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Abstract 
In this report the results are presented of an analysis of ihejadiation fields inside and outside 
the NET ciycstat/biolojicaljhjejdjiur^ calculations were performed 
using both the Monte Carlo code MCNP and the 2D discrete ordinates neutron/y transport 
code DORT. Consistent nuclear data were used: for the Monte Carlo calculations data 
were taken from the EFF-1.3 library, for the discrete ordinates calculations data were taken 
from the MAT! 75 library. Both libraries are based on the JEF/EFF-1 evaluation. Care 
was taken to model the 2.0 cm wide gaps between two blanket segments, &£ the neutron 
flux behind the vacuum vessel is largely determined by neutrons streaming through these 
gaps. 

The resulting neutron- and y-flux spectra are in excellent agreement up to the end of the 
cryostat. It is noted, that at this position the attenuation of the neutron flux is about 11 
orders of magnitude. Due to precautions in the Monte Carlo calculations the uncertainty 
in neutron- and y-flux spectra calculated by MCNP is only small: the uncertainty in the 
integrated neutron spectrum amounts to approximately 15% at the end of the cryostat. 
Also the dose-rates as calculated by MCNP and DORT agree well. Differences occur 
when heating data are compared. This is clearly due to the different way in which nuclear 
heating is treated in MCNP (direct calculation of heating) and DORT (kerma factors used; 
including radioactive decay contributions). / 
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1. INTRODUCTION 

The work presented in this paper was devoted to an analysis of radiation fields 
inside and outside the NET cryostai/biological shield during operation. In the NET 
design of the shielding blanket of ITER this blanket consists of segments, which 
are separated by slots with a width of 2.0 cm. It is clear, that the radiation leakage 
through the blanket-segment slots will determine the radiation-fields outside the 
torus to a large extent 

It was therefore concluded that useful information on the radiation-fields outside 
the torus could only be obtained by using at least a two-dimensional geometry 
in which the segment-slots are properly modelled. Calculations were performed 
using the Monte Carlo code MCNP(version 3 A) [1 ] and the 2Dneutroivy transpon 
code DORT [2]. 

In section 2 a description is given of the calculation^ model used in Wis analysis. 
Information on the nuclear data used in this analysis can be found in section 3. 
Some details on the MCNP calculations are given in section 4, details on the 
DORT calculations are given in section 5. The results of the calculations are 
discussed in section 6. Finally, in section 7 the conclusions from this wort are 
presented. 

ECN-RX--93-094 5 
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Figure 2.1 MCNP-model of the complete geometry. Note thai the vertical direction has 
been magnified in order to increase the detail in this figure. Dimensions are 
in cm. 

2. MODEL DESCRIPTION 

The two-dimensional model used in the calculations is given in fig. 2.1. The model 
of the blanket-part used in the calculations is given in fig. 2.2. The model represents 
the NET shielding-blanket design inside the ITER torus-design, surrounded by 
the cryostat/biological shield as planned for NET. Note that also in MCNP a 2D 
geometry was used. 

According to the drawings obtained from the NET-team [3], the shielding-blanket 
geometry consists of steel layers with incorporated cooling-channels. These steel 
layers are oriented radially. 

In our 2D-model most blanket zones containing steel and cooling-water have been 
homogenised into 'onion-skin'-wise material-zones. However, the segment-slot 

d the blanket-layer nearest to the slot were modelled as accurately as possible, 
^correctly representing the cooling-channels) as the main radiation-leakage takes 
place in that region. 

The backplate was modelled in an analogous way. The second layer, consisting 
of vertical cooling pipes surrounded by steel pebbles, was homogenised. The 
material-composition for this region was taken from a 1 D-model of the shielding-
blankct [3]. 

A simple 'onion-skin' type model of the inboard blanket/first wall was included in 
our model, in order to obtain the correct backscatter contribution from the inboard 
region. 

The cryostat/biological shield is a simple geometry consisting of a concrete wall 
lined at the inside with a steel layer of 6 mm thickness. The main function of 
the cryostat as a shield will be to reduce the y-dose rate outside the cryostat after 
shut-down. The thickness chosen (170 cm) is based on the results of preliminary 
MCNP calculations. 

Our approximations made to the ITER torus result in additional toroidal symmetry. 
Therefore, our model could be restricted to a toroidal sector of 3.75°, which is 
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Model description 

Figure 22 MCNP-model of the blanket-part of geometry. Dimensions are in cm. 

l/96th of the torus circumference. 

The 14 MeV neutron-source distribution of the plasma was represented by a 
homogeneous volume source between R = 611 cm and R = 620 cm, resulting in 
an average wall loading of 1 MW/m2 in our cylinder geometry. 



3. NUCLEAR DATA LIBRARIES 

In order to make a comparison possible between the results of the MCNP and 
the DORT calculations it is essential that consistent nuclear data are used in both 
types of calculations. Therefore, throughout this work the same basic nuclear data 
were used form a combination of the European Fusion File EFF-1 and the Joint 
Evaluated File JEF-1. 

