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Generic Deep Geological Repositories
Héctor Saurí Suárez, Bo Pang, Frank Becker and Volker Metz

1	 Introduction When a high-level nuclear waste cask is transported to its final position in a deep geological 
disposal facility, the radiation exposure received by the workers in such a facility is expected to be significantly influenced 
by the materials of the surrounding layers. Moreover, the question arises if there is an enhanced directional dependent 
influence on the personal radiation exposure in such facilities since certain amount of backscattered radiation comes 
from the back and lateral sides. Hence, it is of interest to study the influence of the worker’s position and its orientation 
on the personal dose assessment.

In the current study, the general-
purpose Monte-Carlo N-Particle code 
MCNP6 [Pelowitz et al., 2013] was 
employed to calculate the radiation 
field around POLLUX® type shielding 
casks [Janberg and Spilker, 1998; 
Filbert et al., 2011] loaded with spent 
nuclear fuel (SNF), which were 
emplaced in horizontal drifts of deep 
geological repositories. Furthermore, 
a simplified mathematical phantom 
was used to represent a worker inside 
the facility, in order to calculate  
the personal radiation exposure for 
working scenarios with MCNP6. 
Emplacement in two different geologi
cal disposal facilities was considered, 
i.e. a horizontal drift in rock salt (from 
now on in short as “rock salt drift” or 
RSD) and a horizontal drift in a clay or 
shale formation (from now on in short 
as “clay drift” or CLD). In contrast to a 
repository in rock salt, drifts and 
access galleries of a repository in soft 
rock, such as clay and shale, have  
to be reinforced with concrete lining  
with a thickness of several decimetres  
[e.g. Chen et al., 2014; Leon Vargas  
et al., 2017]. The radiation field was 
calculated in terms of ambient dose 
equivalent for both drifts at different 
positions to the shielding cask, which 
is disposed on the ground of the drift. 
In order to study the dependence of 
the worker’s orientation towards the 
cask on the personal exposure, 
simulations with different angles 
between phantom and POLLUX® cask 
were performed in RSD. Finally, a 
comparison between the calculated 
personal dose rate during a working 
scenario in RSD and in CLD was 
conducted.

2	 Methodology

2.1	 Waste inventories consid-
ered for POLLUX® type casks
Based on the average inventory of 
used fuel elements discharged from 
pressurized water reactors (PWR)  
in Germany [Peiffer et al. 2011], a 
representative waste loading of 90 % 
uranium oxide (UOX) fuel and 10 % 
mixed-oxide (MOX) fuel with a burn-
up of 55 GWd/t(HM) was considered. 
The POLLUX® self-shielding cask 
[Janberg and Spilker, 1998; Filbert et 
al., 2011], designed for deep geologi-
cal disposal in RSD, was employed for 
both RSD and CLD. In our model for 
disposal in RSD, a POLLUX® cask, 
loaded with fuel rods of ten PWR fuel 
assemblies was numerically simulated. 
This corresponds to a waste load of 
about 5.45 metric tons heavy metal 
(tHM). The cask with fuel rods of one 
MOX and nine UOX fuel assemblies is 
herein after referred to as POLLUX-10. 
Due to temperature restrictions 
regarding emplacement of casks with 
heat-generating waste in clay and 
shale formations [Leon Vargas et al, 
2017], for the emplacement in a CLD 
the maximum amount of fuel assem-
blies per cask was set to three. There-
fore, one POLLUX® type cask with an 
homogeneous mixture of two thirds 
PWR-UOX and one third PWR-MOX 
fuel corresponding to one MOX and 
two UOX fuel assemblies, comprising 
1.64 tHM (herein after referred to as 
POLLUX-3M), and two POLLUX® casks 
with an homogeneous mixture of 
PWR-UOX corresponding to three 
UOX fuel assemblies, comprising 
1.64  tHM (herein after referred to as 
POLLUX-3U), were employed for the 
emplacement in a CLD. In general, the 
MOX fuel rods are supposed to be 

placed in the center of the cask 
surrounded by the UOX fuel rods. This 
arrangement provides an additional 
shielding for neutrons coming from 
MOX fuel rods. Hence, a homogeneous 
mixture will give conservative results 
since the MOX fuel is homogeneously 
distributed and supposed to be less 
shielded. Two zones were defined in a 
fuel rod, i.e. an “active zone” which 
contains the fuel pellets and an 
“inactive zone” which corresponds to 
the top and bottom of the fuel rod and 
it is mainly composed of Zircaloy 
cladding [Janberg and Spilker, 1998]. 
The effective density in these zones 
was calculated according to the equa-
tion: 

where mzone is the mass of the cor
responding zone and Vcanisterzone is the 
total volume available in the POLLUX® 
type cask for that zone.

