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Abstract
The proper and safe disposal of heat-generating nuclear waste from commercial nuclear power plants is the 
subject of social controversy. This work focuses on the German concept of final storage in rock salt, which is 
considered a reference for the option of deep geological final storage. Due to the current search campaign for 
a final storage site in Germany, which also includes the options of final storage in clay formations and granite, 
these options were also investigated. Monte Carlo simulations were performed to obtain information about the 
radiation field and the associated dosimetry. Past studies have shown that direct neutron irradiation, together 
with neutrons backscattered in the emplacement drift, represent the most significant contribution to the exter-
nal irradiation of workers. A model of a shielding cask was employed for the simulations and a representative 
waste inventory was used, based on the estimated total amount of spent fuel elements available in Germany. 
The neutron radiation field was investigated with regard to the surrounding host rock layers and concrete lining. 
Location depending exposure to workers in the vicinity of storage casks in horizontal emplacement drifts were 
investigated with and without a drift branch. As a result, the dose rate is significantly higher in some locations 
at a 90° branch compared to a straight drift due to the scattering in this area. The position-dependent influence 
of PET absorber rods in the cask is briefly outlined. The implementation of an improved neutron scattering 
formalism (DBRC) showed a small but noticeable reduction in dose rate.

Highlights
	● Investigation of neutron-induced ambient dose rates in emplacement drifts with branches using the Monte Carlo method.
	● Improved neutron scattering formalism (DBRC).
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1  Introduction

In the context of the ongoing search for a deep geological disposal site for high-level radioactive waste in Ger-
many, three types of host rock are currently being considered: clay, rock salt, and crystalline rock. As a result of 
the handling of the waste during storage and the retrieval option, the issue of occupational radiation exposure in 
the storage drift must be taken into account. In particular, it was shown that neutrons are the dominant contribu-
tors to the dose and are of great importance due to their high backscattering in the drift (see [13]). This article 
therefore evaluates the radiation field in salt- and concrete-lined final storage drifts with a particular focus on neu-
tron scattering. To obtain information about the radiation field and the associated dosimetry information, Monte 
Carlo simulations with the Code MCNP6.2 [16] were performed, whereby the double differential scattering cross 
section for the backscattering of neutrons in the storage drifts is decisive. A simplified model of a shielding con-
tainer was used for the simulations, and a representative waste inventory was determined based on the estimated 
total amount of spent fuel elements available in Germany [11]. The neutron radiation field was investigated with 
regard to the surrounding host rock layers and concrete lining. Neutron ambient dose rates in the vicinity of 
shielding containers located in a horizontal storage drift were investigated. This, first of its kind contribution, as 
far as the scattering kernel is concerned, for future postulated design of radioactive disposal focuses thereafter 
extensively on the improved accurate available interaction description of neutrons with the walls of the differ-
ent repository types and gallery geometries. The implementation of an improved neutron scattering formalism 
confirms that, in the case under study, the approximated solution was good enough. Nevertheless, it is obviously 
recommended to use a physical realistic, improved model, as its availability was proved in this study.

2  Methods and methodology

2.1  Spent nuclear fuel as a neutron source

Management of spent nuclear fuel (SNF) is difficult due to its intense radioactivity, heat generation, the half-lives 
of the isotopes, and its migration characteristic. Consequently, SNF is kept first in an interim storage to allow for 
thermal cooling and radioactive decay before final disposal. This step allows for a decay of isotopes with very 
short half-lives and reduces considerably the radiotoxicity of the SNF. Under the multi-barrier concept, waste is 
eventually placed in deep geological repositories within specialized storage casks. The shielding of these casks 
is a strategic compromise, balancing the mass required for handling against the imperative to minimize radiation 
dose.

Based on the average inventory of spent fuel elements from pressurized water reactors (PWR) in Germany 
[11], a representative waste load of 90% uranium oxide (UOX) fuel and 10% mixed oxide (MOX) fuel with an 
average burnup of 55 GWd/t(HM) was assumed. In order to take into account an interim storage period, the user-
friendly online program Nucleonica [9], which is based on the improved burnup code KORIGEN, was used to 
calculate the remaining activity of the spent fuel inventory after 50 years.

