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The spent fuel transport cask has structure based mostly on the multi-layer for the radiation shielding. However, 
the structure for neutron shielding is very weak around the trunnion. It is important to evaluate realistic 
dose-equivalent rate in shielding design of the spent fuel transport cask, therefore the three dimensional conti-
nuous-energy Monte Carlo radiation transport code that exactly treating the complicated geometry was applied. In the 
fixed source problem such as a neutron deep penetration calculation with the Monte Carlo method, the application of 
the variance reduction method is the most important for a high figure of merit and the most reliable calculation. The 
concerned items are setting method for the variance reduction. The validation of dose-equivalent rate evaluation for 
the spent fuel transport cask by Monte Carlo code were performed by two kinds of neutron shielding benchmark ex-
periments, deep penetration experiment for the side surface of the cask and streaming experiment around the trunnion. 
Dose-equivalent rate distributions at each benchmark were measured and compared with the calculated results. The 
comparison showed a good consistency between calculation and experiment results. 
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I. Introduction1

Accurately estimating the distribution of radiation dose 
equivalent rates around a spent fuel shipping cask is funda-
mental to the analysis for the safety of the cask and the 
reliability of its shielding design. The radiation shielding 
structure of the spent fuel transport cask is composed chiefly 
of the multi-layered structure for the radiation shielding. 
Neutron shielding may be thin in some parts of the cask such 
as the periphery of the trunnion, where some neutrons emit-
ted from the source region stream outside of the cask. In 
spite of the restriction for geometrical expression, the two 
dimensional discrete ordinates Sn code, DOT3.5,1) has been 
employed as a typical code for shielding analysis of the cask. 
Therefore, it is necessary to apply the three dimensional con-
tinuous energy Monte Carlo radiation transport code which 
can treat the complicated geometry of the cask exactly. In 
the present study, two kinds of neutron shielding benchmark 
experiment have been performed for the validation of 
dose-equivalent rate evaluation; deep penetration experiment 
for the side surface of the cask and streaming experiment for 
the trunnion. Then radiation shielding calculation was per-
formed and obtained dose-equivalent rate for the comparison 
with experimental results. The comparison showed a good 
consistency between calculation and experiment results. 

 

II. Dose-Equivalent Rate Benchmarks for Spent 
Fuel Cask 

1. Simple Geometry 
(1) Experimental Model 

The shielding experiment such as the arrangement mod-
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eled by the cask cylinder barrel has been conducted in the 
past.2) In the present study, the effectiveness of the cell im-
portance scheme is examined by the experimental model 
shown in Fig. 1. Shielding materials are stainless steel, neu-
tron shielding material (NS-4-FR), and lead. 252Cf neutron 
source is assumed in this examination. Table 1 shows the 
main specification of the shielding materials. The configura-
tion shown in Table 1 is based on the cylinder barrel of the 
cask.  
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Fig.  1 Schematic arrangement of source, shielding materials and 

detector. 

 
(2) Monte Carlo Analyses 

The measurements were analyzed using 3-D Monte Carlo 
Code, MCNP.3) MCNP calculations were performed for each 
thickness of each shielding material, using 100,000,000 his-
tories per case. Variance reduction techniques were applied 
with the cell importance function.4) Nuclear data for interac-
tions with neutrons were taken from the JENDL-3.3.5)  
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Table  1 The main specification of the shielding material 

Configuration Material Thickness 

PWR cask cylinder barrel 

Stainless Steel 
Lead 
Stainless Steel 
NS-4-FR 
Stainless Steel 

5 cm 
10 cm 
5 cm 
15 cm 
5 cm 

BWR cask cylinder barrel 
Stainless Steel 
NS-4-FR 
Stainless Steel 

25 cm 
10 cm 
5 cm 

 
 
The MCMP neutron calculations were performed with the 

252Cf fission spectrum defined as following equation. 

