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REVIEW OF THE RADIATION PROTECTION CALCULATIONS FOR THE 
ENCAPSULATION PLANT 
 
ABSTRACT 
 
The radiation protection calculations of the encapsulation plant have been carried out 
with the MCNP5 Monte Carlo code. The focus of the study has been in the parts of the 
encapsulation plant where the spent fuel is handled after discharge from the transporta-
tion casks i.e. the fuel handling cell, the fuel drying station, the canister transfer corri-
dor, the welding chamber, the weld inspection room, the canister buffer storage and the 
canister lift. 
 
The protection against radiation hazard has been mainly designed with thick concrete 
walls. Additionally, the entrances to the rooms with shielding requirements have been 
equipped with mazes. The present design excludes doors with shielding properties. The 
aim of this work was to verify and evaluate the necessary wall thicknesses and the func-
tioning of the mazes in the current design. 
 
The calculations verified that for the most parts of the facility, the currently designed 
walls thicknesses provide adequate protection against radiation from the different spent 
fuel assembly configurations. Some corrective actions however seem necessary in order 
to stay clearly below desired radiation limits. For the most parts the functioning of the 
mazes was inadequate. In some of the cases a different design of the maze will be suffi-
cient action but in some cases the radiation protection can only be secured by heavy 
doors for practical reasons. 
 
Keywords: Encapsulation plant for spent nuclear fuel, radiation protection 



KAPSELOINTILAITOKSEN SÄTEILYSUOJAUSLASKUJEN PÄIVITYS  
 
TIIVISTELMÄ 
 
Kapselointilaitoksen säteilysuojauslaskut tehtiin käyttäen MCNP5-ohjelmaa. Työn koh-
teena olivat kapselointilaitoksen prosessit, joissa käytettyä polttoainetta käsitellään kul-
jetusastiasta poiston jälkeen. Tarkastellut kohteet olivat polttoaineen käsittelykammio, 
polttoaineen kuivausasema, polttoaineen kuljetuskäytävä, kapselin hitsausasema, hitsin 
tarkistuskammio, puskurivarasto ja kapselihissi. 
 
Laitoksen säteilysuojaus on pääasiassa toteutettu paksuilla betoniseinillä. Tämän lisäksi 
huoneiden sisäänkäynnit on varustettu labyrinteillä tapauksissa, joissa sisäänkäynti joh-
taa alueille joilla oleskelua ei ole rajoitettu. Nykyisessä suunnitelmassa ei ole sätei-
lysuojaukseen tarkoitettuja ovia. Tämän työn tarkoituksena oli arvioida riittävät seinä-
män vahvuudet ja labyrinttien toimivuus nykyisessä suunnitelmassa. 
 
Laskujen perusteella voidaan todeta, että suurimmassa osassa kapselointilaitosta suunni-
tellut seinämävahvuudet ovat riittävät. Tulosten perusteella eräät korjaavat toimenpiteet 
ovat kuitenkin välttämättömiä, jotta pysytään selvästi säteilysuojeluraja-arvojen alapuo-
lella. Labyrinttiseinien toiminta oli suurimmassa osassa puutteellinen. Joissakin tapauk-
sissa labyrintin suunnitelman päivitys on riittävä toimenpide, mutta toisissa tapauksissa 
riittävä säteilysuojaus voidaan varmistaa käytännön syistä vain paksuilla ovilla, jotka 
toimivat säteilysuojina. 
 
Avainsanat: käytetyn ydinpolttoaineen kapselointilaitos, säteilysuojaus 
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1 INTRODUCTION 
 
The radiation protection calculations of the encapsulation plant have been carried out 
with the MCNP5 Monte Carlo code. The focus of the study has been in the parts of the 
encapsulation plant where the spent fuel is handled after discharge from the transporta-
tion casks i.e. the fuel handling cell, the fuel drying station, the canister transfer corri-
dor, the welding chamber, the weld inspection room, the canister buffer storage and the 
canister lift. 
 
The protection against radiation hazard has been mainly designed with thick concrete 
walls. Additionally, the entrances to the rooms with shielding requirements have been 
equipped with mazes. The present design excludes doors with shielding properties. The 
aim of this work was to verify and evaluate the necessary wall thicknesses and the func-
tioning of the mazes in the current design. 
 
The radiation protection calculations for the encapsulation plant have been carried out in 
Reference (Anttila 1998), which has formed the basis for the current dimensioning of 
the radiation shields. The radioactive characteristics of the spent fuel from the Finnish 
nuclear power plants and the gamma and neutron source terms have previously been 
evaluated (Anttila 2005b). The gamma and neutron dose rates outside the three final 
disposal canisters have also been calculated (Anttila 2005a). Some of the initial data 
used in this study have been extracted from these reports, which thereby form a basis of 
this study.  
 
The design of the encapsulation plant used in this work has been based on the latest de-
sign drawings (For reference, see App. 1). The dimensions of the rooms, thicknesses of 
walls and ceilings and the properties of the mazes are based on these data. The design 
data is not repeated in this report. In each of the studied cases only the most relevant 
information such as the thicknesses of the walls and the positions of the sources have 
been explicitly mentioned. Other information can be retrieved from the design dra-
wings. 
 
The radiation source terms in this work corresponded to VVER-440, BWR and EPR 
fuel assemblies coming from the Finnish nuclear power plants. The burnup and cooling 
time were 60 MWd/kgU and 20 years, respectively, which are conservative values that 
have been used in the previous evaluations. The actual source terms in the calculations 
included various configurations of one or more spent fuel assemblies.  
 
The structure of this report follows the recommendations in the American National 
Standard ANSI/ANS-6.4-2006 that deals with the nuclear analysis and design of concre-
te radiation shielding for nuclear power plants. The radiation dose limits follow the 
STUK Radiation Safety Authority guidance YVL-Guide YVL-7.9. 
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2 ENCAPSULATION PLANT, CANISTER AND SHIELD DESIGN 
APPROACH 

 
The spent fuel is handled in the encapsulation plant in different processes and configu-
rations. The spent fuel assemblies are transferred from the intermediate storage facilities 
of Loviisa and Olkiluoto in spent fuel transportation casks. The transportation casks are 
received in the spent fuel receiving area of the encapsulation plant. The spent fuel trans-
portation casks are designed to provide adequate radiation protection so the transporta-
tion cask processes are excluded in this study. This study focuses on the processes after 
spent fuel assemblies have been discharged from the transportation casks. 
 
The preliminary design of the encapsulation plant has been described in (Kukkola 
2006). The report contains a brief description of the encapsulation plant processes. The 
radiation classification of the rooms has been reported in (Nieminen 2006). 
 
2.1 The preliminary design of the encapsulation plant 

The spent fuel handling processes involve the following areas of the encapsulation 
plant: the fuel handling cell, the fuel drying station, the canister transfer corridor, the 
welding chamber, the weld inspection room, the canister buffer storage and the canister 
lift. Next to each of these areas there are rooms where radiation doses should be kept as 
low as possible. The task of the radiation protection calculations is to verify that the ra-
diation dose levels remain within desired limits during all plant processes. 
 
The spent fuel transportation cask is lifted and docked to the docking station on the 
floor of the fuel handling cell. The spent fuel assemblies are lifted one by one in the air 
and lowered to the fuel drying chamber. During the assembly moving operation, the ra-
diation source term corresponds to a bare spent fuel assembly. The radiation source term 
in the drying chamber on the other hand consists of several assemblies. Finally, the as-
semblies are lifted from the fuel drying chamber and lowered to the final disposal canis-
ter. 
 
In the canister transfer corridor the canisters are moved between the fuel handling cell, 
the welding chamber, the weld inspection room and the canister buffer storage. Depen-
ding on the location of the canister in the corridor, the canister can be with or without 
the copper lid. This may lead to different shielding requirements in different parts of the 
corridor. 
 
In the welding chamber and the weld inspection room a part of the canister is located 
above the floor level. The rooms also have additional radiation source terms. In the wel-
ding chamber the canister copper lid is welded with electron beam onto the top of the 
canister, a process that produces X-rays. The weld inspection room on the other hand 
includes an accelerator that produces a significant X-ray source term. The additional 
source term will only be considered in the case of the welding chamber. 
 
The radiation source terms in the canister buffer storage and the canister lift consist of 
one or more disposal canisters. The canisters are stored in the buffer storage before 



 6 

transportation to the disposal tunnels. The buffer storage can contain up to 12 canisters. 
A more complete description of the various rooms is given in the following sections. 
 
2.2 The classification of the encapsulation plant 

The classification of the encapsulation plant into areas of different radiation levels is 
given in (Nieminen 2006). The radiation protection considerations are here based on 
that classification. The radiation dose limit in the areas designated as green is 2.5 μSv/h. 
Following the ALARA-principle the dose levels should be kept as low as reasonably 
achievable. Therefore it is considered here that the calculated radiation dose levels 
should be clearly below the desired limit. 
 
2.3 Geometry and material composition of the final disposal canisters 

There exist three different canister designs for the VVER-440, BWR and EPR assem-
blies. The VVER-440- and BWR-type canisters are designed for 12 spent fuel assem-
blies and the EPR-type canister can store 4 fuel elements. The main components of the 
canister are the integral insert structure made from nodular graphite cast iron and the 
overpack made from copper. The materials and dimensions of the three canister types 
are listed in Table 2-1. The insert top lid is made from steel. Figure 2-1 shows the cross 
sectional view of the insert for the three canister types. The assembly holes are lined 
with steel tubes (thickness about 1 cm), which have a chemical composition correspon-
ding to the steel lid (Table 2-1). 
 
 
Table 2-1. Dimensions and materials of the spent fuel canisters (Raiko 2005). 
 
 Cast iron insert Steel lid Copper 

cylinder 
Copper 
lid 

Fuel as-
sembly 

Outside diame-
ter (cm) 

95.0 91.0 105.0 105.0  

Wall thickness 
(cm) 
VVER/ BWR/ 
EPR 

 5.0/  
5.0/  
5.2 

4.8 5.0  

Bottom thick-
ness (cm) 
VVER/ BWR/ 
EPR 

6.5/  
6.5/  
8.5 

 5.0   

Free length (cm) 
VVER/ BWR/ 
EPR 

325.0/  
445.0/  
487.8 

    

Total length 
(cm) 
VVER/ BWR/ 
EPR 

336.5/  
456.5/  
501.5 

 480/  
360/  
525 

 439.8/ 
321.7/ 486.5 

Density (kg/m3) 7200 7850 8900 8900  
Chemical com-
position (wt-%) 

Fe 92.8 %, C 3.2 %, 
Mg 0.05 %, Si 2.15 
%, Mn 0.8 %, Ni 1.0 
% 

Fe 98.3 %, 
C 0.2 %, 
Mn 1.5 % 

Cu 100 % Cu 100 
% 
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Figure 2-1. Horizontal cross sections of the cast iron inserts of the BWR, VVER-440 
and EPR assemblies and vertical cross section of the top lid fitting of the insert (Raiko 
2005). 
 
 
2.4 Geometry and material composition of the fuel elements 

The final disposal facility and the encapsulation plant processes have been designed for 
three fuel types coming from the Finnish nuclear reactors. These fuel types are VVER-
440, BWR and EPR elements from the Loviisa 1&2, Olkiluoto 1&2 and Olkiluoto 3, 
respectively. The fuel design, operating history and the burnup of the fuels are different, 
which leads to different radioactive characteristics of the elements. The radioactive cha-
racteristics of the spent fuel coming from the Finnish nuclear power plants has previous-
ly been calculated (Anttila 2005b) and forms the basis of this study. 
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2.4.1 VVER-440 fuel element 

A VVER-440 element has a hexagonal shape and consists of 126 fuel rods and an inst-
rumentation tube in the centre of the assembly. The fuel assemblies used in the Loviisa 
reactors have previously been non-profiled. In other words, all fuel rods had the same 
enrichment. However, the Loviisa reactors already contain assemblies with burnable 
absorbers (BA) and varying fuel rod enrichments. In this study it is still assumed that all 
fuel rods have the same enrichment, which is in line with previous work (Anttila 
2005b). 
 
The assemblies used in the Loviisa reactors are from two fuel vendors, Russian TVEL 
and British BNFL. The assembly from the former vendor has a higher enrichment and 
lower uranium mass. There are also some other minor differences in the assembly de-
signs. The enrichments used in the previous works have been 4.4 % for the TVEL ele-
ment and 3.7 % for the BNFL element (Anttila 2005b). 
 
The geometrical data of the VVER-440 fuel element used in the shielding calculations 
is shown in Table 2-2 (Anttila 2005a). 
 
 
Table 2-2. The geometrical data of the VVER-440 fuel assembly (TVEL) (Anttila 
2005a). 
 
Pin cell  
- Pitch (cm) 1.22 
  
Fuel rod  
- Central hole Homogenized with fuel 
- Pellet outer radius (cm) 0.3775 
- Cladding inner radius(cm) 0.3775* 
- Cladding outer radius (cm) 0.455 
  
Instrumentation rod  
- Inner radius (cm) 0.427 
- Outer radius (cm) 0.515 
  
Channel box (shroud)  
- Outer pitch (cm) 14.40 
- Thickness (cm) 0.15 
*) The gas gap is homogenised with the clad. 
 
 
A VVER-440 reactor core contains fuel assembly followers adjacent to the control ele-
ments. The fuel assembly followers are shorter than a normal assembly and contain less 
uranium and have been omitted in this study. The material compositions of the VVER-
440 assembly are shown in Table 2-3 (Anttila 2005a). 
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Table 2-3. Material compositions and densities of the VVER-440 assembly (Anttila 
2005a). 
 
Material Density (g/cm3) 
- Fuel: UO2 9.969* 
- Clad: ZrNb1 (Zr with 1 wt-% Nb) 5.813** 
- Instrumentation rod: ZrNb1 6.55 
- Channel box: ZrNb2.5 (2.5 wt-% Nb) 6.58*** 
*)     The central hole is homogenised with the fuel. 
**)   Reduced density, since gas gap is homogenised with the clad. 
***) Modelled as ZrNb1 for simplicity. 
 
 
2.4.2 BWR fuel element 

There are several fuel assembly types used in the Olkiluoto 1&2 BWRs. The current 
design is a 10x10 assembly with burnable absorbers.  
 
The radioactive characteristics of the BWR fuels have previously been calculated for an 
ATRIUM 10x10-9Q fuel element that has 91 fuel rods and a large water channel occu-
pying 9 rod positions (Anttila 2005a). The assembly had enrichment of 3.8 % or 4.2 % 
and contained no BA rods. The geometric data of the assembly is given in Table 2-4 and 
the material compositions in Table 2-5. 
 
 
Table 2-4. The geometrical data of the BWR fuel assembly (Anttila 2005a). 
 
Pin cell  
- Pitch (cm) 1.295 
  
Fuel rod  
- Pellet outer radius (cm) 0.4335 
- Cladding inner radius(cm) 0.4335* 
- Cladding outer radius (cm) 0.5025 
  
Water channel (square)**  
- Inner pitch (cm) 3.355 
- Outer pitch (cm) 3.50 
  
Channel box  
- Inner pitch (cm) 13.40 
- Thickness (cm) 0.23 
*) The gas gap is homogenized with the clad. 
**) Water channel is omitted in the calculations. 
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Table 2-5. Material compositions and densities of the BWR assembly (Anttila 2005a). 
 
Material Density (g/cm3) 
- Fuel: UO2 10.3* 
- Clad: Zr 6.55** 
- Water channel: Zr 6.55 
- Channel box: Zr 6.55 
*) Differs from value 10.45 given in (Anttila 2005a). 
**) Reduced density since gas gap is homogenised with the clad. 
 
 
2.4.3 EPR fuel element 

The EPR fuel elements has a 17x17 array design but the detailed composition and geo-
metric data is not yet available. In the previous analyses (Anttila 2005a, Anttila 2005b) 
it has been assumed that the EPR element has a 17x17-24 design. The element has 265 
fuel rods and 24 guide tubes and no BA rods. The geometry of the element was defined 
according to reference (NEI2007). The initial enrichment of the element was 3.6 % or 
4.0 %. 
 
The geometrical data of the EPR assembly is given in Table 2-6 as used in the shielding 
calculations. The material compositions and densities are defined in Table 2-7 as in re-
ference (Anttila 2005a). 
 
 
Table 2-6. The EPR fuel assembly geometric data (Anttila 2005a). 
 
Pin cell  
- Pitch (cm) 1.26 
  
Fuel rod  
- Pellet outer radius (cm) 0.4095 
- Cladding inner radius(cm) 0.418 
- Cladding outer radius (cm) 0.475 
  
Guide tube  
- Inner radius (cm) 0.5725 
- Outer radius (cm) 0.6225 
 
 
Table 2-7. Material compositions and densities of the EPR assembly (Anttila 2005a). 
 