From previous investigations, it is known that neutrons dominate the radiation field and exposure outside the 
shielding cask [10]. The contribution of backscattered neutrons of the host rock layers or the concrete lining plays 
an important role [13].

Consequently, only those isotopes that make a significant contribution to neutron activity were considered in 
this work. The neutron production rates and spectra were determined using the SOURCES code [17], taking into 
account neutrons from spontaneous fission, (α, n) reactions, and delayed neutron emission. The neutron source 
strength was calculated to be 2.13 × 109 neutrons/s for the total spent fuel inventory of a single cask. Table 1 lists 
the dominant neutron emitters that were found from the above calculation [14].
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A neutron energy spectrum was generated to define a neutron source representative of the spent fuel elements 
(see Fig. 1). This spectrum represents the effective spent fuel inventory and was used as the basis for the follow-
ing simulations.

2.2  Monte Carlo simulations

The Monte Carlo code MCNP® version 6.2 [16] was used to calculate the radiation field around a POLLUX®-10 
type shielding cask [5, 8] loaded with spent fuel elements. Detailed dimensions and technical drawings can be 
found in [4, 8]. The neutron source properties mentioned above were used to insert a representative volume 
source into the POLLUX®-10 cask. Overall, the following assumptions and simplifications were made for the 
simulations (see Fig. 2): For the structure of the POLLUX®-10 cask model in MCNP®, a symmetrical cask design 
was chosen for simplification purpose. It was assumed that spent fuel elements inside the cask were distributed 
homogeneously in a cylindrical geometry within the active zone. The inactive zones at the upper and lower ends 
of the spent fuel elements were modeled as consisting of zircaloy.

The shielding components of the cask consist of an inner shield made of stainless steel and an outer shield 
made of cast iron. Two rings made of polyethylene (PET) rods are embedded in the outer shield. Each layer 
consists of 36 PET rods, each with a radius of 3.75 cm. 10 cm thick graphite plates are attached to the upper and 
lower parts of the cask housing. Homogeneous spent fuel elements are placed in a cylinder with a diameter of 
69 cm in the center of the inner shield. The total length of the cask amounts to 5.51 m with a diameter of 1.56 
m. The employed MCNP® model is shown in Fig. 2. A cask is located 2.63 m from the end wall of the gallery 
in the center of the drift. The drift geometries were based on the generic deep repository models of Stahlmann 
et al. [15], according to the German mining standard, and are constructed with curved surfaces with a maximum 

Fig. 1  Normalized neutron energy spectrum of the spent fuel 
inventory of a single cask (The parameters in neutron source 
term specification and the normalized neutron energy spec-
trum of the spent fuel inventory of a single cask were taken 
from Saurí Suárez et al. (2018))

 

Parameter Description/ Value
Inventory 90% UOX fuel and 10% MOX fuel
Average burnup 55 GWd/t(HM)
Spent fuel age 50 years
Neutron emitters
(spontaneous fission)

244Cm (93%), 246Cm (5%),
238Pu, 240Pu, 242Pu combined (~ 2%)

Neutron source strength 2.13 × 109 neutrons/s

Table 1  Parameters in neu-
tron source term specifica-
tion (Saurí Suárez et al., 
2018)
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height of 3.7 m and a maximum horizontal extension of at least 20 m. The material of the gallery walls was either 
concrete or rock salt with a thickness of 1.5 m. Storage scenarios were investigated in which casks were placed 
horizontally in an emplacement drift according to the proven storage concept in rock salt [4, 5].