An average burnup of 55 gigawatt-
days per metric ton of heavy metal 
(GWd/tHM) was assumed for both 
UOX and MOX SNF. Before emplace-
ment a cooling time of the SNF was 
assumed to be 50 years after discharge 
from the reactor core. This duration 
corresponds to an assumed interim 
storage time before disposal of SNF in 
a deep geological disposal facility to 
be built in 2050 according to BMUB 
[2015]. Isotope mass of the SNF in de-
pendence of the cooling time was tak-
en from [Peiffer et al., 2011]. The SNF 
inventory is composed of hundreds of 
different isotopes, but many of them 
have negligibly small activities. As 
investigated in a previous study [Pang 
et al., 2016], for the waste inventory 
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considered in this study, neutrons 
dominate the radiation field and 
exposure outside the shielding cask. 
Hence, only those isotopes that 
contribute significantly to neutron 
activity were considered when 
defining the radiation sources for 
simulations with MCNP6.

For the considered fuel inventory 
the main contributor to neutron emis-
sions is the spontaneous fission of 
244Cm (90 % of the total emission) and 
246Cm (5 % of the total emission), 
while the contribution due to (α,n) 
reactions, mainly stemming from 
interactions with 18O, is less than 5 %. 
The total neutron source strength  
for the POLLUX-10 inventory is 
1.66  ·  10+9  neutrons/sec (n/s),  
while those for the POLLUX-3M  
and POLLUX-3U inventory are 
9.02  ·  10+8  n/s and 3.24  ·  10+8  n/s, 
respectively.

2.2	� Calculation of the ambient 
dose equivalent rate Ḣ*(10)

In the generic model for a repository 
for heat generating waste of Stahl-
mann et al. [2015], an emplacement 
drift has a length of 57 m (RSD) and 
63 m (CLD), respectively. The drift is 
surrounded by a host rock layer of at 
least 100 m thickness and several 
decimetres of concrete lining in the 
case of CLD. To simplify the calcula-
tions, the thickness of the drift walls, 
i.e. rock salt for POLLUX-10 and 
concrete lining for POLLUX-3M and 
POLLUX-3U, was set to 1 m in the 
MCNP6 model, which is sufficient to 
account for possible interactions of 
the radiation with the drift wall 
materials. With respect to interactions 
of neutrons and photons with clay and 
concrete, both materials are charac-
terized by similar densities and ele-
mental / oxidic compositions, domi
nated by SiO2, CaO, Al2O3 and H2O. 
Figure 1 shows the modelling of the 
deep geological disposal facility and 
the POLLUX® type cask with MCNP6. 
As a simplification, only one cask 
(cylindrical form with a length of 

5.5  m and an outer diameter of 
1.56 m) was placed on the ground of 
the drift with its bottom surface at 
2.63 m distance to the drift end side. 
Detailed geometrical information of 
POLLUX® type cask and the generic 
emplacement drifts can be found in 
[Janberg and Spilker, 1998; Filbert et 
al., 2011] and [Stahlmann et al., 
2015], while the respective detailed 
MCNP6 models were already 
described in [Pang et al., 2016], hence 
they are not shown here. Since the 
radiation scattered by the drift layers 
might have an important impact on 
the radiation field, a third drift was 
also modelled. This one has the same 
geometry as the ones described above 
but the surrounding wall layers were 
replaced by air, representing a cask 
free in air (from now on in short as 
FIA).

As denoted by black dots in Fig. 1, 
twelve MCNP6 point detector F5 tallies 
[Pelowitz et al., 2013] were employed 
to calculate the neutron fluence rate 
and the ambient dose equivalent rate 
Ḣ*(10) at different positions inside the 
drift. Tallies X1, Y1 and Z1 (see Fig. 1) 
were defined to compare Ḣ*(10) at 1 m 
distance to the cask surface in the 
respective directions. To study the 
change of Ḣ*(10) with the distance to 
the cask, the tallies X1 to X10 (see 
Fig. 1) were also employed. The neu-
tron fluence-to-ambient-dose-equiva
lent conversion coefficients given by 
ICRP [1996] were employed to convert 
the F5 tally results into Ḣ*(10). To 
assess the precision of the result, 
MCNP6 produces a wealth of informa-
tion about a simulation, which is 
represented by ten statistical checks 
[see Pelowitz et al. (2013)]. To pass the 
ten statistical checks, 2 · 10+7 particles 
were required per simulation.