Material Density (g/cm3) 
- Fuel: UO2 10.307 
- Clad: Zr 6.55 
- Guide tubes: Zr 6.55 
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2.4.4 Radioactive characteristics of spent fuel 

The radioactive characteristic of the spent fuel from Finnish reactors has previously 
been calculated (Anttila 2005b). The radioactive characteristics are affected by the reac-
tor type, the assembly design, the operating history, burnup and cooling time. From the 
shielding point of view it is necessary to select the conservative parameters that ensure 
that the gamma and neutron sources used in the shielding calculations cover the proper-
ties of all assemblies that are to be loaded in the final disposal canisters in the encapsu-
lation plant. 
 
It has been observed in the previous works (Anttila 2005b) that higher burnup and shor-
ter cooling time leads to a higher gamma and neutron production rate. It has been de-
termined that a burnup of 60 GWd/tU should cover conservatively all fuel coming from 
Loviisa 1&2, Olkiluoto 1&2 and Olkiluoto 3. No spent fuel will be transported to the 
encapsulation plant before a cooling time of 20 years. Therefore this value has been se-
lected as the cooling time to be used in the shielding calculations. This parameter is here 
designated as (60 GWd/tU, 20 y). 
 
Spent fuel contains hundreds of different radioactive isotopes. The production of pho-
tons and neutrons in the radioactive decay processes is the most important factor for the 
shield design. By far the largest contribution to the neutron source comes from the spon-
taneous fission of Cm-244 (Anttila 2005a), which is true for the cooling times of inter-
est in this study (true at least up to 50 years).The largest contribution to the gamma dose 
comes from the decay of Cs-137/ Ba-137m that produces 0.662 MeV photons (Anttila 
2005a). Some activation products such as Co-60 emerging from the activation of the 
structural materials may also have a significant contribution to the gamma dose. A de-
cay of Co-60 produces two high-energy photons of 1.173 MeV and 1.332 MeV (Anttila 
2005a). 
 
 
2.4.5 Gamma and neutron sources 

In this section the gamma and neutron sources used in the shielding calculations are gi-
ven as reported in (Anttila 2005a), where the source strengths and spectra were calcula-
ted as a function of discharge burnup and cooling time with the ORIGEN2.1. 
 
For relatively short cooling times the spontaneous fission of Cm-244 is the most impor-
tant source of neutrons. From 5 to 30 years the reaction accounts to about 95 % of the 
neutron source. Near 100 years the fraction falls close to 60 %, where other reactions 
start to play an important role (Anttila 2005a). For the calculations in this report, the 
neutron energy spectrum can therefore be defined as the spontaneous fission spectrum 
of Cm-244. 
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Table 2-8. Gamma and neutron source data. 
 
 VVER BWR EPR 
Enrichment (% U-235) 4.2 3.8 4.0 
Burnup (GWd/tU) 60 60 60 
Cooling time (years) 20 20 20 
Number of fuel elements 12 12 4 
Uranium mass of a element (t) 0.12 0.18 0.53 
Uranium mass of a canister (t) 1.44 2.16 2.12 
Source strength (1/s/tU)    
- photons 9.018E+15 8.687E+15 8.733E+15 
- neutrons 1.215E+9 1.829E+9 1.640E+9 
 
 
2.5 Shield design and materials 

The shielding in the encapsulation plant is primarily ensured by concrete walls that at-
tenuate the radiation sufficiently. In the case of penetrations such as doorways the shiel-
ding is realized by mazes where multiple scattering is required for the radiation to exit 
the shielding. 
 
Concrete is one of the most widely used structural materials and is used extensively for 
shielding. It is also one of the most economical means of shielding even though its low 
density means a sacrifice in terms of space required. Concrete is valuable as a fast neut-
ron shield, as it contains water as a constituent part. The reinforcing steel bars (rebar) 
are used in concrete to increase the structural strength. For gamma ray sources, the pre-
sence of rebar may be considered and a simple homogenisation is sufficient. For neut-
rons the simple homogenisation may not be sufficient because of neutron-induced 
gamma-rays. In this report the secondary gamma-ray production is assumed to be negli-
gible and the homogenisation is used also for neutrons. (ANSI/ANS-6.4-2006) 
 
The isotopic composition of the concrete used in the calculations is given in Table 2-9. 
Type 04 corresponds to the concrete type given in the American National Standard AN-
SI/ANS-6.4-2006. The other type corresponds to Reference (Anttila 1998). Table 2-9 
includes the material composition of the concrete types with rebar. The density of conc-
rete and the rebar fraction are based on the preliminary plant design. 
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Table 2-9. Density and elemental composition of ordinary concrete (ANSI/ANS-6.4-
2006, Anttila 1998) and concrete with reinforcing steel bars. 
 
Concrete type Ordinary 04 

(ANSI) 
 Anttila 98  

Designation M100 M101 (+rebar) M200 M201 (+rebar) 
Aggregate Sand and gravel    
Density 2.3 g/cm3* 2.38 g/cm3** 2.3 g/cm3* 2.38 g/cm3** 
Elemental com-
position 

g/cm3 (wt-%) Wt-% wt-% wt-% 

H   (Z=1) 0.013 (0.55) 0.52 0.46 0.44 
B   (Z=5) - - 0.21 0.20 
C   (Z=6) - 0.01 - 0.01 
O   (Z=8) 1.171 (49.83) 47.32 48.7 46.25 
Na  (Z=11) 0.040 (1.70) 1.61 - - 
Mg (Z=12) 0.006 (0.26) 0.25 1.4 1.33 
Al  (Z=13) 0.085 (4.55) 4.32 5.5 5.22 
Si   (Z=14) 0.742 (31.57) 29.98 31.7 30.1 
S    (Z=16) 0.003 (0.13) 0.12 - - 
K   (Z=19) 0.045 (1.91) 1.81 1.69 1.60 
Ca  (Z=20) 0.194 (8.26) 7.84 7.5 7.12 
Mn (Z=25) - 0.08 - 0.08 
Fe  (Z=26) 0.029 (1.23) 6.11 2.57 7.39 
*) Density set conservatively to 2.3 g/cm3 in this study. 
**) Calculated with rebar fraction of 120 kg/m3 and density of 7.8 g/cm3. 



 14 

 



 15 

3 SHIELD DESIGN DESCRIPTION 
 
The radiation shielding inside the encapsulation plant is mainly provided by concrete 
walls. The adequate wall thicknesses for various parts of the encapsulation plant depend 
on the radiation source and the classification of the area in question.  
 
Because of the maintenance reasons, the areas in which hazardous material is handled 
are equipped with penetrations. Gamma and neutron radiation can stream through the 
penetrations to the adjacent areas. The starting point of the design has been to minimize 
the need for doors with radiation protection function. Therefore, the encapsulation plant 
design includes mazes that should decrease the dose rate below acceptable limits. The 
review functioning of the mazes at various parts of the encapsulation is a part of the ra-
diation shielding analysis. 
 
The adequate shielding will be evaluated for the fuel handling cell, the fuel drying stati-
on, the canister transfer corridor, the welding chamber room, the weld inspection cham-
ber, the canister buffer storage and the canister lift. The basic data of each of the studied 
areas are given in the following sections. 
 
3.1 The fuel handling cell 

In the fuel handling cell the fuel assemblies are removed from the spent fuel transporta-
tion cask and inserted into the fuel drying chamber located below. After drying the fuel 
assemblies are removed from the fuel drying chamber and inserted into the final dis-
posal canister. Figure 3-1 shows the geometry of the fuel handling cell. The spent fuel 
transportation cask docking station is drawn with a circle in the upper right corner. The 
fuel drying stations are located next to the left wall of the fuel handling cell. The dis-
posal canister docking station is shown in the middle of the room next to the front wall. 
 
The concrete walls should provide the adequate shielding against gamma and neutron 
radiation coming from a bare fuel assembly. The walls, the floor and the ceiling have a 
design thickness of 130 cm. The adequacy of the design should be evaluated for all 
three fuel types. 
 
When the fuel assemblies are transferred from the spent fuel transportation cask to the 
fuel drying station, the final disposal cask may or may not be attached to the docking 
station. Gamma and neutron radiation can stream through the hole to the canister trans-
fer corridor below. The dose rate coming through the hole of the docking station needs 
to be evaluated. 
 
The fuel handling cell has a doorway to the adjacent washroom (upper right corner of 
the fuel handling cell in Figure 3-1). The wash room is designated as a green area with 
no staying limitations (Nieminen 2006). Current design has a simple maze that reduces 
the dose coming from the fuel handling cell. Figure 3-2 shows another alternative where 
an additional maze has been established between the fuel handling cell and the wash 
room (For reference, see App. 1). The dose rate at the entrance to the washroom needs 
to be calculated. 
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Figure 3-1. Design drawing of the fuel handling cell at level +10.00 (For reference, see 
App. 1). 
 
 
 

 
Figure 3-2. Modified design of the fuel handling cell at level +10.00 with alternative 
layouts for the maze. The figure contains two versions of the maze (For reference, see 
App. 1). 
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3.2 The drying system for spent fuel assemblies 

In the fuel drying station the fuel assemblies are placed in fuel racks inside the fuel 
drying chamber. Figures 3-3 and 3-4 show the geometry of the fuel drying station and 
the adjacent rooms. The design is equipped with a maze located between the drying sys-
tem and the auxiliary rooms. Drying station, maze and the auxiliary system rooms are 
designated as red area with high dose rate levels (Nieminen 2006). All other adjacent 
rooms are here treated as green areas. 
 
The primary shielding from the radiation is provided by concrete walls that have a de-
sign thickness of 130 cm. The radiation source term is a fuel rack that can contain 4 – 
12 assemblies. Preliminary designs of the fuel racks are shown in Figure 3-5. The rack 
for the EPR fuel can contain 4 assemblies while the racks for the BWR and VVER-440 
fuels can contain 12 assemblies. The rack designs have not been fully fixed yet. For the 
shielding calculations the following assumptions were made: I) each assembly is sur-
rounded by a steel tube of thickness 1.0 cm, II) the entire fuel rack is surrounded by a 
steel cylinder of thickness 1.0 cm. 
 
There is an entrance to the fuel drying system (Figure 3-3). A simple maze has been de-
signed to reduce the dose rate levels so that the total dose rate beyond auxiliary system 
rooms would be below the limit for green areas. The adequate concrete wall thickness 
and the radiation protection functioning of the maze need to be evaluated. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-3. Design drawing of the fuel drying chamber and adjacent rooms at level 
+5.80 (For reference, see App. 1). 
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Figure 3-4. Design drawing of the fuel drying chamber an adjacent rooms at the secti-
on B-B (For reference, see App. 1). 
 
 

 
 
Figure 3-5. Racks for various types of fuel assemblies. From left to right OL3, OL 1-2 
and Lo 1-2 (Suikki et al. 2007). 
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3.3 The welding chamber room 

The welding of the copper lid of the canister is carried out in the welding chamber 
room. The main parts of the welding system are the welding chamber room, an auxiliary 
room, the welding chamber and a docking ring. The canister is lifted to the docking ring 
from the canister transfer corridor below without the copper lid. 
 
The welding is done with an electron beam welding cannon (or EB-gun) inside the wel-
ding chamber. The 48 kW EB-gun has the voltage of 150 kV and the current of 320 
mA. The dose rate from the X-rays at a distance of 1 m from the beam target is 500 
mSv/h for a current of 200 mA (see App. 2). For the current of 320 mA the dose rate is 
800 mSv/h. The maximum of the intensity of X-rays is at 100 keV. In order to reduce 
the dose rate below 1 μSv/h a lead shield of thickness of about 1 cm is required. 
 
The gamma rays coming from the spent fuel canister are more energetic than the X-rays 
emerging from the EB-gun target. Therefore the lead shield designed for the X-rays is 
not necessarily as effective attenuator for the gamma rays.  
 
Figure 3-6 shows the geometry of the welding chamber room. The left wall and the cei-
ling have a design thickness of 80 cm. Other walls have a thickness of 60 cm with the 
exception of the maze wall, which has a design thickness of 40 cm. In the current design 
the maze wall has a height of about 280 cm. The canister top is elevated 330 mm from 
the level +10.00 (For reference, see App. 1). 
 
From the radiation protection point of view it must be evaluated sufficient thicknesses 
of the walls and the ceiling. Gamma and neutron radiation can scatter to the doorway 
via back wall and the ceiling and through the maze wall. The functioning of the maze 
needs to be evaluated. 
 
 

 
Figure 3-6. Design drawing of the welding chamber room at level +10.00 (left) and at 
section A-A (right) (For reference, see App. 1). 
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Table 3-1. Some technical data of the EB-gun (Suikki 2008). 
 
Voltage 150 kV 
Current 320 mA 
Power 48 kW 
Maximum nominal power 60 kW 
X-ray energy at maximum intensity 100 keV 
Dose rate at the distance of 1 m 800 mSv/h 
 
 

3.4 The weld inspection room 

The weld inspection room is located adjacent to the welding chamber room above the 
canister transfer corridor. The weld inspection device includes a linear accelerator simi-
lar to the Varian Linatron-M9. The dose rate of the accelerator is about 30 Gy/min/m. 
The X-ray energy at the maximum intensity will be around 3 MeV. Significant shield 
thickness will be necessary for the protection against the radiation coming from the ac-
celerator device. 
 
The shielding against the X-rays coming from the accelerator is not considered in this 
report. Instead the design layout of the weld inspection room is examined regarding the 
shielding against the radiation coming from the disposal canister. Figure 3-7 shows the 
layout of the weld inspection room. The walls and the ceiling have a thickness of 80 cm. 
The adequate wall thicknesses and the functioning of the maze need to be studied. 
 

 
 
 
Figure 3-7. Design drawing of the weld inspection room at level +10.00 (left) and at 
section 3-3 (right) (For reference, see App. 1). 
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3.5 The canister transfer corridor 

The final disposal canisters are going to be transported with a rail trolley in the canister 
transfer corridor. The rooms behind the wall of the canister transfer corridor include 
areas that are designated as green without staying limitations. The walls of the canister 
transfer corridor are made from concrete and have a design thickness of 80 cm. Figure 
3-8 shows a part of the canister transfer corridor with the rail trolley. Based on the de-
sign drawings the minimum distance of the canister from the walls is about 60 cm. The 
value used in the calculations can be conservatively set to 50 cm. 
 
Figure 3-9 shows the other end of the canister transfer corridor where a single maze has 
been established between the corridor and the adjacent room (the room in front of the 
corridor in Figure 3-9). It must be calculated that sufficient shielding is provided against 
the radiation that can penetrate the green area through the maze. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-8. The disposal canister is moved in the canister transfer corridor with a rail-
way trolley. (For reference, see App. 1) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-9. The doorway in the end of the canister transfer corridor leads to a green 
area through a single maze. (For reference, see App. 1) 
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3.6 The canister buffer storage 

The layout of the canister buffer storage is shown in Figure 3-10. The canister buffer 
storage can store 12 disposal canisters at a time. The canisters are placed in four rows, 
three canisters in each. The walls have a design thickness of 90 cm. The minimum dis-
tance from the canister surface to the side walls is approximately 200 cm and to the 
back wall about 150 cm. These can be used as conservative values in the calculations. 
 
A sort of a maze wall (thickness 90 cm) is located in front of the canisters to attenuate 
direct radiation that can enter the canister transfer corridor and the canister monitoring 
(Figure 3-10). These are designated as red areas so there will be no special requirements 
for the maze wall. The main task for the canister buffer storage is to confirm that the 
wall thickness is adequate for attenuating gamma and neutron radiation sufficiently 
from the maximum source of 12 disposal canisters. The canisters in the outer columns 
act as shielding against the radiation from the inner columns. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-10. Design drawing of the canister buffer storage. The canister buffer storage 
is located in the end of the canister transfer corridor. The maximum capacity for the 
buffer storage is 12 disposal canisters. (For reference, see App. 1) 
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3.7 The elevator shaft – bentonite block storage 

The disposal canisters are transported from the buffer storage to the canister lift through 
the canister monitoring area (see Figure 3-11). While the canister is in the monitoring 
area or the lift (positions 2 and 1) the gamma and neutron radiation may stream through 
the maze and the doorway A to the doorway B, which is next to the corridor marked as 
green area. The dose rates in the doorway B should be calculated for canisters in positi-
ons 1 and 2. The height of the doors is 200 cm with the exception of doorway A, which 
according to the design drawings extends to the ceiling. 
 