The MCNP® simulations were carried out in two steps. First based on the neutron energy spectrum described 
in Sect. 2.1, the emitted neutrons from outer surfaces of the POLLUX®-10 cask free in air were calculated using 
the Surface Source Write (SSW) feature in MCNP®. In this step, the neutron interactions (e.g., fission, (n, xn) 
reactions) within the cask were accounted for and the particle history and tracks of the neutrons escaped through 
the outer surface were recorded as a surface neutron source. On the second step, the recorded surface neutron 
source was reused in subsequent simulations to calculate the dose rates and neutron flux in different gallery condi-
tions. On the other hand, the transport of re-entered neutrons to the cask were explicitly calculated based on the 
material composition within the cask. This two-step approach allowed shorter calculation time while maintaining 
a high accuracy and relevant physics. Separate surface sources were created to account for the changes in cask 
geometry (e.g. PET configurations). Point detector arrays (F5) were used to obtain the neutron fluxes at various 
locations in the drifts. In turn, ambient dose equivalent rates were calculated from the detector fluxes employing 
fluence to dose conversion factor from ICRP Publication 74, Annals of the ICRP (ICRP, [6]).

2.3  Impact of PET rods

High-energy neutrons are slowed down by interacting with the two rings of PET rods in the outer shielding of the 
POLLUX®-10 container and can then be absorbed in the shielding material (see Fig. 2). To illustrate the effect 
of the PET rods, the neutron flux was calculated in four different configurations: without PET rods, with only the 
inner or outer ring, and with both rings. Neutron spectra emitted at the surface of the cask in such configurations 
were calculated and reported hereafter.

2.4  MCNP® and the improved neutron scattering formalism DBRC

Two different simulations were performed for the same scenarios, both using the “Doppler Broadening Reso-
nance Correction (DBRC)” method and the standard MCNP® option. DBRC refers to the implementation of 
an improved neutron scattering formalism that considers more accurate elastic neutron scattering based on the 
resonant structures. Consequently, the two main former approximations (zero degree and constant cross section) 

Fig. 2  Schematic drawing of a cask 
placed in a horizontal storage gallery. 
This simplified representation based 
on the simulation model is not to scale 
and is therefore for illustrative purposes 
only
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are released. Therefore, the elastic neutron scattering in particular in the lower keV range is physically accurate. 
A complete description of the double differential, resonance, and temperature-dependent scattering kernel was 
developed by Rothenstein and Dagan [12], and the treatment of resonance scattering was implemented in Monte 
Carlo codes by Becker [1]. In the new version of MCNP® Version 6.3 this model is now also available. The 6.3 
version of the code was not available to the authors.

This study used a modified version of MCNP® Version 6.2, with the DBRC mechanism set for incident neu-
trons with an energy of less than 50 keV. For the simulations with the above simplifications, a temperature of 
600 K was assumed for the spent fuel elements, while all other materials, including shielding and tunnel walls, 
were considered at a temperature of 300 K. The DBRC method was applied to all materials, including spent 
fuel elements, shielding, and emplacement drift walls, for incident neutrons with energies below 50 keV. With 
MCNP® the ambient dose equivalent rate for neutrons at different point detector locations were calculated in a 
salt and concrete gallery at various points with and without the DBRC option. MCNP® output values are reported 
along with the estimated relative error. The number of simulated source particles amounted to 5 × 108 in order to 
achieve acceptable statistical errors; a value of approximately 1% or less was employed for the estimated relative 
error as the selection criterion. For further details, see [2].

2.5  Storage scenarios and emplacement drift geometries

Representative storage scenarios were investigated in which casks were placed horizontally in a drift. Two differ-
ent emplacement drift geometries were investigated: simulations were carried out for a straight drift and a drift 
with a right-angled geometry. Figures 3 and 4 illustrate the employed arrangement of casks in these emplacement 
drifts.