𝑓𝑓(𝐸𝐸) ∝ exp[−𝐸𝐸/1.025] sinh√2.926𝐸𝐸 

Table 2 shows the main difference between cell impor-
tance and weight window. The weight window variance 
reduction technique6) adjusts the particle weights as they 
change phase space, energy and space. In each cell, a lower 
weight bound and an upper weight bound are specified. If a 
particle entering a cell has a statistical weight above the up-
per weight bound, the particle is split such that all split 
particles are within the weight window. Similarly, if a par-
ticle has a weight below the lower weight bound, Russian 
roulette is used to increase the particle’s weight until it lies 
within the weight window or until it is killed. The weight 
window variance reduction technique is a space and energy 
biasing scheme and weight window discriminates on particle 
weight before taking appropriate action. In order to predict 
the weight window parameter, it is necessary to know the 
structure and spectrum of the particle energy in each cell 
which constitutes the shielding structure. The setup of the 
unsuitable energy bin on the weight window results in un-
suitable splitting and Russian roulette of particles. 

 
Table  2 The main difference between cell importance and 

weight window 

Variance reduction 
technique Variable dependency Input value 

Cell importance Spatial dependence Absolute value 

Weight window Spatial and energy 
dependence Based on ratios 

 
 
In the cell importance technique, on the other hand, im-

portances are assigned to each cell which makes up the 
calculation model. Generally, cells near the tally region 
should have a greater importance than cells standoff. When a 
particle leaves a cell with importance 𝐼𝐼1 and enters a cell of 
importance 𝐼𝐼2, the particle is split/rouletted according to the 
ratio 𝐼𝐼2 𝐼𝐼1⁄ . For example, if 𝐼𝐼2 𝐼𝐼1⁄ = 2.65, the entering par-
ticle is split into 3 particles with 65% probability and into 2 
particles with 35% probability. If 𝐼𝐼2 𝐼𝐼1⁄ = 0.3, the entering 
particle is killed with 70% probability and allowed to sur-
vive with 30% probability. In each splitting or Russian 
roulette, the weight of the remaining particles is adjusted to 
leave the tally unbiased. This technique of the cell impor-
tance is very reliable unless other biasing techniques are 

used, and all the particles in a cell will have more or less the 
same weight regardless of the paths taken to reach the cell. 
The importance of a cell is intimately related to the average 
adjoint fluence in the cell. In practice, the cell importances 
should be adjusted so as to keep the population of particles 
in the cells relatively constant as one moves from the source 
region to the tally region. The adjustment of the cell impor-
tance is performed by each cell population obtained from the 
brief calculation. Based on the each cell population, the cell 
importances are estimated by the ratio of cell populations 𝑃𝑃 
in adjacent cells 𝐼𝐼𝑛𝑛 ≅ 𝑃𝑃𝑛𝑛−1 𝑃𝑃𝑛𝑛⁄ . Typically, source cells have 
an importance of unity and cells closer to the tally region 
have larger importances. Adjacent cells should not have im-
portances that are significantly different. 

Therefore, it is considered that the cell importance is eas-
ier to handle the shielding evaluation on the transport cask 
than the weight window. In the present study, the ratio of 
cell importances in adjacent cells should not exceed a factor 
of 4. The configuration of the cell importance and tally used 
for the calculation is shown in Table 3. 
(3) Calculation Results and Discussions 

Figure 2 presents the results of fractional standard devia-
tion (FSD) from the MCNP calculations with the variance 
reduction, Cell Importance. The FSD of the neutron flux 
with energy more than 10 MeV becomes large rapidly with 
the depth of the shielding material and then becomes con-
stant. However, these results do not converge. In the case of 
the energy less than 10 MeV, the FSD of the neutron fluxes 
becomes large rapidly with the depth of the shielding ma-
terial, and it became less or equal to reference value (0.05) 
about FSD of all evaluating points in x=3.5 (Here, the refer-
ence value is the recommended interpretation of the 
estimated 1-σ confidence interval associated with an MCNP 
next event estimator tally3)). Therefore, it is necessary to use 
a space and energy biasing scheme to evaluate the 
dose-equivalent rate on the surface of the cask cylinder bar-
rel in the high energy source above 10 MeV, take the weight 
window for example. 