The design of the elevator shaft and the neighbouring rooms at level +10.00 is shown in 
Figure 3-12. The top of the elevator shaft is located next to the bentonite block storage. 
A design requirement for the walls is that work in the bentonite block storage can be 
carried out during the transportation of the canisters in the lift. 
 
The design thickness of the concrete walls of the elevator shaft is 60 cm. The elevator 
door opens to the lift entrance room (Figure 3-12). In case dose level requirements are 
established for the lift entrance room, the necessary shield thickness for the elevator 
door should be evaluated. The lift entrance room is equipped with maze walls on the 
both sides of the elevator doors. In the calculations it was assumed that the walls extend 
to the ceiling. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-11. Design drawing of the canister lift and adjacent rooms at level +1.60 (For 
reference, see App. 1). 
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Figure 3-12. Design drawing of the canister lift and adjacent rooms at level +10.00 
(left) and at section A-A (right) (For reference, see App. 1). 
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4 METHODS OF ANALYSIS 
 
Monte Carlo method is the most accurate method for radiation transport calculations. 
The result in the Monte Carlo calculation is obtained by simulating the physical trans-
port of the particles with the help of random numbers. When large number of particles 
are simulated the calculated average values (particle fluxes, dose rates) provide an esti-
mate of what would happen with real particles. The Monte Carlo method is well-suited 
for scattering problems in complex geometries because it does not use the build-up fac-
tor concept but rather accounts for the scattered contributions directly (ANSI/ANS-6.4-
2006). 
 
4.1 MCNP5 

The calculations in this report are carried out with the Monte Carlo code MCNP5. 
MCNP5 is a general-purpose Monte Carlo N-Particle code that can be used for neutron, 
photon, electron, or coupled neutron/photon/electron transport (MCNP5). The code uses 
continuous (pointwise) cross section data. According to ANSI/ANS-6.4-2006, Monte 
Carlo technique is appropriate for all kinds of radiation protection problems. With Mon-
te Carlo codes such as MCNP5, the geometry and the source can be modelled exactly. 
 
The calculation time may become prohibitive for very complicated problems where a 
huge number of particles need to be simulated before sufficient statistics is obtained. 
Variance reduction techniques can be used efficiently to simulate more particles in the 
areas of higher importance and thereby transfer a very time-consuming problem into a 
feasible one. Following paragraphs give a short introduction to the variance reduction 
techniques used in this work. A more thorough explanation can be found in Reference 
(MCNP5). 
 
4.1.1 Importance function 

The importance function is suitable for deep penetration problems with relatively simple 
geometry. Each particle in the simulation has a starting weight, which typically equals 
1. Each region in the geometry has an importance assigned by the user in the input file. 
If a particle crosses the boundary of two regions with different importance following 
actions will be taken: If the particle enters a cell with a higher importance, new particles 
will be created based on the proportion of the importances. If the particle enters a cell 
with a lower importance, Russian roulette is played and the particle is either killed or its 
weight is increased. In this way by increasing the importance of the more important 
cells, more particles will be simulated and better statistics is obtained in shorter time. Of 
course this means that the cells of lower importance are sampled less (but we are not 
interested in these cells anyway). 
 
For deep penetration problems the importance function should be applied so that the 
number of particles stays constant as a function of distance penetrated in the material. 
This means that the importance should be doubled for each half value length. The most 
straightforward way of doing this is to divide the geometry in half value thicknesses and 
assign importances to the cells in powers of two (1, 2, 4, 8, 16 etc.). 
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4.1.2 Automatic weight window generator mesh 

The weight windows can be used efficiently for variance reduction purposes by simula-
ting more particles in the regions of interest. MCNP5 provides an automatic weight 
window generator that generates a weight window mesh defined by the user. The mesh 
usually covers the entire geometry. 
 
A weight window defines the lower and upper weight bounds for the particles entering 
the cell (or mesh region). If the particle is below the lower weight bound, Russian rou-
lette is played and either the particle weight is increased or the particle is terminated. If 
the weight of the particle is above the upper bound, the particle is split so that all split 
particles are within the window (MCNP5). 
 
With the automatic weight window generator the code automatically determines the lo-
wer and upper bounds for each mesh region. This typically requires few runs with gra-
dually increasing number of histories. Once the weight window mesh has been genera-
ted it can be used in subsequent runs and better statistics can be obtained in shorter time 
in the regions of interest. 
 
4.1.3 DXTRAN 

DXTRAN, which stands for deterministic transport, is a partially deterministic method 
that can be used in cases where the random walk does not produce reliable answers in 
feasible calculation time. Such cases may include for example narrow penetrations whe-
re the scattering of a particle to the penetration would be extremely rare. With 
DXTRAN, particles can be scattered deterministically to the regions of interest. 
DXTRAN involves deterministically transporting particles on collision to some arbitra-
ry, user-defined sphere in the neighbourhood of a tally (MCNP5). 
 
The DXTRAN sphere is defined in an arbitrary position in the geometry. In each col-
lision and exit from the source a DXTRAN particle is created. The DXTRAN particle is 
deterministically scattered towards the DXTRAN sphere and transported without col-
lision on the surface of the sphere. The collision is treated normally producing a non-
DXTRAN particle. The non-DXTRAN particle is sampled in a normal way without re-
duction in weight. If a particle enters the DXTRAN sphere by random walk, it is ter-
minated to avoid double counting of the particles. 
 
4.2 Source description 

The source spectra of the VVER-440, BWR and EPR fuels have previously been calcu-
lated (Anttila 2005a). The spectra have been calculated with the ORIGEN2.1 code as-
suming a burnup and cooling times of 60 MWd/kgU and 20 years, respectively. Table 
4-1 lists the photon source spectra used in the calculations. The group-wise results have 
been renormalized to the average energy of each group such that the total gamma ener-
gy production in each group is preserved (Anttila 2005a). In Table 4-1 the main source 
terms Ba-137m and Eu-154 have been renormalised to the correct energies (Anttila 
2005a). 
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Table 4-1. Photon spectra (1/s/tU) for VVER, BWR and EPR fuel according to ORI-
GEN2.1 calculations after a renormalisation (Anttila 2005a). 
 
Energy 
(MeV) 

VVER-440 (a) BWR 
(b) 

Difference 
(b-a)/a*100 

EPR 
(c) 

Difference 
(c-a)/a*100 

.0100 2.533E+15 2.419E+15 -4.5 2.474E+15 -2.3 

.0250 4.956E+14 4.638E+14 -6.4 4.813E+14 -2.9 

.0375 6.348E+14 6.087E+14 -4.1 6.226E+14 -1.9 

.0575 5.080E+14 4.828E+14 -5.0 4.957E+14 -2.4 

.0850 2.780E+14 2.617E+14 -5.9 2.704E+14 -2.7 

.1250 2.493E+14 2.402E+14 -3.7 2.443E+14 -2.0 

.2250 2.333E+14 2.185E+14 -6.3 2.266E+14 -2.9 

.3750 9.638E+13 8.966E+13 -7.0 9.328E+13 -3.2 

.5750 9.401E+13 8.944E+13 -4.9 9.100E+13 -3.2 

.6620 3.671E+15 3.577E+15 -2.6 3.632E+15 -1.1 

.8500 3.441E+13 3.109E+13 -9.6 3.125E+13 -9.2 

.8730 4.157E+13 4.231E+13 1.8 4.158E+13 0.0 

.9960 3.723E+13 3.789E+13 1.8 3.724E+13 0.0 
1.0050 3.383E+13 3.442E+13 1.7 3.384E+13 0.0 
1.2500 6.769E+12 1.849E+13 173.2 5.802E+12 -14.3 
1.2740 6.709E+13 6.827E+13 1.8 6.711E+13 0.0 
1.7500 3.242E+12 3.274E+12 1.0 3.230E+12 -0.4 
2.2500 3.432E+08 5.053E+08 47.2 3.540E+08 3.1 
2.7500 1.448E+09 1.742E+09 20.3 1.495E+09 3.2 
3.5000 1.234E+08 1.852E+08 50.1 1.363E+08 10.5 
5.0000 5.230E+07 7.887E+07 50.8 5.794E+07 10.8 
7.0000 6.031E+06 9.095E+06 50.8 6.681E+06 10.8 
9.5000 6.929E+05 1.045E+06 50.8 7.675E+05 10.8 
 
 
The neutron source spectrum can be defined as the spontaneous fission spectrum of Cm-
244 since about 95 % of the neutrons emerge from the reaction. The spontaneous fission 
neutron spectrum can be described by the Watt fission spectrum (MCNP5) 

 
2/1)(sinh)/(exp)( bEaECEf , 

 
where parameters a and b depend on the nuclide in question. The parameters for Cm-
244 are a=0.906 MeV and b=3.848 1/MeV (MCNP4B). Figure 4-2 shows the Watt fis-
sion neutron spectrum for several nuclides. 
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Figure 4-1. Photon spectrum of VVER, BWR and EPR fuels (60 MWd/kgU, 20 years) 
given at group mean energies so that total gamma energy is preserved. Cs-137/Ba-
137m and EU-154 gammas have been broken out of their respective groups. The inc-
rease in the 1.25 MeV line of BWR fuel is caused by Co-60. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-2. Watt fission spectrum for Pu, Cm and Cf isotopes. The mean energy inc-
reases with the mass number. Cm-244 spectrum was used in the calculations. 
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In the source description the axial variation in the burnup is not taken into account. In-
stead a flat axial source distribution is defined. Because of this the dose rate near the 
axial centreline will probably be slightly underestimated. However the conservative 
burnup and cooling time of 60 GWd/tU and 20 years should cover the effect of the axial 
burnup profile. 
 
The source is defined homogeneously for each fuel pin of each fuel assembly. In reality, 
the fuel pins located near the edge of an assembly may have larger burnups than the pins 
located near the centre. Depending on the burnup distribution the gamma and neutron 
sources may be larger near the assembly edge. This may have some effect on the calcu-
lated dose rates since the fuel rods near the assembly sides contribute most to the dose 
outside the assembly. However, this effect should also be covered by the conservative 
parameters (60 GWd/tU, 20 y). 
 
4.3 Flux-to-dose conversion coefficients 

The radiation transport codes are used to calculate the neutron and photon fluxes at gi-
ven positions of the modelled geometry. The fluxes can be transformed into absorbed 
dose with the so called flux-to-dose conversion coefficients. The absorbed dose calcula-
ted this way is the biological effective dose that includes the radiation quality factors. 
The flux-to-dose conversion coefficients can be found in literature (ICRP74, AN-
SI/ANS-6.1.1-1977 and ANSI/ANS-6.1.1-1991). 
 
The ANSI/ANS-6.1.1 standards are designated as ‘’Neutron and Gamma-Ray Fluence-
to-Dose Factors’’. The latest version of the standard is ANSI/ANS-6.1.1-1999, which 
has been officially withdrawn by ANSI as an American National Standard in 2001. This 
is due to the fact that ANS was unable to develop a revision within ten-year period re-
quired by ANSI for all standards. The information in ANSI/ANS-6.1.1-1991 is however 
believed to be correct and revision is expected in the future. (NucNews2004) 
 
The dose equivalents in the 1977 and 1991 versions are based on different data. The 
former was based on the maximum dose equivalent in a 30-cm diameter x 60-cm tall 
tissue equivalent cylinder. The 1991 version is based on the quantity recommended in 
ICRP publication 26 (ICRP26) for the effective dose equivalent, which is based on the 
sum of weighted organ dose equivalents for an anthropomorphic representation of the 
human body. (NucNews2004). 
 
The ICRP Publication 74 from the year 1996 is designated as ‘’Conversion Coefficients 
for use in Radiological Protection against External Radiation’’ (ICRP74). The publica-
tion contains the fluence-to-dose conversion coefficients for photons and neutrons. The 
values defined in (ICRP74) are used for the final dose calculations in this report. The 
calculations are repeated also with the values in the ANSI/ANS-6.1.1 standard for 
completeness. 
 
The reason for the difference in the flux-to-dose coefficients lies in the stochastic nature 
of the biological effects of radiation. The flux-to-dose coefficients are (at least partly) 
experimentally determined and therefore only approximate and not established. For 
example, the photon coefficients in the ANSI/ANS-6.1.1 versions 1977 and 1991 differ 
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by about 20 % in the energy region of the most interest in these kinds of shielding cal-
culations (Anttila1998). It is of interest to check the effect of the uncertainties in the 
coefficients on the calculated dose. 
 
Table 4-2 contains the flux-to-dose conversion coefficients for photons as defined in the 
above mentioned sources. The values are also illustrated in Figure 4-3. It can be seen 
that the values given by ANSI/ANS-6.1.1-1977 are about 20 % larger than the version 
1991 and ICRP74 coefficients at the energies of interest. Also at the lower tail of spect-
rum the values given by different sources deviate significantly. The more recent evalu-
ations (ICRP74 and ANSI/ANS-6.1.1-1991) give smaller values. 
 
Table 4-3 shows the flux-to-dose conversion coefficients for neutrons. The values are 
also illustrated in Figure 4-4. From 1-e6 MeV to 0.1 MeV the more recent evaluation 
(ICRP74) gives larger values. Between 0.1 MeV and 1 MeV ANSI/ANS-6.1.1-1977 
gives slightly larger values. 
 
 
Table 4-2. Flux-to-dose conversion coefficients for photons defined by ICRP Publicati-
on 74, ANSI/ANS-6.1.1 standards and ICRP Publication 21 in units (μSv/h cm2). The 
default values used in this report correspond to (ICRP74). 
 
Energy (MeV) ICRP74 

(A1*A21) 
ANSI/ANS-6.1.1-
1991 

ANSI/ANS-6.1.1-
1977 

ICRP21  
(MCNP) 

1.00E-02 1.75E-04 2.23E-04 3.96E-02 2.78E-02 
1.50E-02 4.52E-04 5.65E-04 -------- 1.11E-02 
2.00E-02 7.38E-04 8.57E-04 -------- 5.88E-03 
3.00E-02 1.08E-03 1.18E-03 5.82E-03 2.56E-03 
4.00E-02 1.22E-03 1.31E-03 -------- 1.56E-03 
5.00E-02 1.29E-03 1.38E-03 2.90E-03 1.20E-03 
6.00E-02 1.36E-03 1.44E-03 -------- 1.11E-03 
8.00E-02 1.58E-03 1.62E-03 -------- 1.20E-03 
1.00E-01 1.86E-03 1.92E-03 2.83E-03 1.47E-03 
1.50E-01 2.71E-03 2.80E-03 3.79E-03 2.38E-03 
2.00E-01 3.62E-03 3.71E-03 5.01E-03 3.45E-03 
3.00E-01 5.43E-03 5.62E-03 7.59E-03 5.56E-03 
4.00E-01 7.18E-03 7.42E-03 9.85E-03 7.69E-03 
5.00E-01 8.88E-03 9.14E-03 1.17E-02 9.09E-03 
6.00E-01 1.05E-02 1.08E-02 1.36E-02 1.14E-02 
8.00E-01 1.34E-02 1.38E-02 1.68E-02 1.47E-02 
1.00E+00 1.61E-02 1.66E-02 1.98E-02 1.79E-02 
1.50E+00 2.21E-02 2.25E-02 -------- 2.44E-02 
2.00E+00 2.70E-02 2.76E-02 -------- 3.03E-02 
3.00E+00 3.56E-02 3.67E-02 -------- 4.00E-02 
4.00E+00 4.33E-02 4.50E-02 -------- 4.76E-02 
5.00E+00 5.04E-02 5.29E-02 5.80E-02 5.56E-02 
6.00E+00 5.76E-02 6.01E-02 -------- 6.25E-02 
8.00E+00 7.17E-02 7.49E-02 -------- 7.69E-02 
1.00E+01 8.55E-02 8.89E-02 -------- 9.09E-02 
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Table 4-3. Flux-to-dose conversion coefficients for neutrons defined by ICRP Publicati-
on 74, ANSI/ANS-6.1.1 standards and ICRP Publication 21 in units (μSv/h cm2). The 
default values used in this report correspond to (ICRP74). 
 