The following scenarios were selected, with the casks placed along the symmetry axis of the drift. For straight 
galleries: scenario 1 with one cask at the far end of the gallery 2.63 m away from the end wall, scenario 2 with 
a container placed in the middle of the tunnel, 10.41 m away from the end wall, and scenario 3: combining 

Fig. 4  The three scenarios exam-
ined for a gallery branch with 
a right-angled geometry (top 
view). Scenario 1: Single cask 
far from the bending; Scenario 2: 
Single cask closer to the bend-
ing; Scenario 3: Two casks placed 
2.0 m apart from each other. The 
detectors are placed at nine differ-
ent positions (designated by A, B, 
C…)

 

Fig. 3  Schematic representation of the investigated straight galleries. Top view in relation to Fig. 2. Scenario 1: Single cask 
far inside the gallery; Scenario 2: Single cask closer to the middle of the gallery; Scenario 3: Two casks placed 2.0 m apart 
from each other. The point detectors are placed at nine different positions (designated by A, B, C…). (c) Scenario 3
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scenarios 1 and 2 with two casks spaced 2 m apart. For the dose calculations with MCNP®, point detectors 
(F5-Tally) were placed at the various positions A to K. Similarly, scenarios 3–6 shown in Fig. 4 were chosen for 
a right-angled drift arrangement.

3  Results and discussion

3.1  Impact of PET rods on the radiation field in a drift

The outer shielding of the POLLUX®-10 container consists of two rings made of PET rods (see Fig. 2). Interac-
tion with these rings allows the neutrons to be moderated and then absorbed by the shielding material. As men-
tioned in Sect.  2.3, the neutron flux was calculated for four different configurations: without PET rods, with only 
the inner or outer ring, and with both rings. Figure 5 shows the results regarding their effect on the neutron flux 
spectrum at a point detector placed 1 m to the side of the cask. The shown scenarios are free in air and in a salt 
emplacement drift. Comparison of total neutron flux between different configurations of PET rods are presented 
in Table 2.

As seen in Table 2, the total flux in the salt gallery is for all cases about three times higher than free in air. This 
result emphasizes the backscattering of the materials of gallery walls. In the salt gallery in particular, backscat-
tering from chlorine nuclei is about five times higher than from sodium nuclei. Here it should be mentioned that 
the standard scattering procedure is approximated at 0 °K. This assumption is analyzed in this study with an 
improved scattering model, as discussed in Sect.  2.4.

Without PET rods, the total neutron flux amounts to 2.43 × 10− 7 cm-2 neutrons per source neutron in free in 
air, whilst the neutron flux in the salt gallery is about three times higher, at 7.53 × 10− 7 cm-2 neutrons per source 
neutron. The importance of the PET rods to reduce the neutron flux is pronounced in Table 2. With two PET rings, 
the total neutron flux is reduced by a factor of about 30 for free in air and salt gallery. Inserting only the inner 
layer has a slightly lower shielding effect than the outer layer. For example, for the scenario free in air with only 
the inner or outer ring, a total neutron flux of 3.32 × 10− 8 cm-2 or 4.87 × 10− 8 cm-2 was calculated, respectively. 
It points out that neutron moderation and absorption depend not only on the number of PET rods employed, 
but also on their position within the cask. As the number of rods is the same in the inner and outer layer of the 

PET rods configuration Total neutron flux
(neutron.cm− 2. (source neutron)−1

Free in air In salt gallery
Without PET rods 2.43 × 10− 7 ± 0.05% 7.53 × 10− 7 ± 0.04%
Outer layer 4.87 × 10− 8 ± 0.12% 1.46 × 10− 7 ± 0.08%
Inner layer 3.32 × 10− 8 ± 0.15% 1.06 × 10− 7 ± 0.09%
Both layers 7.91 × 10− 9 ± 0.19% 2.54 × 10− 8 ± 0.14%

Table 2  Importance of 
different PET rod configura-
tions on the total neutron 
flux in free in air and in a 
salt gallery

 

Fig. 5  Neutron flux spectra for four 
different PET rod scenarios for 
free in air (a) and salt gallery (b)
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POLLUX®-10 cask due to stability and construction considerations, the spacing between the PET rods in the 
outer layer is larger and hence allows for less moderation and absorption. Consequently, the configuration with 
an outer layer exhibits higher neutron-flux values. This emphasizes the importance of finding a balance between 
the material properties and design consideration of the POLLUX®-10 cask in view of the neutron flux around.