2.3	� Calculation of the personal 
dose equivalent rate Ḣp(d)

To obtain the personal dose equiva-
lent rate Ḣp(d), a worker inside the 
drift was represented in this study 
with a simplified anthropomorphic 

phantom. This phantom is a virtual 
representation of the BOMAB (BOttle 
MAnnikin ABsorber) phantom, which 
models the head, neck, chest, 
abdomen, thighs, calves, and arms 
with cylinders or elliptical cylinders.  
A detailed description of its com
ponents can be found in [U.S. 
Department of Energy, 2016]. Figure 2 
shows the MCNP6 model of the 
phantom used in the current study.

As recommended by ICRP, [2007] 
the personal dose equivalent rate 
Ḣp(d) at a depth d=10 mm gives a 
conservative assessment of the effec-
tive dose rate under most irradiation 
conditions. However, this requires the 
personal dosimeter to be worn at a 
position on the body which is repre-
sentative with respect to the exposure. 
In general it is recommended to wear 
a dosimeter in front of the chest, 
where Ḣp(d) is supposed to give a con-
servative estimation of the effective 
dose even in cases of lateral or iso
tropic radiation incidence on the body 
[ICRP, 2007]. However, in cases of 
exposure from the back, the question 
arises if a dosimeter worn at the front 
still appropriately assesses the effec-
tive dose. For a worker inside an 
emplacement drift, as investigated in 
the current study, a certain amount of 

|| Fig. 1.  
MCNP6 model of the emplacement drift with a POLLUX® cask loaded with irradiated UOX and MOX fuel. Black dots represent the position of the F5 tallies, where the letter indicates the axis 
direction and the number the distance in meters to the cask surface.

|| Fig. 2.  
MCNP6 representation of the BOMAB phantom with a cylindrical detector 
at the front side (chest dosimeter) and at the back side (back dosimeter).
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radiation incidents on the backside 
due to the backscattered radiation by 
the surrounding drift layers. There-
fore, in order to study the influence  
of the backscattered radiation, two 
cylindrical detectors (2 cm radius and 
0.2 cm length) were modelled in the 
phantom (see Fig. 2): one on the front 
side (representing a dosimeter worn 
in front of the chest) and another one 
on the back side (representing a 
dosimeter worn at the back side), both 
at 10 mm depth to calculate Ḣp(d). 
The personal dose equivalent rate 
Ḣp(d) is calculated as:

Where Ḋn(En) is the neutron absorbed 
dose rate, and Ḋγ(Eγ) is the gamma 
absorbed dose rate. The quality factor 
for photons (Qγ) is equal to 1; while 
for neutrons (Qn) it is dependent on 
the neutron energy (En) and the linear 
energy transfer (L) according to:

The MCNP6 energy deposition tally 
F6 [Pelowitz et al., 2013] was used to 
calculate the absorbed dose rate (D). 
Tabulated values for Qn(En) were 
taken from [Siebert and Schuhmacher, 
1995] to convert the F6 tally results to 
dose equivalents.

To study the effect the orientation 
of the worker with respect to the 
shielding cask, five simulations with 
the phantom at angles of 0°, 15°,  
45°, 60°, and 90° with respect to 
POLLUX-10 symmetrical axis (see 
Figure 3) were performed in RSD. For 
each simulation, the Ḣp(10) obtained 
with the front dosimeter and the sum 
of the Ḣp(10) obtained with the front 
and back dosimeter were compared to 
check if the use of only one dosimeter 
may underestimate the received dose 
rate. To reduce the calculation time, 
the MCNP6 variance reduction tech-
nique “geometry splitting” [Pelowitz et 
al., 2013] was applied. Using geometry 
splitting, a weighting is assigned in 
the following way: regions near the 
tallies (cylindrical detectors in the 
phantom) are assigned with a greater 
importance than regions farther away. 
When a particle leaves a region it is 
split/killed according to the impor-
tance ratio adjusting the weight of the 
remaining particles to leave the tally 
unbiased. A total of 1 · 10+8 particles 
were required per simulation to pass 
the ten MCNP6 statistical checks.

