around HI-TRAC transfer cask. In both cases, the dose rate is significantly 

higher in the lower part of the cask. For example, neutron and gamma dose rate at the cask 

surface about mid-height are 244.91 µSv/h and 142.29 µSv/h, while under the cask neutron and 

gamma dose rate are 2837.3 µSv/h and 1720.0 µSv/h. Thus, neutron and gamma dose rate are 

more than one magnitude higher under the cask than about mid-height of the cask’s surface. 

This finding indicates that special caution will be required during transfer operations in order 

to protect the personnel. 
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The convergence of the dose rates and associated relative uncertainty during calculation 

is shown in Figure 6 for representative tally at about mid-height of the cask. From these graphs, 

it can be seen that more generated particles (nps) are needed for gamma calculations than for 

neutrons. In case of fuel gammas, the relative uncertainty of 0.11% is achieved with about 

20e+9 starting particles, while the relative uncertainty of 0.07% for neutrons with 0.9e+9 

starting particles. This means that neutrons reach the detector position easier than gammas 

which, as shown before, are attenuated within the cask to a greater extent. The change of dose 

rates is generally smooth and the relative errors decrease with the increasing number of 

generated particles. 

  
a) b) 

Figure 4: Neutron and gamma (fuel, n-g and hardware) dose rates (µSv/h) for cask 8: a) 

along x axis at z=230 cm (mid-height), b)  along z axis at x=124.5 cm (surface) 
 

  
a) b) 

Figure 5: Dose rate (µSv/h) XZ distribution: a) neutron, b) gamma 
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a) b) 

Figure 6: Convergence of a) dose rate (b) and relative uncertainty during calculation for 

tally 24 

In the following figure presented are dose rates resulting from neutrons, fuel gammas, n-

g gammas and hardware gammas for all 16 casks at different tally locations; for tallies at the 

cask’s surface in Figure 7, and for tallies at 2 m from the cask’s surface in Figure 8. From these 

figures we can see that at the top of the cask (tally 44) hardware gamma dose rates are 

predominant, followed by neutron, fuel gamma and n-g gamma dose rate. At the mid height 

side location (tally 24), the situation is more complicated. This is due to multiple layers of 

materials present on the side of the cask which affects considered source particles in a different 

manner. In addition, there are differences in the source intensities and spectra among the casks 

even though the fuel loading plan for Campaign one was optimized by the vendor. The result 

is that most of the casks have neutron dose rate predominant, while for one cask the 

predominant dose rate arises from fuel gammas (cask 4). 

  
a) b) 

Figure 7: Neutron, fuel gamma, n-g, and hardware gamma dose rate for all 16 casks for 

locations at the cask’s surface: a) tally 24, b) tally 44 
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a) b) 

Figure 8: Neutron, fuel gamma, n-g, and hardware gamma dose rate for all 16 casks for 

locations 2 m away from the cask’s surface: a) tally 224, b) tally 244, c) tally 254 

3.2 Accident scenario 

As a part of the shielding analysis of the HI-TRAC transfer cask, an accident case is 

considered. From the shielding point of view, it is of interest to investigate the situation when 

HI-TRAC loses water from the water jacket. The water in the water jacket serves as a neutron 

shield and its loss might cause a significant increase in the neutron dose rate at specified tally 

locations. In Figure 9 the results of neutron and gamma dose rates (fuel gamma, n-g gamma 

and hardware gamma) are provided for accident scenario. For comparison, on the same graph 

plotted are the corresponding dose rates under normal conditions. As expected, loss of water 

from the water jacket has no impact on the dose rates tallied above and below the cask, but has 

a significant impact for the side tallies since the water jacket layer is present at the side of the 

cask only. It is well known that atoms with low atomic number such as hydrogen are good 

neutron moderators, therefore, loss of water from the water jacket has the greatest impact on 

the neutron and n-g gamma dose rates. While neutron dose rates are higher for the accident 

case, n-g gamma dose rates are higher under normal conditions. Specifically, at the mid-height 

of the cask’s surface neutron dose rate for normal conditions is 244.9 µSv/h and for accident 

scenario it is 7605.2 µSv/h. On the other hand, n-g gamma dose rate under normal conditions 

and for accident case are 199.7 µSv/h and 9.95 µSv/h, respectively. A smaller influence on the 

dose rates is observed for fuel gammas and hardware gammas. Fuel gamma dose rate under 

normal conditions is 142.3 µSv/h and for accident scenario it is 246.4 µSv/h. Hardware gamma 

dose rate under normal conditions and for accident case are 73.3 µSv/h and 123.9 µSv/h, 

respectively. 
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a) b) 

Figure 9: Comparison of neutron, fuel gamma, n-g, and hardware gamma dose rate 

under normal conditions and accident scenario for a) mid-height tallies, b) top tallies 

4 CONCLUSIONS 

This paper encompasses shielding analysis of the transfer cask HI-TRAC VW which will 

be used for relocating the SFAs from SFP to SFDS. Considered are source terms for real 

operating history of the 16 SFAs that will be loaded in Campaign one defined by the NEK 

SFDS project design. 

The dose rates arising from neutrons, fuel gammas, n-g gammas and hardware gammas 

are tallied around the cask surface, 1m away from the surface and 2 m away from the surface. 

The results showed that the gammas are well attenuated within the MPC, while neutrons 

predominate at the cask’s surface, depending on the axial position. Significantly higher (about 

an order of magnitude) neutron and gamma dose rates are noticed underneath the cask compared 

to the ones at the side locations, which will require special caution during transfer operations 

in order to satisfy ALARA (As Low As Reasonably Achievable) criteria. The behavior of the 

dose rates and associated relative uncertainties during calculation have shown that the dose rate 

changes are generally smooth and that the relative uncertainties decrease with the number of 

generated particles. Also, it is concluded that many more particles are required for gamma 

calculations to obtain results with satisfying statistics because they are well attenuated within 

the MPC and hardly reach the tally positions. When considering all 16 casks, the predominant 

dose rate at the top tallies arises from hardware gammas followed by neutron, fuel gamma and 

n-g gamma dose rate. At the mid height side location, the situation is more complicated. This 

is because both the source intensities and energy spectra distributions differ among the casks. 

Also, there are multiple layers of materials present on the side of the cask which affects 

considered source particles in a different manner. 

In this paper, an accident case of loss of water from the water jacket is considered too. 

The results have shown a significant impact on the neutron and consequently on n-g gamma 

dose rates at the cask side locations. Specifically, for the mid-height position, neutron dose rate 

at the cask’s surface for accident scenario is about 30 times higher than under normal 

conditions, while n-g gamma dose rate is about 20 times less. The loss of water from the water 

jacket has smaller influence on the fuel gamma and hardware gamma dose rates at the side 

locations. Both fuel gamma and hardware gamma dose rates for accident scenario are about 1.7 

times higher than under normal conditions. The impact on the dose rates at the bottom and top 

tallies is negligible because the water jacket layer is present at the side of the cask only. The 

loss of water from the water jacket has small influence on the fuel gamma and hardware gamma 

dose rates at the side tallies. Both fuel gamma and hardware gamma dose rates for accident 

scenario are about 1.7 times higher than under normal conditions. The obtained results are in 

accordance with vendor’s results, however somewhat lower due to less conservative 

assumptions. 
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