3.2  Impact of host rock on the radiation field

Since scattered neutrons play a significant role for the radiation field in a gallery, the question arises as to the 
impact of host rock on the radiation field and dose. First, the spectra of the neutron fluxes were determined con-
sidering both layers of PET rods based on the lowest flux shown in the former section. Radiation fields were 
calculated for the three scenarios: free in air, salt, and concrete.

As shown in Fig. 6, the flux was determined in the straight emplacement drift in Fig. 3 at the point detector 
positions 0.5 m, 1 m, 5 m, and 10 m away from the cask along its axis of symmetry. For casks placed in the salt 
gallery or in galleries with concrete lining, an increase in the neutron flux can be observed compared to those 
free in air, particularly for the rock salt scenario in the energy range of 0.02 to 1 MeV. This increase is even more 
pronounced at greater distances from the cask. The scenario drift with concrete lining shows a less pronounced 
increase compared to rock salt.

In addition, the concrete scenario shows a significant number of thermal neutrons in the range of 0.025 × 10− 6 
MeV, see Table 3, and a reduced amount of high energy neutrons. This can be explained by the presence of lighter 
isotopes such as 1 wt% hydrogen and 50 wt% oxygen in concrete which effectively thermalized more neutrons. 
According to Table B.3 in ICRP Publication 103, Annals of the ICRP (ICRP, [7]), the radiation weighting factor 
for neutron energies below 10 keV is 5, while it is 20 in the energy range from 100 keV to 2 MeV. As a result, the 
dose attributed to the neutron flux in the concrete gallery is lower than for rock salt.

3.3  Impact of emplacement drift geometry

Based on the scenarios shown in Figs. 3 and 4, dose rates for different geometries are presented for the emplace-
ment drift with wall materials salt and concrete. Three different emplacement scenarios are considered: one cask 
placed 2.63 m away from the end wall of the gallery (scenarios 1 and 4), one cask placed 2 m away from this 
position (scenarios 2 and 5), and both casks together at the aforementioned positions (scenarios 3 and 6).

The results shown in Fig. 7 indicate that higher dose rates occur in scenarios 2 and 3, as the distance between 
the detectors and the cask is shorter in scenarios 2 and 3. For scenario 2, with the straight emplacement gallery in 
salt, the neutron dose rate at point A, which is 1.0 m away from the cask, amounts to 7.0 µSv/h. In comparison, 
the value in scenario 1, is only 0.6 µSv/h, as the detector A is located 8.5 m away from the cask. In scenario 3, 
both casks are placed in the drift. The neutron dose rate is then 7.2 µSv/h, but remains lower than the sum of the 
dose rates of scenarios 1 and 2, because the second container shields the first. A cask acts as a physical absorp-
tion barrier, preventing neutrons from the shielded cask from reaching the detector. This geometric shadowing 
significantly reduces the secondary contribution of scattered neutrons from the gallery walls. The same applies to 
scenarios 4 to 6 in the storage scenario with the 90° branch. Comparing the gallery with the 90° branch with the 
straight gallery, the values for positions A to D are observed to be similar. This indicates that, due to the identi-
cal geometry in this area, no significant influence of the changed geometry of the subsequent branch is apparent.

The influence of the branch becomes noticeable when one compares the detectors D to G. In case of rock salt, 
for the straight gallery the neutron dose rates at points E and F amount to: 0.22 and 0.18 µSv/h for scenario 1, 
1.01 and 0.80 µSv/h for scenario 2, 1.14 and 0.90 µSv/h for scenario 3, respectively.

In the gallery with the 90° branch, the observed dose rates for points E and F are: 0.26 and 0.24 µSv/h for sce-
nario 4, 1.23 and 1.10 µSv/h for scenario 5, and 1.52 and 1.42 µSv/h for scenario 6, respectively.