Energy (MeV) ICRP74 ANSI/ANS-6.1.1-1977 ICRP21 

(MCNP) 
2.50E-08 2.74E-02 3.67E-02 3.85E-02 
1.00E-07 3.58E-02 3.67E-02 4.17E-02 
1.00E-06 4.97E-02 4.46E-02 4.55E-02 
1.00E-05 5.44E-02 4.54E-02 4.35E-02 
1.00E-04 5.26E-02 4.18E-02 4.17E-02 
1.00E-03 5.11E-02 3.76E-02 3.70E-02 
2.00E-03 5.18E-02 -------- -------- 
5.00E-03 5.65E-02 -------- -------- 
1.00E-02 6.59E-02 3.56E-02 3.57E-02 
2.00E-02 8.57E-02 -------- -------- 
5.00E-02 1.39E-01 -------- -------- 
7.00E-02 1.70E-01 -------- -------- 
1.00E-01 2.15E-01 2.17E-01 2.08E-01 
1.50E-01 2.89E-01 -------- -------- 
2.00E-01 3.56E-01 -------- -------- 
3.00E-01 4.79E-01 -------- -------- 
5.00E-01 6.77E-01 9.26E-01 7.14E-01 
7.00E-01 8.32E-01 -------- -------- 
9.00E-01 9.61E-01 -------- -------- 
1.00E+00 1.02E+00 1.32E+00 1.18E+00 
1.20E+00 1.12E+00 -------- -------- 
2.00E+00 1.38E+00 -------- 1.43E+00 
3.00E+00 1.56E+00 -------- -------- 
4.00E+00 1.65E+00 -------- -------- 
5.00E+00 1.71E+00 1.56E+00 1.47E+00 
6.00E+00 1.74E+00 -------- -------- 
7.00E+00 1.76E+00 1.47E+00 -------- 
8.00E+00 1.78E+00 -------- -------- 
1.00E+01 1.80E+00 1.47E+00 1.47E+00 
1.40E+01 1.79E+00 2.08E+00 -------- 
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Figure 4-3. Flux-to-dose coefficients for photons as a function of photon energy. 
 
 

 
 
Figure 4-4. Flux-to-dose coefficients for photons as a function of neutron energy. 
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5 DESCRIPTION OF ANALYSES AND RESULTS 
 
In this section, the results of the shielding calculations for all studied parts of the encap-
sulation plant are reported. The gamma and neutron dose rates were calculated with 
MCNP5 using the source description given in the previous sections. For assembly 
sources, detailed geometry description was used. For more complicated geometries such 
as the final disposal canister, homogeneous models were constructed and tested against 
the detailed models before use in subsequent analysis. 
 
The shielding criterion for areas without staying limitations is 2.5 μSv/h. That is, the 
total summed dose rate for gamma and neutron radiation must be less than the limiting 
value. The dimensioning of the wall, ceiling and floor thicknesses and the functioning 
of the mazes was tested against this limit. 
 
The studied cases include the fuel assembly in the fuel handling cell, fuel assemblies in 
the fuel drying chamber, disposal canister in the fuel transfer corridor, disposal canister 
in the fuel welding chamber, disposal canister in the weld inspection chamber and dis-
posal canisters in the buffer storage. 
 
The section is organised as follows. First, general studies of the fuel assemblies and the 
fuel disposal canisters are shown. These studies give the dose rates in vacuum as a func-
tion of distance from the assembly and the canister surfaces. Then the dose rates behind 
concrete walls of various thicknesses are given for several distances and concrete com-
positions. Finally, on the basis of these calculations the necessary shielding of the vari-
ous parts of the encapsulation plant is evaluated. Additional, more specific calculations 
have been made if necessary. 
 
5.1 A spent fuel assembly in vacuum 

Gamma and neutron dose rates were calculated for the VVER-440, BWR and EPR as-
semblies as a function of distance from the assembly surface. The calculations were 
made in vacuum. The dose rates were tallied with the MCNP5 F4 tally in cylindrical 
cells of the height of 100 cm with the centrelines coinciding with the centreline of the 
active fuel.  
 
Figures 5-1 and 5-2 show the gamma and neutron dose rates as a function of distance 
from the canister surface. Keywords TOP and BOT refer to the top and bottom surfaces, 
respectively. The results were calculated with the ICRP74 flux-to-dose conversion coef-
ficients. The gamma and neutron dose rates were clearly the largest for the EPR assem-
bly. The gamma dose rate near the assembly surface was about 130 Sv/h and at the dis-
tance of 1 m about 13 Sv/h. At the distance of 10 m the dose falls below 0.5 Sv/h. The 
neutron dose rate near the assembly surface was about 36 mSv/h.  
 
The numerical values of the dose rates for all three assembly types and different flux-to-
dose conversion coefficients are given in the following sections.  
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Figure 5-1. Gamma dose rates (Sv/h) as a function of distance from the assembly surfa-
ces. Results were calculated with the ICRP74 flux-to-dose conversion coefficients. 
 
 

 
 
Figure 5-2. Neutron dose rates (Sv/h) as a function of distance from the assembly sur-
faces. Results were calculated with the ICRP74 flux-to-dose conversion coefficients. 
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5.1.1 The VVER-440 assembly 

The gamma and neutron dose rates as a function of distance from the surface of the 
VVER-440 assembly are shown in Table 5-1 and 5-2, respectively. The gamma dose 
rate near the assembly surface was about 118 Sv/h. The neutron dose rate near the as-
sembly surface was about 20 mSv/h. It can be seen that there is a relatively large diffe-
rence in the gamma dose rates calculated with different flux-to-dose conversion coeffi-
cients. ANSI-77 conversion factors gave the largest dose rate. 
 
 
Table 5-1. The gamma dose rates (Sv/h) of the VVER-440 assembly as a function of dis-
tance from the element surface. 
 
Dist. (m)  ANSI-77  Std (%)  ANSI-91  Std (%)  ICRP74  Std (%)  
0.00  152.30  0.08  121.59  0.08  118.30  0.08  
1.00  7.40  0.08  5.91  0.08  5.75  0.08  
2.00  2.61  0.10  2.08  0.10  2.03  0.10  
3.00  1.29  0.11  1.03  0.11  1.00  0.11  
4.00  0.76  0.13  0.60  0.13  0.59  0.13  
5.00  0.50  0.14  0.40  0.14  0.38  0.14  
6.00  0.35  0.15  0.28  0.15  0.27  0.15  
7.00  0.26  0.16  0.21  0.17  0.20  0.17  
8.00  0.20  0.18  0.16  0.18  0.15  0.18  
9.00  0.16  0.19  0.13  0.19  0.12  0.19  
10.00  0.13  0.20  0.10  0.20  0.10  0.20  
TOP  1.33  3.27  1.05  3.29  1.02  3.29  
BOT  2.28  2.52  1.80  2.53  1.75  2.53  
 
 
Table 5-2. The neutron dose rates (mSv/h) of the VVER-440 assembly as a function of 
distance from the element surface. 
 
Dist. (m)  ANSI-77  Std (%)  ANSI-91  Std (%)  ICRP74  Std (%)  
0.00  20.60  0.02  22.58  0.02  20.02  0.02  
1.00  0.95  0.02  1.04  0.02  0.93  0.02  
2.00  0.33  0.03  0.35  0.03  0.32  0.03  
3.00  0.16  0.03  0.17  0.03  0.15  0.03  
4.00  0.09  0.04  0.10  0.04  0.09  0.04  
5.00  0.06  0.04  0.07  0.04  0.06  0.04  
6.00  0.04  0.04  0.05  0.05  0.04  0.05  
7.00  0.03  0.05  0.03  0.05  0.03  0.05  
8.00  0.02  0.05  0.03  0.06  0.02  0.05  
9.00  0.02  0.06  0.02  0.06  0.02  0.06  
10.00  0.02  0.06  0.02  0.06  0.02  0.06  
TOP  0.27  0.87  0.29  0.92  0.26  0.89  
BOT  0.50  0.67  0.55  0.69  0.48  0.67  
 
 
 
5.1.2 The BWR assembly 

The gamma and neutron dose rates as a function of distance from the surface of the 
BWR assembly are shown in Table 5-3 and 5-4, respectively. The gamma dose rate near 
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the assembly surface was about 98 Sv/h. The neutron dose rate near the assembly surfa-
ce was about 25 mSv/h. 
 
 
Table 5-3. The gamma dose rates (Sv/h) of the BWR assembly as a function of distance 
from the element surface. 
 
Dist. (m)  ANSI-77  Std (%)  ANSI-91  Std (%)  ICRP74  Std (%)  
0.00  126.76  0.10  101.21  0.10  98.48  0.10  
1.00  8.70  0.09  6.95  0.09  6.77  0.10  
2.00  3.52  0.10  2.81  0.10  2.73  0.10  
3.00  1.85  0.11  1.48  0.11  1.44  0.11  
4.00  1.12  0.13  0.90  0.13  0.87  0.13  
5.00  0.75  0.14  0.60  0.14  0.58  0.14  
6.00  0.53  0.15  0.42  0.15  0.41  0.15  
7.00  0.40  0.16  0.32  0.16  0.31  0.16  
8.00  0.31  0.17  0.25  0.17  0.24  0.17  
9.00  0.24  0.18  0.20  0.18  0.19  0.18  
10.00  0.20  0.19  0.16  0.19  0.15  0.19  
TOP  5.16  1.72  4.09  1.73  3.98  1.73  
BOT  1.32  3.37  1.05  3.40  1.02  3.40 
 
  
 
Table 5-4. The neutron dose rates (mSv/h) of the BWR assembly as a function of distan-
ce from the element surface. 
 
Dist. (m)  ANSI-77  Std (%)  ANSI-91  Std (%)  ICRP74  Std (%)  
0.00  25.15  0.03  27.68  0.03  24.50  0.03  
1.00  1.67  0.03  1.83  0.03  1.62  0.03  
2.00  0.65  0.03  0.71  0.03  0.63  0.03  
3.00  0.33  0.03  0.36  0.04  0.32  0.03  
4.00  0.20  0.04  0.22  0.04  0.19  0.04  
5.00  0.13  0.04  0.15  0.05  0.13  0.04  
6.00  0.09  0.05  0.10  0.05  0.09  0.05  
7.00  0.07  0.05  0.08  0.05  0.07  0.05  
8.00  0.05  0.05  0.06  0.06  0.05  0.05  
9.00  0.04  0.06  0.05  0.06  0.04  0.06  
10.00  0.04  0.06  0.04  0.06  0.03  0.06  
TOP  1.17  0.49  1.31  0.53  1.15  0.51  
BOT  0.42  0.81  0.49  0.87  0.42  0.83  
 
 
5.1.3 The EPR assembly 

The gamma and neutron dose rates as a function of distance from the surface of the EPR 
assembly are shown in Table 5-5 and 5-6, respectively. The gamma dose rate near the 
assembly surface was about 130 Sv/h. The neutron dose rate near the assembly surface 
was about 36 mSv/h. The dose rates at the axial mid plane were clearly larger for the 
EPR than for the VVER-440 or BWR assemblies. The EPR assembly is the limiting one 
and will be used for dimensioning of the shielding of the fuel handling cell. 
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Table 5-5. The gamma dose rates (Sv/h) of the EPR assembly as a function of distance 
from the element surface. 
 
Dist. (m)  ANSI-77  Std (%)  ANSI-91  Std (%)  ICRP74  Std (%)  
0.00  165.61  0.13  132.39  0.13  128.83  0.13  
1.00  16.07  0.12  12.85  0.12  12.50  0.12  
2.00  6.84  0.13  5.47  0.13  5.32  0.13  
3.00  3.70  0.14  2.96  0.14  2.88  0.14  
4.00  2.28  0.15  1.83  0.15  1.78  0.15  
5.00  1.54  0.17  1.23  0.17  1.20  0.17  
6.00  1.10  0.18  0.88  0.18  0.86  0.18  
7.00  0.83  0.19  0.66  0.19  0.64  0.19  
8.00  0.64  0.20  0.51  0.20  0.50  0.20  
9.00  0.51  0.21  0.41  0.22  0.40  0.22  
10.00  0.42  0.23  0.33  0.23  0.33  0.23  
TOP  15.01  1.16  11.94  1.17  11.62  1.17  
BOT  4.46  2.05  3.54  2.07  3.45  2.07  
 
 
Table 5-6. The neutron dose rates (mSv/h) of the EPR assembly as a function of distan-
ce from the element surface. 
 
Dist. (m)  ANSI-77  Std (%)  ANSI-91  Std (%)  ICRP-74  Std (%)  
0.00  37.30  0.03  40.26  0.04  35.97  0.03  
1.00  3.72  0.03  4.00  0.03  3.58  0.03  
2.00  1.55  0.03  1.66  0.03  1.48  0.03  
3.00  0.83  0.03  0.88  0.04  0.79  0.04  
4.00  0.51  0.04  0.54  0.04  0.49  0.04  
5.00  0.34  0.04  0.36  0.05  0.33  0.04  
6.00  0.24  0.05  0.26  0.05  0.23  0.05  
7.00  0.18  0.05  0.19  0.05  0.17  0.05  
8.00  0.14  0.05  0.15  0.06  0.14  0.05  
9.00  0.11  0.06  0.12  0.06  0.11  0.06  
10.00  0.09  0.06  0.10  0.06  0.09  0.06  
11.00  3.79  0.29  4.17  0.32  3.69  0.30  
12.00  1.45  0.46  1.62  0.50  1.43  0.48  
 
 
Figures 5-3 and 5-4 show the radial and axial gamma and neutron dose rate maps for the 
EPR assembly. The dose rate distribution has a dependence of the azimuthal angle due 
to the self-shielding of the fuel rods. The dependence is most clearly seen for the gam-
ma radiation, which is more efficiently attenuated. The axial distribution has a minimum 
below the assembly because of geometry and self-shielding effects. This is important 
for study of floor penetrations where the assembly should be displaced from the centre 
of the penetration in order to get a maximum dose through the penetration. 
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Figure 5-3. Gamma dose rate contours (Sv/h) as a function of distance from the EPR 
assembly. Results were calculated with the ICRP74 flux-to-dose conversion coefficients. 
 
 

 
 
Figure 5-4. Neutron dose rate contours (Sv/h) as a function of distance from the EPR 
assembly. Results were calculated with the ICRP74 flux-to-dose conversion coefficients. 
 
5.2 The EPR assembly behind a concrete wall 

The gamma and neutron dose rates behind a concrete wall were calculated for the limi-
ting case i.e. the EPR assembly. The calculations were made for several concrete com-
positions and wall thicknesses. A realistic 3-D model of the fuel handling cell was 
constructed in order to properly account for the scattering from the walls. The assembly 
centre-to-wall distance in the calculations was 60 cm. 
 
The results of the calculations are shown in Table 5-7. The largest gamma and neutron 
dose rates were obtained with material M200. The use of rebar reduced the gamma and 
neutron dose rates by about 35 – 45 % and 10 – 20 %, respectively. 
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Taking into account the statistical uncertainties, the gamma dose rate behind a wall of 
thickness 110 cm was about 2.2 μSv/h (M200, ICRP74). Similarly, the neutron dose 
rate was about 0.43 μSv/h. The total dose rate 2.63 μSv/h slightly exceeded the limiting 
value 2.5 μSv/h.  
 
With the wall thickness of 120 cm the gamma dose rate was about 0.62 μSv/h and the 
neutron dose rate was about 0.18 μSv/h with statistical uncertainties taken into account. 
Increasing the wall thickness by another 10 cm reduced the gamma and neutron dose 
rates to about 0.18 μSv/h and 0.08 μSv/h, respectively. The gamma and neutron dose 
rate contours for the concrete wall (M200) of thickness of 120 cm are shown in Figures 
5-5 and 5-6.  
 
The half value thicknesses of gamma and neutron radiation can be estimated from Table 
5-7. The half value thickness of the gamma radiation was about 5.0 – 6.0 cm, depending 
on the wall thickness and the concrete composition. Similarly, the half value thickness 
for neutrons was about 8.0 – 8.5 cm. 
 
 
Table 5-7. The gamma and neutron dose rates of the EPR assembly behind a concrete 
wall as a function of concrete material and wall thickness. 
 
Concrete 
Thickness 
(cm) 

Concrete 
Material 

Gamma 
dose rate 
(μSv/h) 

Std (%) Neutron 
dose rate 
(μSv/h) 

Std (%) 

110 M100 1.87 3.6 0.367 0.72 
110 M101 1.27 4.3 0.303 0.78 
110 M200 2.02 3.8 0.422 0.76 
110 M201 1.23 4.4 0.371 0.80 
120 M100 0.48 8.0 0.158 0.80 
120 M101 0.30 8.2 0.128 0.88 
120 M200 0.53 8.1 0.181 0.84 
120 M201 0.28 8.1 0.160 0.87 
130 M100 0.13 8.4 0.067 0.87 
130 M101 0.08 10.6 0.054 1.04 
130 M200 0.15 10.1 0.080 0.91 
130 M201 0.09 10.2 0.067 0.97 
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Figure 5-5. Gamma dose rate contours (μSv/h) as a function of distance from the EPR 
assembly with 120 cm concrete wall. Results were calculated with the ICRP74 flux-to-
dose conversion coefficients. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-6. Neutron dose rate contours (μSv/h) as a function of distance from the EPR 
assembly with 120 cm concrete wall. Results were calculated with the ICRP74 flux-to-
dose conversion coefficients. 