2.4	� Comparison of Ḣp(10) in 
the rock salt and clay 
formation drifts during a 
typical working scenario

The above explained methodology, 
i.e. the use of two dosimeters for the 
estimation of Ḣp(10) was applied to 
the working scenario of POLLUX® 

disposal in the emplacement drift 
based on the proposal of DBE TECH-
NOLOGY GmbH [Filbert et al., 1995]. 
Figure 4 shows the MCNP6 models of 
four main working steps in the cask 
disposal procedure as well as the main 
components. A description of their 
geometry can be found in [Bollinger-
fehr et al., 2011]. The four steps are: 
first the cask is transported on a 
carriage through the drift with an 
electric locomotive with a driver 
sitting inside the cabin (see Fig. 4a). 
Once it arrives at the disposal position, 
as shown in Fig. 4b, the cask is slowly 
positioned under a storage equipment 
which elevates the cask from the 
carriage to allow locomotive and 
carriage to drive back. Once the loco-
motive is driven back, the storage 
equipment places the cask on the 
ground (see Fig. 4c). Finally, as shown 
in Fig. 4d, the locomotive moves  
the storage equipment to the next 
disposal position.

Since the cask geometry of 
POLLUX-3M and POLLUX-3U are 
equal to that of POLLUX-10, the same 
steps as described in Fig. 4 were simu-
lated for the disposal of POLLUX-10, 
POLLUX-3M and POLLUX-3U cask. To 
compare the radiation exposure, the 
same or a similar amount of SNF 
should be disposed in both emplace-
ment drifts, i.e. one POLLUX-10 cask 
in RSD containing fuel rods of one 
MOX and nine UOX fuel assemblies 
(5.45 tHM) and three casks in CLD 
(one POLLUX-3M and two POLLUX-
3U, in total 4.92 tHM). As the working 
steps are the same for the disposal  
of POLLUX-10, POLLUX-3M and 
POLLUX-3U, Ḣp(10) was employed to 
compare the radiation exposure in the 
different working steps as described 
above.

The driver sitting inside the cabin 
was represented in this study by  
the phantom (see Fig. 2). Since the 
worker stays all the time inside the 
cabin and faces the shielding cask,  
the angle between phantom and cask 
is always 0°. However, the amount  
of backscattered radiation may be 
further increased due to the reflection 
by the cabin walls and backscattered 
neutrons from the drift walls. To 
perform the MCNP6 simulations, 
geometry splitting was employed in 
the drift and inside the locomotive 
cabin to reduce the number of trans-
ported particles. To pass the ten 
MCNP6 statistical checks, 4  ·  10+8 
particles were required for simulation 
of the transport and location under 
the storage equipment. For the place-
ment and retreat of the storage 

|| Fig. 3.  
Different angles of the phantom with respect to POLLUX.

|| Fig. 4.  
MCNP6 model of the four steps for a POLLUX® disposal scenario (for details see text).
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equipment 1.5  ·  10+9 particles were 
required per simulation, since the 
distance between the cask and the 
phantom is larger.

3	 Results and discussion

3.1	� The ambient dose 
equivalent rate Ḣ*(10) in 
the emplacement drift

Figure 5a and Figure 5b show the 
spectral fluence rate calculated with 
MCNP6 at 1 m distance to the cask 
surface in X direction inside the RSD 
and CLD as well as FIA. The relative 
error of the fluence rates in each 
energy bin is in general less than 4 %, 
except for some bins with fluence 
rates lower than 0.005 cm−2s−1. The 
effect of the backscattered radiation 
can be observed for the RSD with the 
local minimum of the spectral fluence 
rate between 2  ·  10-3 to 3  ·  10-3 MeV 

(Fig. 5a), which is caused by elastic 
neutron scattering on 23Na (one of the 
main isotopes of the surrounding rock 
salt), which has a peak in the cross-
section at 2.8 · 10-3 MeV. In the CLD, 
the maximum between 1  ·  10-8 and 
1 · 10-6 MeV (Fig. 5a) shows the pres-
ence of moderated neutrons mainly 
due to interactions with 16O content of 
the concrete lining (mainly composed 
of CaO, SiO2, Al2O3, H2O).