For point detector E, the values are approximately 18, 22, and 33% higher for the branch case. The dose within 
the branch case is even more pronounced for the point detector F, with higher values of 33, 38, and 58%.
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In the case of galleries with concrete walls, the neutron dose rate curve is comparatively lower by about a 
factor 2 (Fig. 7). The explanation for this difference lies in the neutron-moderating nuclides within the concrete. 
In particular, hydrogen and to some extent oxygen contribute to the thermalization of neutrons. As mentioned 

Fig. 6  Distance dependent neutron flux spectra for the three 
scenarios free in air (a), salt gallery (b) and drift with con-
crete lining (c)
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before, the dose factor for thermal neutrons is 5, while for fast neutrons it is 20. In contrary to the concrete, these 
fast neutrons are the main contributor to the dose in the salt gallery.

As far as the 90° branching is concerned, one observes additional backscattering of neutrons from the walls, 
resulting in higher neutron dose rates in a range of approximately 20 to 60% for rock salt and 20 to 90% for 
concrete environments, albeit for low absolute values of about factor 2 (for concrete compared to rock salt), as 
mentioned above.

3.4  Results of an improved neutron scattering formalism using the DBRC method

The effects of energy- and temperature-dependent neutron scattering on the neutron dose rate were determined 
using MCNP® simulations for a cask placed in a straight final storage drift. For this purpose, the neutron ambient 
dose equivalent rates were simulated at various positions at 0.5, 1, 2, 4, 5, and 10 m distances from the cask (setup 
according to Figs. 2 and 3a). The calculations were performed twice using the DBRC method and comparing it 
to the standard MCNP® option. This was calculated for both rock salt and a concrete-lined drift. These results 
are shown in Fig. 8. In all cases, the dose rate is slightly lower when calculated using the DBRC method. For 
example, the DBRC results showed a neutron dose rate at a distance of 5 m from the cask that was 1.4% lower for 
rock salt and 2.7% lower for concrete lining. The statistical uncertainty of the simulation results is quite low in 
the range of 0.3 to 1.1%. At a distance of 5 m, it amounts to approximately 0.5%. Thus, the effect of the energy- 
and temperature-dependent calculations with DBRC is noticeable, albeit quite small at 300 K. The importance 
of using the DBRC model is thus not by the differences but rather by the range of confidence and confirmation 

Fig. 7  Distance-dependent neutron 
ambient dose rate 𝐻̇𝐻∗(10) for the 
six scenarios in rock salt and with 
concrete walls. The figure shows 
scenarios with straight galleries 
(a) and with gallery branches with 
a right-angled geometry (b). The 
distance is specified in relation 
to the second cask position as 
described in Figs. 3b and c and 4b 
and c  

 

Distance
(m)

Energy range
(MeV)

Neutron flux at the detector
[neutrons.cm− 2.(source neutron)−1]
Free in air In salt gallery In concrete gallery

1.0 < 0.025 × 10− 6 1.17 × 10− 13 1.77 × 10− 13 6.57 × 10− 10

0.025 × 10− 6 to 1.0 7.47 × 10− 9 1.79 × 10− 8 1.53 × 10− 8

1.0 to 10.0 8.25 × 10− 11 1.33 × 10− 10 1.11 × 10− 10

Total 7.56 × 10− 9 ± 0.27% 1.80 × 10− 8 ± 0.20% 1.60 × 10− 8 ± 0.20%
5.0 < 0.025 × 10− 6 7.03 × 10− 14 5.79 × 10− 14 3.78 × 10− 10

0.025 × 10− 6 to 1.0 4.04 × 10− 10 5.15 × 10− 9 3.85 × 10− 9

1.0 to 10.0 4.41 × 10− 12 2.36 × 10− 11 1.36 × 10− 11

Total 4.08 × 10− 10 ± 0.81% 5.18 × 10− 9 ± 0.23% 4.24 × 10− 9 ± 0.30%
10.0 < 0.025 × 10− 6 3.09 × 10− 14 1.34 × 10− 14 1.55 × 10− 10

0.025 × 10− 6 to 1.0 9.62 × 10− 11 1.87 × 10− 9 1.34 × 10− 9

1.0 to 10.0 1.18 × 10− 12 7.26 × 10− 11 3.97 × 10− 11

Total 9.74 × 10− 11 ± 1.1% 1.87 × 10− 9 ± 0.50% 1.49 × 10− 9 ± 0.50%

Table 3  Contribution of 
backscattering in different 
host rocks
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margins of the non-physical existing standard models in MCNP® and the feasibility to improve the scattering 
model within MCNP® by employing models which include relevant physical effects that were neglected before 
due to lack of appropriate usable models.