 
2. Trunnion Region Geometry 
(1) Experimental Setup and Results 

The trunnions which attach to the spent fuel transport 
cask are the cylindrical protrusion used as a mounting and 
pivoting point. In the cargo work, the trunnions are subjected 
to the cask’s own weight. Therefore, the trunnions are di-
rectly screwed to the cask body to sustain the load. The 
region between the trunnion and the cask body has no neu-
tron shielding material: neutrons emitted from the source 
region in the cask are streamed through the region. In the 
present study, the trunnion model was made isometrically 
and the neutron measurements were performed by 252Cf 
source. The neutron dose-equivalent rates were measured by 
an ALOKA moderator-type neutron survey meter. Figure 3 
shows the trunnion model for the neutron measurement and 
Fig. 4 shows measurement points around the trunnion. 

Table 4 shows the result of the neutron measurements 
around the trunnion. As expected, neutrons stream from the 
region without neutron shielding material. 
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(a) Relation of the depth of the shielding material to the fractional 

standard deviation with x=1. The source energy is considered in 
the energy region from 1.0× 10−11 MeV to 20 MeV. 

 

 
(b) Relation of the depth of the shielding material to the fractional 

standard deviation with x=3.5. The source energy is considered 
in the energy region from 1.0× 10−11 MeV to 20 MeV. 

 

 
(c) Relation of the depth of the shielding material to the fractional 

standard deviation with x=5.0. The source energy is assumed 
above 10 MeV. 

 
Fig.  2 Relation of the depth of the shielding material to the frac-

tional standard deviation. Each graph legend denotes the energy 
of the particle (MeV). ‘Recommend’ denotes the reference value 
of the standard deviation for the next event estimator tally, 0.05. 
Here, the reference value is the recommended interpretation of 
the estimated 1-σ confidence interval associated with an MCNP 
next event estimator tally.3) 

Table  3 The configuration of the cell importance and tally used 
for the calculation 

Item Setting 
The importance change 
through overall shielding 10𝑥𝑥  

 𝐸𝐸 ≤ 10MeV 𝑥𝑥 = 1.0, 1.5, 2.0, 3.5 
 𝐸𝐸 > 10MeV 𝑥𝑥 = 5.0, 6.0, 7.0, 8.0, 9.0 
Number of histories 1 Mnps (constant) 
Thickness of the cell ~ mean free path 

Tally Next event estimator 
(Point detector tally) 

 
Table  4 Experimental result of the dose equivalent rate around 

the trunnion. Each column corresponds to the measurement point 
shown in Fig. 4.  

Dose-equivalent rate (μSv/h) 
Trunnion surface 

(Statistical error: ±0.1μSv/h) 
1 m from the surface 

(Statistical error: ±0.2μSv/h) 

51.9 49.9 42.3 - - - 
47.7 47.2 41.9 10.8 11.0 - 
38.6 43.5 42.2 10.4 10.9 - 
38.5 42.4 41.0 10.0 10.6 - 
43.3 42.5 39.4 - - - 
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Fig.  3 The trunnion model for the neutron measurement 

 
 

 
Fig.  4 The measurement points around the trunnion model. All 

of the length between adjacent points is 10 cm. Shadow area 
represents the region without neutron shielding material. 

0.001

0.01

0.1

1

40 50 60 70 80 90

Fr
ac

tio
na

l s
ta

nd
ar

d 
de

vi
at

io
n

Penetration thickness (cm)
1.00E-05 1.00E-04 1.00E-03 1.00E-02 1.00E-01
1.00E+00 1.00E+01 2.00E+01 recommend

0.001

0.01

0.1

1

40 50 60 70 80 90

Fr
ac

tio
na

l s
ta

nd
ar

d 
de

vi
at

io
n

Penetration thickness (cm)
1.00E-05 1.00E-04 1.00E-03 1.00E-02 1.00E-01
1.00E+00 1.00E+01 2.00E+01 recommend