 41 

5.3 A disposal canister in vacuum 

The gamma and neutron dose rates outside the three final disposal canisters were calcu-
lated with MCNP5 using the detailed and homogeneous models. In the detailed models 
each fuel rod was modelled separately and in the homogenised models the fuel assem-
blies were homogenised into equivalent cylinders and cubes. The latter models were 
constructed for use in subsequent shielding calculations involving more complicated 
geometries and deep penetration. In such calculations the simplification of the geometry 
is essential and makes the results more reliable. 
 
Table 5-8 gives the gamma and neutron dose rates on the surface of the three final dis-
posal canisters as calculated with the detailed and homogeneous models. The results 
calculated with the different models were very similar and differed mostly by 5 % per-
cent. Furthermore, the homogeneous models gave conservative results in most of the 
cases. 
 
The gamma dose rates on the surface of the canisters were over an order of magnitude 
larger than the neutron dose rates. The gamma and neutron dose rate on the radial surfa-
ce of the BWR canister was clearly largest. On the other hand the gamma and neutron 
dose rate on the top surface was largest for the VVER-440 and EPR canisters. The limi-
ting canister will therefore depend on the problem in question. For example for radial 
penetration (walls) the BWR canister will be the limiting case while for axial penetrati-
on (ceiling) the VVER-440 or EPR canisters may give the largest doses. 
 
When compared to the earlier studies (Anttila 2005a) the dose rates given in Table 5-8 
are somewhat larger. This is because in the current design there is about 10 mm less 
iron between the assemblies and the canister surface. The dose rate maps are shown in 
the following sections, which show a similar angular dependency of the dose rate near 
the canister surface as in Reference (Anttila 2005a).  
 
Figures 5-7 to 5-10 show the gamma and neutron dose rates at the axial mid plane of the 
three disposal canisters as a function of distance from the canister surface. The results 
are shown for the cases with and without copper lid. Keywords TOP and BOT refer to 
top and bottom surfaces of the canister.  
 
 
Table 5-8. The gamma and neutron dose rates (mSv/h) on the surface of the final dis-
posal canisters calculated with detailed and homogeneous MCNP5 models using 
ICRP74 flux-to-dose conversion coefficients. 
 
Assembly Model Surface  Top  Bottom  
  Gamma Neutron Gamma Neutron Gamma Neutron 
VVER-440 Detailed 164.8 9.93 25.78 1.95 6.16 0.90  
VVER-440 Homog. 172.3 9.87 27.57 2.14 8.15 0.99 
BWR Detailed 198.7 15.45 16.54 2.06 20.46 3.11 
BWR Homog. 205.5 15.29 17.03 2.13 26.05 3.14 
EPR Detailed 46.81 9.61 24.22 1.91 14.33 2.50 
EPR Homog. 45.14 9.52 28.17 1.92 17.01 2.46 
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Figure 5-7. Gamma dose rates (mSv/h) as a function of distance from the canister sur-
faces. Results were calculated with the homogeneous models and the ICRP74 flux-to-
dose conversion coefficients. 
 
 
 

 
 
Figure 5-8. Neutron dose rates (mSv/h) as a function of distance from the canister sur-
faces. Results were calculated with the homogeneous models and the ICRP74 flux-to-
dose conversion coefficients. 
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Figure 5-9. Gamma dose rates (mSv/h) as a function of distance from the canister sur-
faces. Results were calculated with the homogeneous models without copper lid and the 
ICRP74 flux-to-dose conversion coefficients. 
 
 
 

 
 
Figure 5-10. Neutron dose rates (mSv/h) as a function of distance from the canister sur-
faces. Results were calculated with the homogeneous models without copper lid and the 
ICRP74 flux-to-dose conversion coefficients. 
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5.3.1 The VVER-440 canister 

Tables 5-9 and 5-10 give the gamma and neutron dose rates of a VVER-440 canister as 
a function of the distance from the canister surface. The dose rates were calculated with 
the homogeneous models and three different flux-to-dose conversion coefficients. The 
average gamma dose rate at the outer surface of the canister was about 172 mSv/h (with 
ICRP74 coefficients). The average neutron dose rate was about 9.9 mSv/h. 
 
Figure 5-11 shows the radial gamma dose distribution at the centreline of the canister as 
calculated with the detailed and homogeneous models. The dose distributions agreed 
well. In Figure 5-12 the axial gamma dose rate distribution calculated with the homo-
geneous model is shown. The removal of the copper lid increased the dose rate above 
the canister significantly. 
 
 
Table 5-9. The gamma dose rates of the VVER-440 final disposal canister as a function 
of distance from the canister surface (mSv/h). 
 
Dist. ANSI-77 Std (%) ANSI-91 Std (%) ICRP74 Std (%) 
0 228.0 1.2 177.3 1.2 172.3 1.2 
1 59.9 1.0 46.9 1.0 45.5 1.0 
2 28.2 1.0 22.2 1.0 21.5 1.0 
3 15.9 1.1 12.5 1.1 12.1 1.1 
4 10.0 1.1 7.9 1.1 7.7 1.1 
5 6.9 1.2 5.4 1.2 5.3 1.2 
6 4.9 1.2 3.9 1.3 3.8 1.3 
7 3.7 1.3 2.9 1.3 2.8 1.3 
8 2.9 1.4 2.3 1.4 2.2 1.4 
9 2.3 1.4 1.8 1.5 1.8 1.5 
10 1.9 1.5 1.5 1.5 1.5 1.5 
TOP 36.4 4.7 28.4 4.8 27.6 4.8 
BOT 10.8 7.3 8.4 7.4 8.2 7.4 
 
 
Table 5-10. The neutron dose rates of the VVER-440 final disposal canister as a functi-
on of distance from the canister surface (mSv/h). 
 
Dist. ANSI-77 Std (%) ANSI-91 Std (%) ICRP74 Std (%) 
0 11.42 0.2 8.90 0.2 9.87 0.2 
1 2.28 0.2 1.80 0.2 1.98 0.2 
2 0.96 0.2 0.76 0.2 0.83 0.2 
3 0.51 0.2 0.41 0.2 0.44 0.2 
4 0.32 0.2 0.25 0.2 0.27 0.2 
5 0.21 0.2 0.17 0.3 0.18 0.2 
6 0.15 0.3 0.12 0.3 0.13 0.3 
7 0.11 0.3 0.09 0.3 0.10 0.3 
8 0.09 0.3 0.07 0.3 0.08 0.3 
9 0.07 0.3 0.06 0.3 0.06 0.3 
10 0.06 0.3 0.05 0.4 0.05 0.3 
TOP 2.47 1.0 1.85 1.0 2.14 1.0 
BOT 1.12 1.3 0.84 1.4 0.99 1.2 
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The copper lid of the canister (thickness 5 cm) attenuates the gamma and neutron ra-
diation significantly. The absence of the copper lid increases the dose above the canister 
remarkably. This may state requirements for the ceiling thickness in the canister transfer 
corridor. 
 
 
 

 
 
Figure 5-11. Gamma dose rate contours (mSv/h) as a function of distance from the 
VVER-440 canister. Results were calculated with the homogeneous model (left) and the 
heterogeneous model (right) using the ICRP74 flux-to-dose conversion coefficients. 
 
 
 

 
 
Figure 5-12. Gamma dose rate contours (mSv/h) as a function of distance from the 
VVER-440 canister. Results were calculated with the copper lid (left) and without the 
lid (right) using the homogeneous models and the ICRP74 flux-to-dose conversion coef-
ficients. 
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5.3.2 The BWR canister 

Tables 5-11 and 5-12 give the gamma and neutron dose rates of a BWR canister as a 
function of distance from the canister surface. The dose rates were calculated with the 
homogeneous models and three different flux-to-dose conversion coefficients. The ave-
rage gamma dose rate at the outer surface of the canister was about 206 mSv/h (with 
ICRP74 coefficients). The average neutron dose rate was about 15.3 mSv/h. 
 
The radial dose rate of the BWR canister exceeded the dose rate of the VVER-440 and 
EPR canisters significantly. It is important to notice that this is at least partly caused by 
the thinner layer of iron between the assemblies and the canister surface. 
 
 
Table 5-11. The gamma dose rates of the BWR final disposal canister as a function of 
distance from the canister surface (mSv/h). 
 
Dist. ANSI-77 Std (%) ANSI-91 Std (%) ICRP74 Std (%) 
0 271.6 1.5 211.5 1.6 205.5 1.6 
1 76.8 1.2 60.1 1.2 58.4 1.2 
2 40.7 1.1 32.0 1.2 31.1 1.2 
3 24.6 1.2 19.3 1.2 18.8 1.2 
4 16.3 1.2 12.8 1.3 12.5 1.3 
5 11.5 1.3 9.1 1.3 8.8 1.3 
6 8.5 1.3 6.7 1.4 6.5 1.4 
7 6.6 1.4 5.2 1.4 5.0 1.4 
8 5.2 1.5 4.1 1.5 4.0 1.5 
9 4.2 1.5 3.3 1.6 3.2 1.6 
10 3.5 1.6 2.7 1.6 2.6 1.6 
TOP 22.5 7.5 17.5 7.6 17.0 7.6 
BOT 34.1 6.2 26.8 6.4 26.0 6.4 
 
 
 
Table 5-12. The neutron dose rates of the BWR final disposal canister as a function of 
distance from the canister surface (mSv/h). 
 
Dist. ANSI-77 Std (%) ANSI-91 Std (%) ICRP74 Std (%) 
0 17.69 0.3 13.81 0.3 15.29 0.3 
1 4.09 0.2 3.23 0.2 3.54 0.2 
2 1.94 0.2 1.54 0.2 1.69 0.2 
3 1.10 0.2 0.87 0.2 0.96 0.2 
4 0.70 0.2 0.56 0.3 0.61 0.2 
5 0.48 0.2 0.38 0.3 0.41 0.2 
6 0.35 0.3 0.28 0.3 0.30 0.3 
7 0.26 0.3 0.21 0.3 0.23 0.3 
8 0.20 0.3 0.16 0.3 0.18 0.3 
9 0.16 0.3 0.13 0.4 0.14 0.3 
10 0.13 0.3 0.11 0.4 0.12 0.3 
TOP 2.45 1.5 1.83 1.5 2.13 1.4 
BOT 3.62 1.2 2.72 1.3 3.14 1.2 
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Figure 5-13 shows the gamma dose rate contours at the axial mid plane of the BWR ca-
nister as calculated with the heterogeneous and homogeneous models. The dependence 
of the dose rate on the azimuthal angle was well reproduced with the homogeneous mo-
del. Figure 5-14 shows the gamma dose rate contour on a different scale. At larger dis-
tances the azimuthal dependence diminishes. 
 
 

 
 
Figure 5-13. Gamma dose rate contours (mSv/h) as a function of distance from the 
BWR canister. Results were calculated with the homogeneous model (left) and the hete-
rogeneous model (right) using the ICRP74 flux-to-dose conversion coefficients. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-14. Gamma dose rate contours (mSv/h) as a function of distance from the 
BWR canister. Results were calculated with the homogeneous model and the ICRP74 
flux-to-dose conversion coefficients. 
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5.3.3 The EPR canister 

Tables 5-13 and 5-14 give the gamma and neutron dose rates of the EPR canister as a 
function of distance from the canister surface. The dose rates were calculated with the 
homogeneous models and three different flux-to-dose conversion coefficients. The ave-
rage gamma dose rate at the outer surface of the canister was about 45 mSv/h (with 
ICRP74 coefficients). The average neutron dose rate was about 9.5 mSv/h. Figure 5-15 
shows the radial gamma dose rate distribution. 
 
 
Table 5-13. The gamma dose rates of the EPR final disposal canister as a function of 
distance from the canister surface (mSv/h). 
 
Dist. ANSI-77 Std (%) ANSI-91 Std (%) ICRP74 Std (%) 
0 59.7 2.3 46.5 2.4 45.1 2.4 
1 17.1 1.8 13.4 1.9 13.0 1.9 
2 9.3 1.6 7.3 1.6 7.1 1.6 
3 5.8 1.6 4.5 1.6 4.4 1.6 
4 3.9 1.6 3.1 1.7 3.0 1.7 
5 2.8 1.7 2.2 1.7 2.1 1.7 
6 2.1 1.8 1.6 1.8 1.6 1.8 
7 1.6 1.8 1.3 1.9 1.2 1.9 
8 1.2 1.8 1.0 1.9 0.9 1.9 
9 1.0 1.9 0.8 2.0 0.8 2.0 
10 0.8 2.0 0.7 2.0 0.6 2.0 
TOP 37.2 5.3 29.0 5.4 28.2 5.4 
BOT 22.3 5.9 17.5 6.1 17.0 6.1 
 
 
Table 5-14. The neutron dose rates of the EPR final disposal canister as a function of 
distance from the canister surface (mSv/h). 
 
Dist. ANSI-77 Std (%) ANSI-91 Std (%) ICRP74 Std (%) 
0 10.99 0.3 8.42 0.3 9.52 0.3 
1 2.61 0.2 2.02 0.2 2.27 0.2 
2 1.29 0.2 1.00 0.2 1.12 0.2 
3 0.75 0.2 0.58 0.2 0.65 0.2 
4 0.48 0.2 0.38 0.2 0.42 0.2 
5 0.33 0.2 0.26 0.2 0.29 0.2 
6 0.24 0.2 0.19 0.2 0.21 0.2 
7 0.18 0.2 0.14 0.3 0.16 0.2 
8 0.14 0.2 0.11 0.3 0.13 0.2 
9 0.12 0.3 0.09 0.3 0.10 0.3 
10 0.10 0.3 0.07 0.3 0.08 0.3 
TOP 2.20 1.2 1.67 1.3 1.92 1.2 
BOT 2.81 1.0 2.15 1.0 2.46 1.0 
 
 



 49 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-15. Gamma dose rate contours (mSv/h) as a function of distance from the EPR 
canister. Results were calculated with the ICRP74 flux-to-dose conversion coefficients. 
 
 
5.4 The BWR final disposal canister behind a concrete wall 

The dose rate behind a concrete wall was studied for the limiting case i.e. the BWR ca-
nister. Three different canister-to-wall distances, five different concrete thicknesses and 
four different concrete compositions were studied in order to cover all possible canister 
handling processes in the encapsulation plant and in order to determine the sensitivity of 
the results to various uncertainties (materials, dose coefficients). 
 
Table 5-15 gives the gamma dose rates behind the wall as a function of the studied pa-
rameters. For a concrete wall of thickness 80 cm the material M100 gave about 3 % lar-
ger gamma dose rate than material M200. Steel rebar (materials M101 and M201) redu-
ced the gamma dose rate by about 25 %. 
 
Table 5-16 gives the neutron dose rates behind the wall as a function of the studied pa-
rameters. The dose rate with material M100 was about 47 % larger than with material 
M200 for a wall of thickness 80 cm. The steel rebar decreased the neutron dose rate by 
about 10 – 30 %, depending on the concrete composition. 
 
For the BWR canister located 50 cm from the wall of thickness 80 cm, the gamma dose 
rate was about 0.9 μSv/h (M201, ICRP74, statistical uncertainty included). Similarly, 
the neutron dose rate behind the wall was about 1.16 μSv/h. The total dose rate behind 
the wall was about 2.06 μSv/h with statistical uncertainties included. With an additional 
10 cm of concrete, the total dose rate was about 0.83 μSv/h with statistical uncertainties 
included. 
 
For the BWR canister located 180 cm from the wall of thickness 90 cm, the gamma do-
se rate was about 0.17 μSv/h (M201, ICRP74, statistical uncertainty included). Similar-
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ly, the neutron dose rate behind the wall was about 0.28 μSv/h. The total dose rate be-
hind the wall was about 0.45 μSv/h with statistical uncertainties included. 
 
The half value thicknesses for gamma and neutron radiation of the BWR canister can be 
estimated from Tables 5-15 and 5-16. The half value thickness of the gamma radiation 
was about 5.0 – 5.5 cm, depending on the wall thickness and concrete composition. Si-
milarly, the half value thickness for neutrons was about 7.8 – 8.0 cm. 
 
 
Table 5-15. The gamma dose rates of the BWR canister behind a concrete wall as a 
function of various parameters. 
 