Figure 6 shows Ḣ*(10) at 1 meter 
distance to cask surface in the 
different drifts as well as FIA. Since 
the cask shielding in the X direction is 
the thickest, Ḣ*(10) outside the cask 
in the X direction is lower than that  
in Y and Z directions. For the FIA 
scenarios, Ḣ*(10) in the X direction 
outside the POLLUX-10 cask is 24 % 
lower than that outside the POLLUX-
3M, while in the Y and Z directions  
Ḣ*(10) outside the POLLUX-10 cask is 

24 % and 20 % higher than outside 
the POLLUX-3M, respectively. This 
can be explained due to the influence 
of the inactive zone at the top and 
bottom of the fuel rods (X direction).

Figure 7 shows the neutron spectra 
before and after the Zircaloy layer in 
the inactive zone for POLLUX-3M and 
POLLUX-10. The total neutron fluence 
rate before the inactive zone is  
higher for POLLUX-10 (1538 cm−2s−1) 
than for POLLUX-3M (861 cm−2s−1). 
According to the calculated density of 
the SNF (see Equation 1), which is for 
POLLUX-10 (active and inactive zone) 
3 times larger than for POLLUX-3M, 
neutrons emitted in the X direction 
are stronger shielded by the Zircaloy 
layer in POLLUX-10 (total neutron 
fluence after the inactive zone 
331  cm−2s−1) than in POLLUX-3M 
(total neutron fluence after the 
inactive zone 340 cm−2s−1).

|| Fig. 5.  
Spectral neutron fluence rate calculated with MCNP6 (for details see text).

|| Fig. 6.  
 Ḣ*(10) at 1 meter distance from the cask calculated with MCNP6 (for details see text).

|| Fig. 7.  
Spectral neutron fluence rate for the SNF calculated with MCNP6 (for details see text).

a) Inside the gallery b) Free in air
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Figure 8 shows Ḣ*(10) at different 
distances in the X direction  
for POLLUX-10, POLLUX-3M and 
POLLUX-3U as well as also for their 
respective FIA cases. Ḣ*(10) for 
POLLUX-10 in RSD is between 30 % 
(at the cask surface) and 80 % (at 
10  m distance) higher than for 
POLLUX-10 FIA. For POLLUX-3M and 
POLLUX-3U, Ḣ*(10) in CLD is between 
15 and 75 % higher than FIA. This 
reveals the important role of the 
backscattered radiation on the radia-
tion field in a geological disposal 
facility. Figure 8 shows further that up 
to 1 m distance, Ḣ*(10) is higher (up 
to 9 %) for POLLUX-3M in CLD than 
for POLLUX-10 in RSD. From this 
point on, the higher moderation of the 
concrete layers and the larger reflec-
tion of the salt layers lead to a higher 
Ḣ*(10) in the RSD (between 10 % and 
40 %). Since only spent UOX was 
loaded in a POLLUX-3U cask, Ḣ*(10) 
for the case of POLLUX-3U is in 
general 63 % lower than that for 
POLLUX-3M.

3.2	� Influence of the angle 
between phantom and 
disposal cask on Ḣp(10) 

Table 1 shows Ḣp(10) obtained with 
the detector at the chest Ḣp(10)Chest 
and at the back Ḣp(10)Back of the 
phantom (see Fig. 2). Also included in 
the table are the sum of both detectors 
Ḣp(10)Total and the contribution of 
each detector to Ḣp(10)Total. When the 
frontal body part of the phantom is 
facing the cask, corresponding to an 
angle of 0°, the main contribution to 
Ḣp(10)Total comes from the detector at 
the chest. However, as the angle be-
tween phantom and cask increases, 
the contribution of the detector at the 
back increases. This phenomenon 
arrives its maximum when the phan-
tom has an angle 90° with the cask. In 
this case, the dose rate obtained with 
each detector represents approxi-
mately 50 % of Ḣp(10)Total. Hence, the 
addition of Ḣp(10)Chest and Ḣp(10) is a 
simple way to account for the angular 
dependence.

3.3	� Comparison of Ḣp(10) in 
the rock salt and clay 
formation drifts during  
a working scenario

Table 2 shows the calculated dose 
rate Ḣp(10)Chest and Ḣp(10)Back for the 
working steps of the disposal scenario 
shown in Fig. 4. Ḣp(10)Total in the table 
refers to the sum of Ḣp(10)Chest and 
Ḣp(10)Back while %Chest and %Back are 
their percentage contribution to  
Ḣp(10)Total, respectively. In the table, 
POLLUX-10 refers to the calculated  
Ḣp(10) for each working step of the 
disposal in a RSD, while POLLUX-3 
refers to the sum of the calculated 
Ḣp(10) for two POLLUX-3U and one 
POLLUX-3M. The calculated dose rate 
for the disposal of only one POLLUX-
3M and one POLLUX-3U is also 
included in Tab. 2.