0.001

0.01

0.1

1

40 50 60 70 80 90

Fr
ac

tio
na

l s
ta

nd
ar

d 
de

vi
at

io
n

Penetration thickness (cm)
1.00E-05 1.00E-04 1.00E-03 1.00E-02 1.00E-01
1.00E+00 1.00E+01 2.00E+01 recommend

Source 

252Cf Source 



858 Mitsufumi ASAMI et al.

PROGRESS IN NUCLEAR SCIENCE AND TECHNOLOGY

(2) Monte Carlo Analyses 
As described in Section II.1.(2), the weight window pa-

rameter is determined on the basis of the knowledge of the 
structure and the spectrum on the particle energy in each cell 
which constitutes the shielding structure. Without know-
ledge, the weight window would cause splitting and Russian 
roulette of particles unsuitably. The weight window genera-
tor7) or the adjoint importance function generator8) makes 
their parameter automatically even though the energy spec-
trum of the particle is unknown. 

In the weight window generator, the weight window pa-
rameter is generated by the forward simulation which uses 
the continuous energy cross section library. Adequate para-
meter is obtained if the number of particle to reach the 
estimation point is sufficient. In the case of deep penetration 
problem, however, it is difficult to get the adequate parame-
ter. To make matters worse, unsuitable weight window 
parameter is generated by the strong angular dependence of 
the particle flux. 

In the adjoint importance function generator, the weight 
window parameter is generated by the Monte Carlo adjoint 
simulation which uses the multi-group cross section library. 
It is utilized in evaluations where it is more efficient than 
forward transport calculations, specifically geometries where 
the detector is relatively small and the source region rela-
tively large. Besides, it generates adjoint importance 
functions to enhance calculation efficiency in continuous 
energy Monte Carlo calculations.  

In the present study, the adjoint importance function ge-
nerator,8) which is used for the generation of adjoint 
importance functions in MCNP, is employed for the variance 
reduction technique. The cross section library used for the 
adjoint calculation is MENDF58) group constant generated 
from the code CRSRD.8) To do effective Monte Carlo analy-
sis for the experiments, the superimposed mesh tally3) was 
used for spatial dose-equivalent rate distribution and the 
point detector was used for the dose-equivalent rate on mea-
surement point with rem counter. All of the fractional 
standard deviations in these calculations are within 0.05. The 
number of histories for the adjoint calculation was 
100,000,000. The number of histories for the final forward 
Monte-Carlo simulation, on the other hand, was 
100,000,000. 
(3) Calculation Results and Discussions 

Figure 5 presents the neutron flux around the trunnion. 
Figure 5 shows neutrons were streamed from the region 
without neutron shielding material. It also shows the calcula-
tion result of the dose-equivalent rate around the trunnion in 
Table 5. Calculated-to-experimental ratio (C/E) of the 
dose-equivalent rate around the trunnion is shown in Table 6. 
Table 6 indicates that the calculation is in excellent agree-
ment with the experimental result. In the present study, the 
calculation with the weight window parameter based on the 
weight window generator was performed by the same shiel-
ding model. The number of histories on the forward 
calculation for the weight window generator was 
1,000,000,000. Table 7 shows the calculation result of the 
dose-equivalent rate around the trunnion based on the weight 

window generator. Adjoint calculated-to-forward calculated 
ratio (AC/FC) of the dose-equivalent rate around the trun-
nion is shown in Table 8. Table 8 indicates that both of the 
calculation results were almost equal except for the history 
required to obtain converged solutions. 

III. Conclusion 
This study demonstrated the variance reduction for the 

Monte Carlo shielding calculations of spent fuel transport 

Source 

Table 5 Calculation result of the dose-equivalent rate around 
the trunnion with the weight window parameter on adjoint cal-
culation. Each column corresponds to the measurement point 
shown in Fig. 4. 