Canister-
to-wall 
Distance 
(cm) 

Concrete 
Thickness 
(cm) 

Concrete 
Material 

ANSI77 
(μSv/h) 

Std 
(%) 

ANSI91 
(μSv/h) 

Std 
(%) 

ICRP74 
(μSv/h) 

Std 
(%) 

20 60 M201 17.70 2.8 13.80 2.9 13.42 2.9 
20 70 M201 4.34 3.0 3.39 3.1 3.29 3.1 
20 80 M100 1.65 4.1 1.29 4.2 1.25 4.2 
20 80 M101 1.17 5.8 0.92 6.1 0.89 6.1 
20 80 M200 1.60 4.0 1.25 4.2 1.21 4.2 
20 80 M201 1.21 4.8 0.95 4.9 0.93 4.9 
20 90 M201 0.32 5.6 0.25 5.8 0.24 5.9 
20 100 M201 0.09 6.4 0.07 6.6 0.07 6.6 
50 80 M201 1.07 4.2 0.84 4.3 0.82 4.3 
50 90 M201 0.29 5.1 0.22 5.2 0.22 5.2 
150 80 M201 0.80 4.5 0.63 4.6 0.61 4.6 
150 90 M201 0.22 5.3 0.17 5.5 0.17 5.5 
180 80 M201 0.77 5.3 0.60 5.4 0.59 5.5 
180 90 M201 0.20 5.6 0.15 5.8 0.15 5.8 
 
 
Table 5-16. The neutron dose rates of the BWR canister behind a concrete wall as a 
function of various parameters. 
 
Canister-
to-wall 
Distance 
(cm) 

Concrete 
Thickness 
(cm) 

Concrete 
Material 

ANSI77 
(μSv/h) 

Std 
(%) 

ANSI91 
(μSv/h) 

Std 
(%) 

ICRP74 
(μSv/h) 

Std 
(%) 

20 80 M100 2.29 0.4 2.12 0.5 2.10 0.4 
20 80 M101 1.58 0.5 1.52 0.6 1.49 0.6 
20 80 M200 1.43 0.7 1.48 0.8 1.43 0.7 
20 80 M201 1.33 0.7 1.36 0.8 1.31 0.7 
20 90 M100 0.94 0.4 0.87 0.5 0.86 0.5 
20 90 M101 0.62 0.6 0.60 0.7 0.59 0.7 
20 90 M200 0.60 0.8 0.62 0.9 0.59 0.8 
20 90 M201 0.55 0.9 0.57 0.9 0.55 0.9 
50 80 M201 1.15 0.8 1.18 0.8 1.14 0.8 
50 90 M201 0.48 0.9 0.49 1.0 0.47 0.9 
150 80 M201 0.73 1.0 0.75 1.0 0.72 1.0 
150 90 M201 0.31 1.1 0.32 1.2 0.30 1.2 
180 80 M201 0.65 1.1 0.67 1.1 0.64 1.1 
180 90 M201 0.27 1.2 0.28 1.3 0.27 1.2 
 



 51 

 
 
Figure 5-16. Gamma (left) and neutron (right) dose rate contours (μSv/h) as a function 
of distance from the BWR canister with a 80 cm thick concrete wall. Results were calcu-
lated with the ICRP74 flux-to-dose conversion coefficients. 
 
 
5.5 The fuel handling cell 

5.5.1 Assembly in air 

Necessary concrete shielding thickness was calculated in Section 5.2 for the EPR as-
sembly located at a distance of 60 cm from the wall. The adequate wall thickness was 
estimated to be 130 cm. The considerations in question cover the base case in the fuel 
handling cell i.e. a bare fuel assembly in air. 
 
 
5.5.2 The floor penetration – canister docking station 

In the fuel handling cell the assemblies are removed from the spent fuel transport cask 
and inserted into the fuel drying station. The disposal canister may or may not be at-
tached to the canister docking station during the operation. If the canister is attached to 
the docking station it will provide adequate shielding from the radiation coming from 
the fuel handling cell (simply because this gives smaller dose rate than a canister filled 
with spent fuel assemblies). If the canister is not attached to the docking station, the ho-
le in the floor provides a route for radiation to enter the canister transfer corridor and 
penetrate its walls. 
 
Two cases were considered. In the first case (nominal case) the spent fuel assembly was 
assumed to lie 50 cm above the floor, in the middle of the room and at the outer edge of 
the drying station penetrations (see Figure 5-17). The gamma and neutron dose rates 
were calculated at the corridor entrance (from the hole) and behind the corridor wall and 
floor. 
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In the second case (worst case) the assembly was situated above the hole in the floor in 
order to cover the worst case scenario in which case no additional shielding exists below 
the hole and the assembly is accidentally moved above the hole. 
 
The geometry is quite complicated and the use of variance reduction techniques was 
necessary in order to get sufficient number of particles to the canister transfer corridor. 
Figure 5-18 illustrates the use of the techniques. The automatic weight window mesh 
generator of MCNP5 is used to sample the more important regions of the geometry. The 
DXTRAN sphere can be used to scatter particles deterministically to a region of interest 
at each collision and escape event from a source region. 
 
By using these two variance reduction techniques, a surface source at the floor hole can 
be generated. Using this surface source in the next calculation together with the impor-
tance function, enough statistics is obtained in order to estimate the doses behind the 
walls of the canister transfer corridor.  
 
 

 
Figure 5-17. YZ-cut of the MCNP5 geometry with EPR assembly in the fuel handling 
cell. On the left the assembly is located above the fuel drying station and on the right 
above the floor hole. The dose rates were calculated at the tally positions shown in the 
figure. 
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Figure 5-18. The gamma dose calculation with the EPR assembly above the fuel drying 
station. On the left no variance reduction is used and very few photons enter the canis-
ter transfer corridor. In the second figure weight window mesh was used and the in the 
third figure dxtran sphere was added. In the last figure the generated surface source 
and importance function were applied to estimate the dose behind the walls of the ca-
nister transfer corridor. 
 
 
Table 5-17. Gamma and neutron dose rates in the canister transfer corridor and behind 
the corridor walls. The results in the table include the statistical Monte Carlo uncer-
tainty and represent the upper bounds in this respect. 
 
Case Radiation Hole (mSv/h) Wall (μSv/h) Floor (μSv/h) 
Nominal  Gamma 35 << 1 << 1 
Nominal Neutron 0.045 << 1 << 1 
Worst case Gamma 550 << 1 0.75 
Worst case Neutron 0.3 << 1 << 1 
 
 
Table 5-17 shows the results of the calculations for the nominal and worst case scena-
rios. The gamma dose rate at the hole tally were 35 mSv/h and 550 mSv/h, respectively. 
The dose rate in the canister transfer corridor is thus very high near the hole if the fuel 
assembly is placed above the hole. 
 
In the nominal case the dose rates entering the corridor were small (if compared to the 
dose rates coming from a filled disposal canister for example). Therefore also the ra-
diation dose penetrating the corridor walls is small. In the worst case scenario the gam-
ma dose rate behind the wall of the canister transfer corridor was small compared to the 
limiting value 2.5 μSv/h. The gamma dose penetrating the corridor floor was about 0.75 
μSv/h, which is comparable to but smaller than the limiting value. Figure 5-19 shows 
the gamma and neutron dose rate maps in the canister transfer corridor in the worst case 
scenario. 
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Figure 5-19. Gamma (left) and neutron (right) dose rate maps in the canister transfer 
corridor due to EPR assembly above the hole. The dose rates are given in units μSv/h. 
 
 
5.5.3 The doorway 

The gamma and neutron dose rates coming from the EPR assembly and entering the 
wash rooms adjacent to the fuel handling cell via doorway were estimated. The assem-
bly was located above the spent fuel transportation cask docking station 50 cm above 
floor. The calculations were made for the original design of the doorway. The calcula-
tions were also repeated for a design with additional maze between the fuel handling 
cell and the wash room. 
 
Figure 5-20 shows the gamma and neutron dose rate maps near the entrance of the fuel 
handling cell. The gamma dose rate at the outer boundary of the entrance was about 55 
mSv/h. The neutron dose rate at the doorway was about 85 μSv/h. The values were 
clearly above the limit of 2.5 μSv/h. 
 
Figure 5-21 shows the results for the new design with an additional maze between the 
fuel handling cell and the wash room. The gamma dose rate at the doorway was about 3 
mSv/h and the neutron dose rate was about 7 μSv/h. The use of the additional maze re-
duced the dose rate roughly by a factor of 10. 
 
The shielding criteria of the fuel handling cell can not be fulfilled with the current de-
sign of the doorway. It seems impossible to construct such a maze that the dose rate 
would be reduced below acceptable limits. It is recommended to design a maze and a 
door with a shielding function. The thickness of the door should correspond to about 11 
times the half value thickness of gamma radiation. This corresponds to about 70 cm of 
concrete. If other material such as lead or steel is used, it should be made sure that at 
least 3 times the half value thickness for neutrons is established. 
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Figure 5-20. Gamma (left) and neutron (right) dose rate maps at the doorway of the 
fuel handling cell. The source is the EPR assembly drawn with black box. The dose ra-
tes are given in units μSv/h. 
 
 

 
 
Figure 5-21. Gamma (left) and neutron (right) dose rate maps at the doorway of the 
fuel handling cell with an additional maze. The source is the EPR assembly drawn with 
black box. The dose rates are given in units μSv/h. 
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5.6 The drying system for the spent fuel assemblies 

The fuel drying station is located below the fuel handling cell. The equipment for the 
fuel drying system has different designs for the three fuel types. The designs however 
have not yet been fully determined. The main parts of interest are the fuel rack and the 
drying chamber, which is a cylinder-shaped tank. 
 
In the calculations it was assumed that the fuel racks are made from steel of thickness 
1.0 cm and each assembly is placed in its own channel. EPR rack can contain four as-
semblies while VVER-440 and BWR racks can contain 12 assemblies. The fuel rack 
was surrounded by a cylinder-shaped steel tank of thickness 1.0 cm. The fuel element 
pitches and dimensions as well as the tank outer diameters were similar to the disposal 
canisters. 
 
Figures 5-22 – 5-23 and Tables 5-18 – 5-19 show the gamma and neutron dose rates as 
a function of distance from the surface of the fuel drying chamber. The results were cal-
culated with the ICRP74 flux-to-dose conversion coefficients. The gamma dose rates 
near the surface of the drying chamber were quite similar with the three fuel types. At 
larger distances the gamma dose rates of the EPR drying chamber were larger because 
of the higher fuel column. When compared to the single-assembly-in-air case the gam-
ma dose rate was about 3-4 times smaller at the surface of the drying chamber than at 
the surface of the fuel assembly. Single fuel assembly is thus a limiting case for the 
gamma dose. 
 
 

 
 
Figure 5-22. Gamma dose rate as a function of distance from the surface of the drying 
chamber. 
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Figure 5-23. Neutron dose rate as a function of distance from the surface of the drying 
chamber. 
 
The neutron dose rates at the surfaces of the EPR and BWR drying chambers were simi-
lar. The VVER-440 neutron dose rate was significantly smaller. When compared to the 
single-assembly-in-air cases the dose rates were of similar magnitude. At a distance the 
dose rates were about 2-3 times larger when compared to the assembly-in-air case. The 
fuel drying chamber is a limiting case for the neutron dose. 
 
In the fuel drying station, the distance of the fuel drying chamber from the walls is at 
least 100 cm. The gamma and neutron dose rates at a distance of 100 cm were 8.9 Sv/h 
and 9.7 mSv/h, respectively. These are less than the dose rates at a distance of 60 cm 
from the surface of an EPR assembly. Since the thickness of 130 cm of concrete was 
adequate for shielding from an EPR assembly, this is also an adequate wall thickness for 
shielding from the fuel drying station. 
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Table 5-18. The gamma dose rates (Sv/h) as a function of distance from the surface of 
the fuel drying chambers for VVER-440, BWR and EPR assemblies. 
 
Dist. (m) VVER-440 Std (%) BWR Std (%) EPR Std (%) 
0 35.1 0.36 30.8 0.47 32.6 0.43 
1 8.1 0.35 8.2 0.42 8.9 0.39 
2 3.5 0.40 4.0 0.45 4.5 0.40 
3 1.9 0.45 2.3 0.49 2.6 0.43 
4 1.2 0.49 1.5 0.53 1.7 0.47 
5 0.8 0.54 1.0 0.57 1.2 0.50 
6 0.6 0.58 0.7 0.61 0.9 0.54 
7 0.4 0.62 0.6 0.65 0.7 0.57 
8 0.3 0.66 0.4 0.69 0.5 0.60 
9 0.3 0.69 0.4 0.73 0.4 0.63 
10 0.2 0.73 0.3 0.77 0.3 0.66 
 
 
Table 5-19. The neutron dose rates (mSv/h) as a function of distance from the surface of 
the fuel drying chambers for VVER-440, BWR and EPR assemblies. 
 
Dist. (m) VVER-440 Std (%) BWR Std (%) EPR Std (%) 
0 28.3 0.06 41.8 0.08 35.2 0.08 
1 5.5 0.06 9.7 0.07 8.6 0.06 
2 2.3 0.07 4.5 0.07 4.1 0.07 
3 1.2 0.08 2.5 0.08 2.3 0.08 
4 0.7 0.09 1.6 0.09 1.5 0.08 
5 0.5 0.10 1.1 0.10 1.0 0.09 
6 0.4 0.11 0.8 0.11 0.7 0.10 
7 0.3 0.11 0.6 0.11 0.6 0.11 
8 0.2 0.12 0.5 0.12 0.4 0.11 
9 0.2 0.13 0.4 0.13 0.4 0.12 
10 0.1 0.13 0.3 0.13 0.3 0.12 
 
 
5.6.1 Maze and auxiliary rooms 

The fuel drying station has a maze that leads to an adjacent room and to the auxiliary 
system rooms next to the green area with no staying limitations. The auxiliary system 
rooms are designated as red area but the dose rate at the door entrance from the corridor 
to the auxiliary room should be less than the limiting value of 2.5 μSv/h. The source for 
the calculations was the EPR fuel drying chamber (This can be considered as a limiting 
case at larger distances for both gamma and neutron radiation). 
 
Figure 5-24 shows the gamma dose rate map in the auxiliary room adjacent to the fuel 
drying chamber and the maze. The gamma dose rate at the doorway between the corri-
dor and the auxiliary room (doorway A) was about 12 μSv/h. This exceeds the radiation 
dose limit of 2.5 μSv/h by about a factor of five. The gamma dose rate at the left boun-
dary of the doorway between the auxiliary room and the maze (doorway B) was about 
450 μSv/h. 
 
Figure 5-25 shows the neutron dose rate map calculated for the fuel drying chamber and 
adjacent rooms. The neutron dose rate at the entrance to the auxiliary room (doorway A) 
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was about 0.3 μSv/h. The neutron dose rate at the left boundary of the doorway between 
the auxiliary room and the maze (doorway B) was about 8.5 μSv/h. 
 
The maze between the fuel drying chamber and the auxiliary room fulfills the radiation 
protection requirements for the neutron radiation. The gamma dose rate calculated at the 
doorway A (next to the area with no staying limitations) was about 12 μSv/h, which ex-
ceeds the limiting value. Therefore it is recommended that a door with a radiation pro-
tection function is established to the doorway between the maze and the auxiliary room. 
The thickness of the door should correspond to about 3 times the half value thickness of 
gamma radiation, which equals about 20 cm of concrete. 
 
 

 
 
Figure 5-24. Gamma dose rate map at the fuel drying chamber and adjacent rooms. 
The dose rates are given in units μSv/h. 
 
 

 
 
Figure 5-25. Neutron dose rate maps at the fuel drying chamber and adjacent rooms. 
The dose rates are given in units μSv/h. 
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5.7 The canister transfer corridor 

The disposal canisters are transferred from the fuel handling cell to the welding cham-
ber without copper lid, which constitutes the limiting case for the dimensioning of the 
ceiling thickness in the canister transfer corridor. Also the dose rates at distance from 
the canister surfaces will be increased in comparison to the free canister case due to 
scattering from the walls. 
 
The gamma and neutron dose rates were estimated for the limiting final disposal canis-
ters in the canister transfer corridor. The VVER-440 and EPR canisters without the cop-
per lid were modelled in order to determine the necessary ceiling thickness. The dose 
rate as a function of distance was calculated for the BWR canister. Homogeneous mo-
dels were used in the calculations. 
 
5.7.1 Minimum wall thickness 

There are at maximum one disposal canister at a time in the canister transfer corridor. 
The distance of the canister surface to the wall of the corridor is approximately 100 cm. 
The results obtained in the Section 5.4 can be directly used to estimate the dose behind 
the corridor walls. If a conservative distance of 50 cm is used, the gamma dose behind 
the wall is 0.9 μSv/h. The corresponding neutron dose rate is 1.16 μSv/h. Thus the total 
dose rate is less than 2.06 μSv/h, which is below the desired limit. 
 