For the simulated working steps, 
the angle between phantom and 
source is always 0°. Hence, the main 
contribution to Ḣp(10)Total is coming 
from the chest detector. However, 
comparing with the results at 0° given 
in Tab. 1, the contribution of the back 
dosimeter to Ḣp(10)Total for the worker 
inside the cabin is higher than that for 
the worker standing alone in the drift. 
This effect is attributed to additional 
backscattered radiation due to the 
cabin walls and locomotive elements. 
The calculated dose rate for each 
working step is similar for POLLUX-3M 
and for POLLUX-10, while that for 
POLLUX-3U is 60 % lower that for 
POLLUX-3M, since no spent MOX fuel 
was stored in POLLUX-3U. However, 
to dispose the same amount of waste 
as in a POLLUX-10, one POLLUX-3M 
and two POLLUX-3U have to be em-
ployed. Therefore, Ḣp(10)Total is 30 % 
higher for the transport and location 
in a CLD that in a RSD. For the 
placement and retreat in CLD the 
Ḣp(10)Total is more than a 40 % higher 
than that in the RSD. This reveals that 
the selection of the host rock can play 
an important role in the radiation 
exposure of the workers in such facili-
ties.

The developed methodology can 
be applied to assess the exposure 
during the different steps of nuclear 
waste disposal. In this work the same 
geometrical parameter were con
sidered for both emplacement drifts. 
However, due to the lower loading 
capacity of the cask in CLD, a larger 
disposal space is required resulting in 
a larger repository compared to a 
repository in rock salt [e.g. DBE-Tec, 
2016]. This leads to a longer transport 
distance and also longer exposure 
duration. Since the transport of the 

|| Fig. 8.  
 Ḣ*(10) at different distances in the X direction for POLLUX-10 in rock salt, POLLUX-3M and POLLUX-3U 
in clay formation and POLLUX-3U in free air.

|| Tab. 1.  
Total  Ḣp(10) values and the contribution of the chest and back detectors with different angles between 
phantom and disposal cask. Calculations were performed in a RSD at 5 meter distance to POLLUX-10 
surface.

Angle
[degrees]

Ḣp(10)Total

[µSv/h]
Ḣp(10)Chest

[µSv/h]
%Chest

[%]
Ḣp(10)Back

[µSv/h]
%Back

[%]

0 1.4 1.2 86 0.19 14

15 1.5 1.3 87 0.20 13

45 1.2 0.97 82 0.22 18

60 1 0.75 75 0.26 25

90 0.89 0.45 50 0.44 50
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cask is one of the steps with the 
highest personal dose rate, it is 
plausible to assume that the total 
personal exposure for disposal in clay 
formation is higher than for disposal 
in rock salt. 

Since a precise description of the 
duration of each working step is  
still unknown, only a dose rate 
comparison is conducted in this study. 
The following example will try to 
demonstrate the importance of this 
description. Assuming that five hours 
are required to dispose a POLLUX-10, 
where four hours are for transport (to 
simplify, only transport in a drift is 
considered) and the fifth hour is 
equally divided amongst the other 
three steps (20 min/step). For the 
disposal in CLD the transport of  
each cask will take longer since the 
needed space within the drift is larger 
(assuming 7 h). This will lead to a 
dose of 12.26 μSv and 30.79 μSv for 
RSD and CLD, respectively. However 
as more and more casks are disposed 
in the drift, the transport time will 
reduce. Assuming that only 1 h is 
required for the transport when the 
drift is almost full, and since the time 
for the other three steps will be the 
same, it will lead to a dose of 3.77 μSv 
and 5.65 μSv for RSD and CLD, 
respectively.

As illustrated in the example 
above, the duration of the working 
steps (especially the transport) plays a 
decisive role in the personal dose. 
Therefore, a precise description of  
the different steps is necessary for  
a proper comparison between the 
different disposal options and to 

provide recommendations for mini-
mizing the occupational radiation 
exposure.