Dose-equivalent rate (μSv/h) 
Trunnion surface 

(Statistical error: ±0.05%) 
1 m from the surface 

(Statistical error: ±0.05%) 
52.9 51.4 47.1 - - - 
48.1 50.3 48.2 10.1 10.2 - 
37.1 44.4 47.5 10.1 10.2 - 
40.2 45.3 45.5 10.1 10.2 - 
44.5 44.0 42.0 - - - 

 
Table 6 Calculated-to-experimental ratio (C/E) of the 

dose-equivalent rate around the trunnion. Each column corres-
ponds to the measurement point shown in Fig. 4. 

C/E 
Trunnion surface 1 m from the surface 

1.02 1.03 1.11 - - - 
1.01 1.07 1.15 0.94 0.93 - 
0.96 1.02 1.13 0.97 0.94 - 
1.04 1.07 1.11 1.01 0.96 - 
1.03 1.04 1.07 - - - 

 
Table 7 Calculation result of the dose-equivalent rate around 

the trunnion with the weight window parameter on forward 
calculation. Each column corresponds to the measurement 
point shown in Fig. 4. 

Dose-equivalent rate (Forward Calc. μSv/h) 
Trunnion surface 

(Statistical error: ±0.05%) 
1 m from the surface 

(Statistical error: ±0.05%) 
53.0 51.5 47.1 - - - 
48.2 50.4 48.3 10.1 10.1 - 
37.2 44.5 47.5 10.1 10.1 - 
40.2 45.4 45.8 10.1 10.1 - 
44.5 43.9 41.9 - - - 

 
Table 8 Adjoint calculated-to-forward calculated ratio 

(AC/FC) of the dose-equivalent rate around the trunnion. Each 
column corresponds to the measurement point shown in Fig. 4. 

Adjoint calc./Forward calc. 
Trunnion surface 1 m from the surface 

1.00 1.00 1.00 - - - 
1.00 1.00 1.00 1.00 1.01 - 
1.00 1.00 1.00 1.00 1.01 - 
1.00 1.00 0.99 1.00 1.01 - 
1.00 1.00 1.00 - - - 
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cask. The radiation shielding structure of the spent fuel 
transport cask is composed chiefly of the multi-layered 
structure for the radiation shielding. Some parts of the cask 
(especially around the trunnion) have thin neutron shielding. 
For the evaluation by the configuration of the cask cylinder 
barrel:  

 By the MCNP calculations with the cell importance, the 
FSD of the neutron fluxes with energy less than 10 MeV 
became less or equal to reference value (0.05) about FSD 
of all evaluating points in x=3.5. 

 The FSD of the neutron flux, which has the energy more 
than 10 MeV, becomes large rapidly with the depth of the 
shielding material and after that becomes constant, which 
are not within 0.05. 

 It is necessary to use a space and energy biasing scheme 
to evaluate the dose-equivalent rate on the surface of the 
cask cylinder barrel in the high energy source above 
10 MeV. 

For the experiment by the configuration of the trunnion:  
 The calculation by the weight window parameter ob-

tained from multi-group adjoint calculation enabled 
calculation of neutron streaming around the trunnion. 

 The calculation by the weight window parameter ob-
tained from weight window generator also enabled 
calculation of neutron streaming around the trunnion. 
Number of histories which used for the weight window 
generator was increased by a factor of 10 compared to 
multi-group adjoint calculation. 

Therefore, multi-group/adjoint option is more useful for 
calculating the precise shielding calculations than the only 
spatial biasing scheme (cell importance for example) or the 
contentious-energy/forward option (the weight window ge-
nerator for example). 
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(a) Neutron flux around the trunnion (sectional side view) 

(log(Particles/cm2)) 
 

 
(b) Neutron flux around the surface on the trunnion (Particles/cm2) 
 

 
(c) Neutron flux at 1m from the surface on the trunnion (Particles/ 

cm2) 
 
Fig. 5 The neutron flux around the trunnion. The distribution of 

neutron flux is obtained by a direct application of the superim-
posed mesh tally.3) All of the fractional standard deviations in 
each mesh are within 0.05. Here, the reference value, 0.05, is the 
recommended interpretation of the estimated 1-σ confidence in-
terval associated with an MCNP next event estimator tally.3) 
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