5.7.2 Minimum ceiling thickness 

The dimensions used in the calculations are shown in Table 5-20. The distance of the 
canister top from the ceiling is determined by the corridor height, canister length and its 
positioning with respect to floor. Because of the relatively large differences in the 
lengths of the different canister types also the distance between canister top and ceiling 
varies. In order to be conservative, the actual values used in the calculations were redu-
ced by about 20 cm. As a sensitivity case the calculation for the VVER-440 canister was 
repeated with the canister-top-to-ceiling distance of 100 cm. The BWR canister was not 
modelled since its dose rate towards ceiling is much smaller compared to the VVER-
440  and EPR canisters.  
 
 
Table 5-20. Canister and canister transfer corridor dimensions. 
 
 VVER-440 BWR EPR 
Canister length (m) 3.6 4.8  5.25  
Distance of canister bottom from floor 
(m) (*) 

0.638 0.638 0.638  

Corridor height (m) (*) 8.4 8.4 8.4 
Distance of canister top from ceiling 
(m) 

4.162 2.962 2.512  

Distance of canister top from ceiling 
used in the calculations (m) 

4.0 - (**) 2.3 

*) According to preliminary plant design. 
**) BWR canister not calculated. 
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Figure 5-26 shows the gamma dose rate maps in the axial and radial directions. The cei-
ling thickness (concrete: Anttila98 + rebar) in the calculation corresponds to 80 cm. The 
radial cut is taken just above the ceiling of the corridor. It can be seen that the gamma 
radiation coming from the canister is clearly directed upwards. The dose above the cei-
ling of the corridor has the radial shape of the canister. 
 
Table 5-21 shows the gamma and neutron dose rates above the ceiling of the corridor 
for the EPR and VVER-440 canisters. The top of the EPR canister was located closer to 
the ceiling. For this reason the dose rates of the EPR canister were larger. The average 
gamma dose rate in a flat cylindrical cell (radius equal to the radius of the canister) abo-
ve the ceiling was about 1.1 μSv/h. The neutron dose rate was about 0.16 μSv/h. Taking 
into account the statistical uncertainties, the total dose rate coming from the EPR canis-
ter and penetrating the ceiling was about 1.4 μSv/h. 
 
 

 
 
Figure 5-26. Axial (left) and radial (right) cuts of the gamma dose rates of the EPR ca-
nister. Calculations were performed with the homogeneous model. 
 
 
Table 5-21. EPR and VVER-440 canister dose rates above 80 cm thick concrete roof. 
 
  EPR (μSv/h) 

ICRP74 
Std (%)  VVER (μSv/h) 

ICRP74  
Std (%)  

Gamma 1.11  8.92  0.70  12.5  
Neutron 0.16 5.10  0.07 9.16  
Total 1.27  - 0.77  -  

 
 
Figure 5-27 and Table 5-22 show the results from the extreme case with VVER-440 
canister-to-ceiling distance of 100 cm. In this case the limiting value of 2.5 μSv/h was 
slightly exceeded. 
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Figure 5-27. Axial (left) and radial (right) cuts of the gamma dose rates of VVER-440 
canister. Calculations were performed with the homogeneous model. Z positions 100 
and 180  correspond to the roof bottom and top surfaces, respectively. The radial cut is 
taken just above the upper surface. 
 
 
Table 5-22. The VVER-440 canister dose rates above 80 cm thick concrete roof, extre-
me case. 
 
Dist. (m)  ANSI-77  Std (%)  ANSI-91  Std (%)  ICRP74  Std (%)  
Gamma 3.56  3.00  2.79  3.08  2.71  3.09  
Neutron 0.30 10.1  0.32  10.9  0.30  10.3  
Total 3.86 -  3.11  -  3.01  -  
 
 
5.7.3 The doorway in the canister transfer corridor 

The canister transfer corridor has two doorways at the ends of the corridor that lead to 
areas without staying limitations. Figure 5-28 shows the geometry taken from the 
MCNP5 model. The dose rate in the doorway “B” should be below the limiting value 
2.5 μSv/h. 
 
The model has a BWR canister as a source. The canister is lifted 30 cm from the floor 
of the canister transfer corridor. The doorway to the canister buffer storage has been 
omitted in the model. 
 
The gamma dose rate in the outer surface of the doorway “B” was about 110 μSv/h and 
the neutron dose rate was about 40 μSv/h. The total dose rate was therefore clearly abo-
ve the limiting value. The current design does not provide adequate shielding. 
 
As a solution an additional maze should be considered. However, even with an addi-
tional maze the dose rates at the entrance may exceed the safety limits. Therefore a door 
with a shielding function may be necessary. Depending on the necessity for the doorway 
it should also be considered whether the doorway can be excluded from the design. 
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Figure 5-28. Geometry of the canister transfer corridor and adjacent rooms taken from 
the MCNP5 model. XY-cut on the left and YZ-cut on the right. The doorways are named 
as “A” (120 x 200 cm)  and “B” (100 x 200 cm). 
 
 
5.8 The welding chamber room 

5.8.1 Electron beam gun 

The technical data of the Electron beam gun are given in Section 3.3. A 1 cm thick layer 
of lead or a 12 cm thick layer of iron is needed in order to provide adequate radiation 
protection. The 1 cm layer of lead reduces the gamma dose rate from the disposal canis-
ter by a factor of about 7 – 8. (See App. 2) 
 
The adequate shielding thickness was calculated here using a simple MCNP5 model 
with a point source surrounded by a sphere made from lead or steel. The source was an 
isotropic point source of energy 100 keV. The dose rate was calculated at the outer sur-
face of the sphere. The applied lead and steel thicknesses were 1 cm and 12 cm, respec-
tively, as estimated in App. 2. 
 
The half value thickness of 100 keV X-rays penetrating 1 cm of lead was about 0.3 mm. 
In order to reduce the dose rate coming from the welding process (800 mSv/h) below 1 
μSv/h at least 20 half value thicknesses of lead shield is required. Thus s shield of 
thickness 6 mm of lead should provide the necessary radiation protection from 100 keV 
X-rays. 
 
The half value thickness of 100 keV X-rays penetrating 12 cm of steel was about 2.7 
mm. In order to reduce the dose rate coming from the welding process below 1 μSv/h at 
least 5.4 cm of steel would be necessary. 
 
The mass attenuation coefficients for lead and iron were used to estimate the necessary 
shielding. The mass attenuation coefficients (μ/ρ) and half value thicknesses at several 
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energies  are  given  in  Table 5-23  (the  half value thicknesses  were  calculated  as 
x1/2 = log(2)/ (μ/ρ)·ρ]). The value of the mass attenuation coefficient is strongly depen-
dent on the energy of the incident radiation. For lead the mass attenuation coefficient for 
100 keV X-rays gives the half value thickness of 0.11 mm while the value for 200 keV 
X-rays is about six times as large. The half value thickness for iron was 2.39 mm and 
6.09 mm for 100 keV and 200 keV X-rays, respectively. 
 
 
Table 5-23. Mass attenuation coefficients and half value thicknesses of lead and iron 
(NIST). 
 
Energy (keV) Pb, Z = 82 

D= 11.34 g/cm3 
 
 

Fe, Z = 26 
D= 7.8 g/cm3 

 

 Mass att. coeff. 
(μ/ρ) (cm2/g) 

Half value th. 
x1/2 (mm) 

Mass att. coeff. 
(μ/ρ) (cm2/g) 

Half value th.  
x1/2 (mm) 

50 8.041 0.08 1.958 0.45 
100 5.549 0.11 0.372 2.39 
150 2.014 0.30 0.196 4.53 
200 0.999 0.61 0.146 6.09 
 
 
With the simple MCNP5 model about 6 mm of lead or about 6 cm of steel would be ne-
cessary for shielding against 100 keV X-rays from the welding process. However the 
emitted radiation has a spectrum and especially a higher energy tail. Therefore the cal-
culated results may be non-conservative. Furthermore the attenuation of X-rays is 
strongly affected by the energy of the incident radiation. If the mass attenuation coeffi-
cients for 200 keV X-rays are used to estimate the necessary shield thickness, the values 
for lead and iron are 1.2 cm and 12 cm, respectively. 
 
5.8.2 Spent fuel canister in the welding chamber 

As discussed above, the lead shield of the electron beam welding gun may not give ade-
quate protection from the radiation coming from the final disposal canister. Therefore 
the shielding calculations must be made separately for the canister. The canister is lifted 
to the welding chamber without the copper lid. The source in the calculations corres-
ponds to the VVER-440 canister without the copper lid. 
 
On the basis of the calculations for the canister transfer corridor the ceiling thickness of 
80 cm ensures that a sufficient protection from gamma and neutron radiation is ac-
hieved. It must be further ensured that the wall thickness of 60 cm is adequate. Therefo-
re a complete MCNP5 model of the welding chamber room was constructed (see Figure 
5-29). With the same model, also the functioning of the maze was tested. In the calcula-
tions the canister was surrounded by a cubical lead shield of thickness 1 cm. 
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Figure 5-29. Geometry of the welding chamber room taken from the MCNP5 model. 
Cubical lead shield surrounds the top of the disposal canister. A flat cylindrical tally is 
located on the top of the lead shield. 
 
 
Gamma and neutron dose calculation was first performed in order to test the attenuation 
properties of the lead shield for the radiation coming from the disposal canister. The 
gamma dose rate on the top of the lead shield was about 81 mSv/h. When the lead shield 
was removed the gamma dose rate was about 316 mSv/h. The 1 cm thick lead shield 
thus decreased the gamma dose rate by a factor of four. The neutron dose rate above the 
lead shield was about 2.8 mSv/h regardless of the lead shield. 
 
With the detailed MCNP5 model shown in Figure 5-29 it was quickly noticed that the 
dose rates in the room entrance were clearly larger than the desired limit. A large part of 
the radiation coming from the canister is directed upwards and scatters over the maze 
wall to the entrance. However, there is also a significant contribution that scatters 
“around” the maze. Furthermore the designed thickness of the walls (60 cm) was insuf-
ficient for attenuation of the gamma and neutron radiation. 
 
A new MCNP5 model was constructed with the side wall and maze wall thicknesses 
corresponding to 80 cm and the maze design where the scattering from the ceiling was 
eliminated for large part. The outer dimensions of the welding chamber room remained 
similar with the original design. Figure 5-30 shows the geometry of the new design. 
 
The dose rates at the entrance were somewhat reduced with the new model when com-
pared to the original model. The gamma dose rate was about 1.2 μSv/h and the neutron 
dose rate was about 2.5 μSv/h. The total dose rate 3.7 μSv/h exceeded the limiting va-
lue.  
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Figure 5-30. Modified geometry of the welding chamber room taken from the MCNP5 
model. The maze wall extends to the ceiling and the side wall and maze wall thicknesses 
have been increased to 80 cm. 
 
 
The possible options for reducing the dose rate are to extend the maze such that only a 
100 x 200 cm door hole is retained. The other possibility is to use a door with a shiel-
ding function. In fact, yet another MCNP5 model with the extended maze was construc-
ted. The extended maze only allows the radiation to pass through the doorway. The cal-
culated dose rates at the entrance were about 1 μSv/h for neutrons and about 0.6 μSv/h 
for gammas. The total dose rate at the entrance was about 1.6 μSv/h. It must be noted 
however that due to the relatively complicated geometry the calculation had relatively 
large uncertainties.  
 
5.9 The weld inspection room 

The weld inspection room includes the X-ray inspection device. The shielding from the 
radiation emitted from the inspection device is beyond the scope of this report. Instead, 
the shielding from the radiation coming from the disposal canister is considered here. 
 
The design of the weld inspection room is very similar with the welding chamber. The 
elevation of the canister top surface from the floor is 330 mm (For reference, see App. 
1). The wall thickness equals 80 cm, which provides adequate shielding from the ra-
diation coming from the canister. When compared to the welding chamber, the weld 
inspection chamber is more conservative since the canister lid is attached to the canister 
top. If a similar maze construction can be applied that was proposed for the welding 
chamber, a sufficient radiation protection is guaranteed also for the weld inspection 
room. 
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5.10 The canister buffer storage 

The canister buffer storage can contain 12 disposal canisters. The canisters are placed in 
four rows, three canisters in each row. Figure 5-31 shows the arrangement of the canis-
ters in the canister buffer storage. The gamma dose rates were calculated separately for 
the individual canisters. It can be seen that the major part of the radiation dose comes 
from the column closest to the wall. For the other columns of canisters the gamma dose 
rate is suppressed significantly by the neighbouring canisters and the major contribution 
to the dose comes from the radiation streaming between the canisters. 
 
It is worth noting that the gamma dose rate near the walls exhibited a pattern depending 
on the position of the canister used as a source. The actual pattern will depend on the 
final arrangement of the canisters. The extent of overlapping of the patterns will be de-
termined by the pitch between the canisters. In this study we have taken the view of 
using the maximum dose rate at the wall surface i.e. complete overlapping is assumed. 
 
The dose rates near the wall were tallied on the inner surface of the right wall with tal-
lies 80 cm wide and extending from the floor to the ceiling. Table 5-24 shows the re-
sults for the different source canisters. The numbering of the positions starts from the 
lower left corner (pos0-0) and proceeds to the right and upwards. 
 
The average gamma dose rate from the middle column of canisters was about one fourth 
to one fifth of the dose rate from the rightmost column. The maximum dose rate from 
the middle column of canisters was about one third of the dose rate from the column 
nearest to the wall. 
 
The neutron dose rate maps in the canister buffer storage are shown in Figure 5-32 for 
different source positions. The disposal canisters attenuate the neutron radiation less 
than the gamma radiation. A pattern similar to the gamma radiation is not seen on the 
right wall but the neutron dose is more homogeneously distributed. 
 
Table 5-24 shows the calculated average and maximum neutron dose rates on the inner 
surface of the right wall. The average neutron dose rate from the middle column of ca-
nisters was about one third of the dose rate from the outer column of canisters. The sa-
me was true for the maximum neutron dose rates. 
 
The fraction of dose coming from the leftmost column to the inner surface of the right 
wall was very small for both neutron and gamma radiation. The fraction for neutron ra-
diation was about one tenth of the dose rate of the rightmost column. For gamma rays 
the dose rate from the rightmost column was over 30 times larger than the dose rate 
from the leftmost column. 
 
In Section 5.4 it was estimated the dose rate behind a 90 cm thick concrete wall for a 
BWR canister located at the distance of 180 cm from the wall. The values for gamma 
and neutron dose rates were 0.17 μSv/h and 0.28 μSv/h, respectively. An estimation for 
the gamma and neutron dose rates behind the wall of the buffer storage can be obtained 
if the gamma dose rate of a single canister is multiplied with 5.4 and the neutron dose 
rate by 5.7. The gamma dose rate is then about 0.92 μSv/h and the neutron dose rate is 
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about 1.60 μSv/h. The total dose rate behind the wall is then 2.52 μSv/h, which slightly 
exceeds the limit 2.5 μSv/h. 
 
 

 
 
Figure 5-31. Gamma dose rate maps in the canister buffer storage. The figure illustra-
tes the self shielding of the canisters the relative importance of the canister rows to the 
dose rate close to the walls of the room.  
 
 

 
 
Figure 5-32. Neutron dose rate maps in the canister buffer storage. 
 
 
Table 5-24. Gamma and neutron dose rates near the inner surface of the right wall as a 
function of source position. 
 
Position Gamma dose 

rate (mSv/h) 
 
 

Neutron dose 
rate (mSv/h) 

 

 Average Maximum Average Maximum 
Pos1-2 2.93 6.58 0.58 0.80 
Pos1-3 2.41 6.74 0.54 0.85 
Pos2-1 14.0 19.2 1.74 2.35 
Pos2-2 14.7 19.3 1.85 2.38 
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5.11 The elevator shaft – bentonite block storage 

The MCNP5 model used in the calculations is shown in Figures 5-33 and 5-34. The 
source corresponded to the BWR canister, which is the limiting one for the radial dose 
rate. 
 
Figure 5-33 shows the MCNP5 model of the geometry on the lower level (+1.60) and 
the axial cut of the geometry. Positions 1 and 2 refer to the two alternative source posi-
tions. Characters A and B refer to the tally positions. 
 
Figure 5-34 shows the MCNP5 model of the geometry on the upper level. The canister 
is located below the level in question but the approximate radial position is illustrated in 
the figure. The dose rates were tallied in positions marked with characters C and D. 
 