4	� Summary and 
conclusions 

In the current study, the ambient  
dose equivalent rate Ḣ*(10) and the 
personal dose equivalent rate Ḣp(10) 
were calculated for emplacement of 
casks with spent UOX / MOX fuel 
within two generic deep geological 
disposal facilities. In the rock salt drift 
a POLLUX-10 was placed, while for 
the clay drift with concrete lining a 
POLLUX-3M and two POLLUX-3U 
were disposed. In addition, casks free 
in air were also investigated. Results 
show that the backscattered radiation 
of the host rock layers or the concrete 
lining increases Ḣ*(10) in the disposal 
drift in comparison with a cask FIA.  
Ḣ*(10) for POLLUX-10 in RSD is 
between 30 % (at the cask surface) 
and 80 % (at 10 m distance) higher 
than for POLLUX-10 free in air. For 
POLLUX-3M and POLLUX-3U, Ḣ*(10) 
in CLD is between 15 and 75 % higher 
than FIA. The higher increase for 
POLLUX-10 is caused by the neutron 
reflection of the rock salt layers, while 
in the clay drift the presence of oxygen 
in the concrete lining moderates the 
neutrons resulting in a lower increase.

For the calculation of Ḣp(10) a 
mathematical phantom was modelled 
with two detectors, one at the front 
side of the chest and another one  
at the back side. Calculations with 
different angles between the phantom 
and the cask show that there is an 
angular dependence of the registered 

dose rate values. This effect is 
enhanced if the dose rate is obtained 
with only one dosimeter. Therefore, it 
was proposed to sum up the dose rate 
obtained with both dosimeters. This 
methodology was applied to the 
working scenario for the disposal of a 
POLLUX® type cask in an emplace-
ment drift. The results of the investi-
gated scenario, where the worker is 
sitting inside the locomotive cabin 
and always facing the cask, show that 
the main contribution to Ḣp(10) comes 
from the front detector. However, due 
to the additional neutron scatterings 
at the cabin, the contribution of the 
back detector to Ḣp(10) is up to 10 % 
higher that with the worker just 
standing alone in the drift. Therefore, 
a study of the effective dose under  
this irradiation conditions should be 
performed to verify if Ḣp(d) is still  
a conservative assessment.

The calculated personal dose rate 
for each working step is similar for 
POLLUX-3M and for POLLUX-10 but is 
40 % higher than that for POLLUX-3U. 
However, to dispose the same amount 
of waste as in the RSD, three casks 
have to be placed in the CLD. There-
fore each disposal step has to be 
carried out three times (one POLLUX-
3M and two POLLUX-3U, in Tab. 2 
summarized as POLLUX-3), which 
leads to a higher dose rate (between 
35 % and 40 % depending of the 
working step) for the disposal in CLD. 
In this study the same geometrical 
parameter where considered for both 
galleries. However, due to the lower 
loading capacity of the cask in CLD, a 
larger emplacement drift is required. 

|| Tab. 2.  
Total  Ḣp(10) values and the contribution of the chest and back detectors for the different disposal steps in RSD and CLD.

Step Cask Ḣp(10)Total Ḣp(10)Chest %Chest Ḣp(10)Back %Back

Transport POLLUX-3M 2.8 2.4 87 0.35 13

POLLUX-3U 0.72 0.63 88 0.09 12

POLLUX-3 4.2 3.7 88 0.52 12

POLLUX-10 2.8 2.3 83 0.49 17

Location POLLUX-3M 2.6 2.2 85 0.38 15

POLLUX-3U 0.72 0.63 87 0.09 13

POLLUX-3 4.1 3.5 86 0.57 14

POLLUX-10 2.6 2.1 80 0.50 20

Placement POLLUX-3M 0.18 0.15 86 0.02 14

POLLUX-3U 0.04 0.03 85 0.01 15

POLLUX-3 0.26 0.22 86 0.04 14

POLLUX-10 0.19 0.16 82 0.03 18

Retreat POLLUX-3M 0.07 0.05 73 0.02 27

POLLUX-3U 0.02 0.01 85 0.002 15

POLLUX-3 0.10 0.08 77 0.02 23

POLLUX-10 0.06 0.05 88 0.01 12
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This leads to a longer transport 
distance and also longer exposure 
durations. Since the transport of the 
canister is one of the steps with the 
highest personal dose rate, it is 
plausible to assume that the total 
personal exposure for disposal in a 
clay formation drift is higher than for 
disposal in a rock salt drift.
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