4  Conclusions and outlook

This study investigated aspects of scattered neutrons in the radiation field in a storage facility for high-level radio-
active waste. A deep geological repository was simulated with shielding casks loaded with spent fuel rods placed 
inside an emplacement drift. The general-purpose Monte Carlo N-Particle code MCNP6 was employed. It has 
been shown that the host rock or concrete lining has a decisive influence on the radiation field and the distance-
dependent neutron ambient dose rate𝐻̇𝐻∗ (10). The scenarios with concrete lining show a less pronounced 𝐻̇𝐻∗ (10) 
compared to salt as host rock. This is due to the thermalization of a significant number of neutrons.

The general conclusion of this study is that a concrete lining results in a reduction in dose rate compared to a 
drift consisting only of rock salt.

The study showed a substantial influence of the numbers and geometric orientation of PET rods of the emitted 
neutron flux from the cask. In a salt gallery, where backscattering of neutrons significantly increases the overall 
radiation field, the effect of the PET rods on the backscattered neutrons is negligible compared to the correspond-
ing scenarios in free in air.

For the investigated scenarios with right-angled geometry, it has been shown that significantly higher dose 
rates can occur near a gallery branch. To once again illustrate the increase in dose levels quantitatively, the mea-
sured values for detector positions E and F in scenarios 3 and 6 (see Fig. 7) are listed below for a 90° branch com-
pared to a straight emplacement gallery. Accordingly, a 33% and 58% increase in dose, respectively, is observed 
at positions E and F in the salt gallery. For the corresponding scenarios in the concrete gallery, dose levels were 
47% and 87% higher, respectively. Thus, an intuitive assumption that the dose is reduced behind a right-angled 
branch does not hold true.

Fig. 8  Distance-dependent neutron 
ambient dose rate 𝐻̇𝐻∗ (10) for the 
two scenarios in rock salt and with 
concrete walls and their respective 
difference. Simulation results are 
shown with and without the DBRC 
option
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As a result, the influence of backscattering must be taken into strong consideration when determining the neu-
tron ambient dose rate 𝐻̇𝐻∗ (10) in emplacement drifts.

The effects of energy- and temperature-dependent neutron scattering on neutron dose rate were determined 
using MCNP® simulations for a cask placed in straight final disposal drifts. The calculations were performed 
using the DBRC MCNP® option. Concerning the results for this specific study, for both the rock salt scenario and 
the scenario in a concrete-lined drift, the neutron ambient dose rate 𝐻̇𝐻∗ (10) was slightly but noticeably lower in 
the simulations performed using the DBRC method. However, the temperature of the gallery walls was compara-
tively low at 300 K, so that, as known, the DBRC method has a smaller effect. The significance of this model is 
in that it allows us to correctly explain physical phenomena that were not previously taken into account. Strictly 
speaking, the simulations performed with standard methods of MCNP® so far, were actually to not correct in 
the relevant energy range up to 50 keV. Even if in this study the effect of the DBRC method was not so big, the 
impact could be different for other material inventories, i.e., in the presence of large amounts of heavy isotopes, or 
under adverse scenarios, i.e., in the case of a temperature rise in the spent fuel cask. This has become particularly 
evident in studies of neutron scattering with heavy nuclei with gas cooling, e.g. uranium isotopes [1]. It should be 
noted that the neutron scattering spectrum also includes energies up to the MeV range. At high energies, the influ-
ence of the DBRC correction is negligible compared to its influence in the epithermal, energy-resolved resonance 
range. For the future, there are plans to use a better suitable model, the well-known Blatt-Biedenharn model [3], 
which theoretically includes further the essential separated handling of p- and s-resonances for scattering pro-
cesses for energies up to 1–2 MeV.
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