Table 5-25 shows the gamma and neutron dose rates for different tallies and source lo-
cations at level +1.60. When the canister was located in the monitoring area (position 2) 
the gamma and neutron dose rates at the doorway B were 29.5 μSv/h and 11.7 μSv/h, 
respectively. Thus the limit 2.5 μSv/h was clearly exceeded. When the canister was lo-
cated in the lift (position 1), the gamma and neutron dose rates were 1.92 μSv/h and 
1.72 μSv/h, respectively, and the dose rate limit was exceeded. About 30 cm of concrete 
would be a necessary shielding in front of doorway B. If the doorway in front of the ca-
nister monitoring is blocked, the shielding requirements would be lower. 
 
 

 
 
Figure 5-33. A geometry plot from MCNP5 of the canister lift and the adjacent rooms. 
The level +1.60 is shown on the left and a ZX-cut is shown on the right. The sources 
were positioned either at the position 1 (lift) or the position 2 (monitoring). A and B re-
fer to tally positions. 
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The calculated dose rates on the upper level (+10.00) are also shown in Table 5-25. The 
gamma and neutron dose rates at the elevator entrance were 477 μSv/h and 108 μSv/h, 
respectively. The lift entrance room is clearly a red area unless additional shielding is 
placed in front of the elevator door. The thickness of the shielding should correspond to 
the thickness of the walls around the canister lift. The adequate thickness of the walls 
and ceiling are 60 cm. 
 
The gamma and neutron dose rates at the tally position D were 4.05 μSv/h and 2.74 
μSv/h, respectively. The total dose exceeds the limiting value of 2.5 μSv/h. Thus the 
entire lift entrance room should be marked as red area. Taking into account the addi-
tional scattering needed for the radiation to enter the bentonite block storage the shiel-
ding requirements are fulfilled for the latter area. It must be noted that the maze walls 
around the canister entrance extended to the ceiling, which is a requirement since the 
radiation is strongly directed upwards. 
 
 

 
 
Figure 5-34. A geometry plot of the canister lift and the adjacent rooms at level +10.00. 
The approximate source position is shown even though the canister is located below the 
level +10.00. C and D refer to tally positions. 
 
 
Table 5-25. Gamma and neutron dose rates for different tally and source positions. 
 
 Tally A  Tally B  Tally C Tally D 
 Pos 1 Pos 2 Pos 1 Pos 2 Pos 1 Pos 1 
Gamma 
(μSv/h) 

61.7 1140 1.92 29.5 477 4.06 

Neutron 
(μSv/h) 

22.2 117 1.72 11.7 108 2.74 

Total 
(μSv/h) 

83.9 1257 3.64 41.2 585 6.80 
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6 ADDITIONAL EXAMINATIONS 
 
6.1 Neutron radiation damage to the disposal canister 

The neutron radiation damage to the disposal canister cast insert was studied with the 
homogeneous BWR canister model. Figure 6-1 shows the canister volumes for which 
the neutron flux was evaluated at the burnup of 60 MWd/kgU and 20 years of cooling 
time. Region 8201 is the inner grid between the four inner most assemblies and region 
8202 forms a part of the outer grid between the inner and outer rings of assemblies. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6-1. MCNP geometry and the numbering of the regions where neutron flux was 
evaluated (8201 and 8202). 
 
 
The neutron flux in the studied spent fuel is primarily produced by the spontaneous fis-
sion of the isotopes Cm-244, Cm-246, Pu-240, Pu-242 and U-238. At the cooling time 
of 20 years, the neutron source is dominated by the spontaneous fission of Cm-244. 
When cooling time increases, other isotopes begin to play an important role. 
 
The fluence is an integral of the flux φ 
 

t

td
0

.     (1) 

 
For nuclides with half-lives of  T1/2 = ln2/λ, the fluence becomes 
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t
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0
0 .    (2) 

 
If nuclide has a sufficiently large half-life compared to the time t, the fluence can be ap-
proximated as 
 

t0 .     (3) 
 
This is the case for U-238. If the half-life is sufficiently small, the fluence may be ap-
proximated as 
 

2ln

2/1
0

0

0
0

T
dte t . (4) 

 
This is the case for Cm-244, Cm-246, Pu-240 and Pu-242. 
 
The neutron flux at 20 years of cooling time is calculated using the spontaneous fission 
spectrum of Cm-244. As shown in Figure 4-2 the fission neutron spectrum depends on 
the mother nuclide. However, in studying the neutron irradiation damage we are prima-
rily interested in the highly energetic neutrons (energy over 1 MeV). Figure 4-2 shows 
that the mean energy of the neutrons from the spontaneous fission of Cm-244 is larger 
than for Pu-240 and Pu-242. Therefore it is conservative to assume that the neutron 
spectrum has the shape of Cm-244 spectrum for larger cooling times as well. 
 
Table 6-1 shows the fractions of neutron sources for cooling times of 5 years and 30 
years as based on (Anttila 2005). The fractions used in the calculations were then cho-
sen conservatively based on the half-lives of the nuclides. Practically the initial source 
strengths were increased for Pu-240, Pu-242, U-238 and Cm-246 since these nuclides 
have larger half-lives than Cm-244. 
 
 
Table 6-1. Nuclides important for neutron irradiation damage. 
 
Nuclide  T1/2 (ye-

ars)  
Fraction of 
source at 5 
years* 

Fraction of 
source at 30 
years*  

Fraction of source ap-
plied 

U-238 4.468E9 6.98E-6  1.78E-5 1.8E-5  
Pu-240 6561 1.69E-3 4.45E-3 4.5E-3 
Pu-242 3.75E5  1.44E-3 3.67E-3 4.0E-3 
Cm-244 18.1 9.86E-1 9.65E-1 9.61482E-1 
Cm-246 4760 1.05E-2 2.68E-2 3.0E-2 
*) Based on (Anttila 2005), BWR 60 MWd/kgU, 0 % void 
 
 
The results of the MCNP5 calculations are shown in Table 6-2. The flux in the inner 
grid (8201) was about 15 % larger than in the outer grid (8202). 
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Table 6-2. Neutron flux in BWR canister cast iron grid (60 MWd/kgU, 20 years). 
 
Region  Flux (1/cm2 s) 

(1-2 MeV) 
Flux (1/cm2 s) 
(2-10 MeV) 

Flux (1/cm2 s) 
Total 

8201 3.46E4 1.96E4  5.42E4 
8202 3.00E4 1.73E4 4.73E4 
 
 
Using the equations above and the half-lives shown in Table 6-1 the total neutron fluen-
ce up to 100 000 years can be conservatively estimated. For Pu-240, Pu-242, Cm-244 
and Cm-246 the neutron flux is integrated to infinity while for U-238 the initial flux is 
multiplied by the time interval. The total fluence for the time period of 100 000 years 
was 4.17E15 neutrons / cm2. 
 
 
Table 6-3. Neutron fluence for neutrons with E  > 1 MeV and for cooling time of 1E5 
years. 
 
Nuclide  Fluence (neutrons/cm2) 
U-238 3.08E12 
Pu-240 7.28E13 
Pu-242 3.70E15 
Cm-244 4.29E13 
Cm-246 3.52E14 
Total 4.17E15 
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7 SUMMARY OF RESULTS 
 
The radiation protection calculations were made for several areas in the encapsulation 
plant. Mainly the concrete wall thicknesses and the functioning of the mazes were tested 
against the radiation protection limits. The calculations were made with the MCNP5 
Monte Carlo N-Particle transport code, which is suitable for all kinds of shielding calcu-
lations. 
 
The analysis here was based on earlier studies made for the fuel coming from the Fin-
nish nuclear power plants. Especially the gamma and neutron radiation source terms 
were taken directly from earlier studies. The dimensions of the disposal canisters, rooms 
and the thicknesses of the walls were taken from the latest design drawings of the en-
capsulation plant. Other relevant information was obtained directly from the persons 
responsible for the design of the encapsulation plant. 
 
The calculations verified that for the most parts of the facility, the currently designed 
walls thicknesses provide adequate protection against radiation from the different spent 
fuel assembly configurations. Some corrective actions however seem necessary in order 
to stay clearly below desired radiation limits. For the most parts the functioning of the 
mazes was inadequate. In some of the cases a different design of the maze will be suffi-
cient action but in some cases the radiation protection can only be secured by heavy 
doors for practical reasons. Following sections summarise the results for the various 
areas of the encapsulation plant. 
 
7.1 The fuel handling cell 

The adequate thickness for the walls of the fuel handling cell is 130 cm. The dose rates 
in the adjacent green areas remain clearly below the desired limit when attenuation in 
the walls is considered. 
 
The original maze in the doorway of the fuel handling cell provided inadequate radiati-
on protection. With the updated design of the maze the dose rate in the adjacent room 
was somewhat reduced but significant dose rate levels existed in the entrance to the ad-
jacent green area. 
 
Because of the high radiation levels in the fuel handling cell, it seems very difficult to 
design such a maze that would reduce the dose below 2.5 μSv/h. Therefore, it is sugges-
ted that the entrance is both equipped with a maze similar to the new design and a heavy 
door with a radiation protection function in the outer doorway. Necessary thickness for 
the door would correspond to about 70 cm of concrete. 
 
7.2 The fuel drying station 

The adequate thickness for the walls in the fuel handling cell is 130 cm. The dose rates 
coming from the fuel drying chamber were quite similar to the doses coming from a ba-
re EPR assembly. Therefore a similar wall thickness with the fuel handling cell should 
be applied also in the fuel drying station. 
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Adjacent to the fuel drying station there is a maze and an auxiliary room. Behind the 
auxiliary room there is a corridor designated as green area. The gamma dose rate in the 
entrance to the green area was about 12 μSv/h. The neutron dose rate was less than the 
desired limit. In order to ensure sufficient radiation protection, a door with a shielding 
function should be established to the doorway (doorway B). The thickness of the door 
should correspond to about 20 cm of concrete. Another possibility is to design an addi-
tional maze that should decrease the dose levels below the desired limits. 
 
7.3 The canister transfer corridor 

Many rooms adjacent to the canister transfer corridor are designated as green areas. An 
adequate wall and ceiling thickness in the canister transfer corridor was 80 cm. The do-
se rates behind the wall and ceiling in that case were less than 2.5 μSv/h but quite close 
to the limit. In case the canister design is changed the result leaves very little margin to 
the limit. Therefore it may be good to increase the thickness to 90 cm. 
 
Both ends of the canister transfer corridor contain a doorway followed by a maze that 
leads to a corridor designated as green area. The dose rate level in the doorway depends 
on the location of the canister in the corridor. In the worst case when the canister is lo-
cated at the canister wash, the dose rate at the doorway next to the green area has the 
maximum value of 150 μSv/h (110 + 40 μSv/h). Thus the limiting value is clearly ex-
ceeded. In order to reduce the dose rate an additional maze wall or a door with a shiel-
ding function should be established. The additional shield should correspond to about 
50 cm of concrete. 
 
7.4 The welding chamber room 

The welding chamber room is located next to the operating control room and corridor. 
The necessary wall thickness for each side wall and the ceiling was 80 cm. The maze 
design was improved by increasing the maze wall thickness and by extending the maze 
wall to the ceiling. Even with these improvements the dose rates at the room entrance 
were above the limit of 2.5 μSv/h. Only when the maze was extended so that the only 
penetration was a standard doorway, the dose rates were within the desired limits. Be-
cause of the complicated geometry a sufficient convergence was difficult to reach in the 
calculations. Furthermore the final dose rate was relatively close to the limit. Therefore 
it could be good to consider doors with additional shielding capability. 
 
The necessary shielding from the X-rays emitted from the welding process was evalu-
ated. Thickness of 1.2 cm of lead or 12 cm of steel should provide adequate shielding 
from the radiation. Such a shield attenuates the gamma radiation coming from the dis-
posal canister by a factor of four. The attenuation of neutron radiation is practically neg-
ligible. Staying in the welding chamber room when the disposal canister is present 
should be strictly prevented. 
 
7.5 The weld inspection room 

The shielding of the weld inspection room was covered by the considerations made for 
the welding chamber room. The radiation coming from the inspection device was not 
considered in this study. 
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7.6 The canister buffer storage 

The dose rates behind the walls of the canister buffer storage were calculated for an ar-
ray of 12 BWR canisters in the buffer storage. The calculations were made separately 
for the canisters located in different positions of the array. The dose rate from the mid-
dle column of canisters was about one third of the dose rate from the outermost column. 
The dose rate from the leftmost column on the right wall was less than one tenth when 
compared to the dose coming from the column next to the wall. 
 
With the help of the results calculated for a single BWR assembly the dose rates at the 
outer surface of the wall (thickness 90 cm) were calculated. The calculation was made 
by summing the fractions for each row of canisters. As a result the dose rate behind the 
wall was about 2.52 μSv/h. The dose rate slightly exceeded the limit 2.5 μSv/h. It 
should be considered to increase the wall thickness of the canister buffer storage to 100 
cm. 
 
7.7 The elevator shaft – bentonite block storage 

A detailed model of the canister lift and adjacent rooms were made with MCNP5. Two 
source positions were modelled corresponding to the BWR canisters in the canister lift 
and the canister monitoring. 
 
The dose limit 2.5 μSv/h was exceeded at the corridor entrance for both source positions 
on the level +1.60. Additional shielding is required in front of the doorway A or door-
way B (see Figure 5-33). The maximum dose rate at doorway B is obtained when the 
canister is located in the canister monitoring (position 2). Thus it may be considered to 
block the doorway in front of the canister monitoring area. In this case the shielding re-
quirements for the doorways A and B would be lower. 
 
The adequate wall thickness around the canister lift on the upper level is 60 cm, which 
corresponds to the present design. If no additional shielding is provided in front of the 
lift entrance, the entire lift entrance room must be marked as red area. With a proper 
maze design in the lift entrance room the shielding requirements are fulfilled in the ben-
tonite block storage. 
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GAMMA AND X-RAY DOSE RATES IN A WELDING ROOM OF 
 THE ENCAPSULATION PLANT 

 
 

1. Dose rates on the lid of a disposal canister 
 
Gamma dose rates on the copper lid of the disposal canister designed for spentVVER-
440 fuel assemblies have been reported in Ref. (Anttila 2005). When assumed that the 
fuel assemblies are approximately at their correct axial height, the average gamma dose 
rate just on the top of the lid would be about 21 mSv/h . It is clearly lower than the cor-
responding dose rate in the radial direction around the canister. The value might be still 
lower, if the structural parts of the assemblies would be described accurately and if the 
axial distribution of the gamma source would be taken into account. On the other hand, 
the dose rate on the lid may vary to a large extent. The maximum values would be found 
just above the emplacement holes of the canister insert. 
 
The main gamma source at the time of encapsulation (at cooling times of 20 – 60 years) 
is the decay chain of Cs-137/Ba-137m, which produces photons with the energy of 
0.662 MeV. Outside the canister the average gamma energy is still a few hundreds of 
keV. 
 

2. Dose rate from the electron beam welding machine 
 
In a radiation safety report of SST Steigerwald Strahltechnik Gmbh it has been stated 
that if a wolfram target is bombarded by a 200 mA current of 150 keV electrons, the x-
ray dose rate at the distance of one meter from the target would be about 500 mSv/h. 
The maximum intensity of the x-ray radiation is about 100 keV. According to the report 
a leaden shield with the thickness of 8 mm would decrease the dose rate to be lower 
than one μSv (10-6 Sv)/h. 
 

3. Attenuation of gamma and x-ray radiation 
 
Gamma and x-ray radiation attenuates by three different processes: photoelectric effect, 
Compton scattering and pair production. Pair production is possible only, if the gamma 
energy is more than 1.02 MeV. Photoelectric effect is of importance only at the energies 
less than 0.5 MeV. Furthermore, its mass absorption coefficient depends very much on 
the atomic number of the material. 
 
The total mass absorption coefficient for gamma radiation changes only a little at the 
energy range of 0.5 -1 MeV (where the Compton energy is the main attenuating 
process) and the atomic number of the material has a small impact on the coefficient. 
But below the energy of 0.5 MeV the mass absorption coefficient starts to increase very 
rapidly and is strongly dependent on the shielding material, which means among others 
that at these energies lead has much better shielding properties than iron. 
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4. Shielding requirements 
 
It has been assessed that an effective enough shield against radiation from the electron 
beam welding machine is a 1 cm thick layer of lead or a 12 cm thick layer of iron. Ac-
cording to MCNP calculations a 1 cm thick plate made of lead one meter above the ca-
nister lid would decrease the gamma dose rate by a factor of only 7 – 8 (a part of the 
decrease is, of course, due to the geometry). Therefore, it can be concluded that the dose 
rate in the electron beam welding chamber is mostly due to the canister and its spent 
fuel assemblies. Dose rates in the welding room are so high that one should stay there 
only for a short time, if a canister is docked into the welding chamber. 
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