In the MCNP calculations scattering cross section data were taken from the Eu
ropean Fusion File EFF-1.3 [4], which is based on the basic nuclear data from the 
JEF/EFF-1 evaluation. 

In the DORT calculations the group-cross section data were derived from the 
MAT175 (JEF/EFF1) library [51 (which is in the 175 group VlTAMiN-J group-
structure), using the processing-code TRAMIX [6] for mixing, collapsing and 
self-shielding. A 33 neutron groups / 1 2 K groups-structure was used, which is a 
refinement of the 28 neutron groups /12 y groups-structure that was used in [7]. 

The biological dose-rates were calculated u«<ng the pointwise conversion-factors 
from NCRP-38 as given in the MCNP manual [1 ] , which were converted to the 
required energy-group structure for use in DORT. 

Nuclear heating data were calculated directly in MCNP, using the information on 
the EFF-1.3 library. In the DORT calculations use was made of kerma-factors 
from the RJFL-1 library [8], which is also derived from JEF/EFF1. 



4. TWO DIMENSIONAL CALCULATIONS 
WITH MCNP 

Neutrons streaming through the segment slots contribute significantly to response 
parameters outside the blanket region. Therefore, an accurate estimate of the 
number of neutrons passing through these slots is required fora reliable calculation 
ofthese response parameters. The area of the segment slots is only small compared 
to the total area of the outboard first wall (1.84%). Besides, the segment slots are 
narrow, which implies that only particles which are nearly exactly radially outward 
directed have a reasonable probability of passing through the slots. Therefore, a 
Monte Carlo calculation without biasing neutrons into the direction of the slots 
and, in the slots, into the direction of the cryostat, will yield inaccurate results. 

As it is required that a large number of neutrons start from the slot region of the 
surface of the outboard first wall, we chose to subdivide the complete geometry, 
as given in fig. 2.1, in three separate regions: 

1 the segment slot region, 
II the neighbouring blanket-slab region (in this region the water-cooling tubes are 

modelled explicitly). 
HI the remaining blanket region. 

Using this approach, in the first step of the calculations (step 1) surface sources 
were produced on the outboard first wall for each of these three regions using 
die SSW-card in MCNP. These surface sources consist of neutrons and photons 
crossing the outboard first wall in the outward direction. 

Simplified geometries were adopted in this step: only the first 22.75 cm of the 
inboard blanket and the first 18.9 cm of the outboard blanket were modelled, 
which is enough to take into account the backscatter contribution of the inboard 
and outboard blanket to the surface source on the outboard first wall. 

The remaining calculations were devoted to the transport of neutrons and photons 
from the surface sources produced in the first step to the outside of the cryo-
stat/biotogical shield. The weight-window technique was used in order to bias 
particles into the direction of the segment slot and also into the direction of the 
cryostat. These calculations were performed in two steps: 

2 transport of neutrons and photons from the outboard first wall to the inside of 
the vacuum vessel, where again a surface source is produced, 

3 transport of neutrons and photons from the surface source produced in step 2 
to the outside of the cryostat/biological shield. 

In step 2 the backscattcring contribution from the complete vacuum vessel was 
taken into account while producing the surface source. 

In order to obtain statistically significant results care was taken to start with a sur
face source in which the statistical uncertainty is small enough. After preliminary 
calculations it was decided to start with a source in which the uncertainty in the 
integrated neutron fl«x spectrum was smaller than 0.65%. 

On a scries of locations response parameters were calculated (fluxes, dose rates, 
nuclear heating). The energy group structure for representing the flux spectra was 
taken to be identical to the one used in the DORT calculations (sec section 5). 



5. TWO DIMENSIONAL CALCULATIONS 
WITH DORT 

Considerable time was spent to obtain the proper spatial-, angular- and energy- dis
cretisation for this 2D deep-penetration problem. The torus was modelled in ft, & 
geometry. Therefore, the polygon shaped blanket-segments were approximated 
by ring-sectors. Hence the segment-slots in the DORT-modcl are wedge-shaped 
rather than straight. As the slot width at the first wall practically determines the 
aperture of the slot it was decided to take it to be equal to the correct width at the 
first wall (i.e. 2 cm). This approximation was not required in the MCNP calcula
tions (see section 4). Furthermore, the cooling-pipes in the first blanket-layer (i.e. 
nearest to the segment-gap) could not be modelled exactly. The spatial mesh was 
defined in such a way. that each cooling-pipe is enclosed by a spatial R, 8 mesh, 
in which the amount of water and steel was homogenised. 

Radial mesh-intervals of 2 to 3 cm thickness were used in the material zones and 
intervals with thickness up to 20 cm were used in the plasma- and void regions. 

In the toroidal direction the geometry was subdivided in 11 intervals (r = xx to 
T = T| i). of which the first interval exactly spans the entrance gap. 

For a proper calculation of the radiation-leakage through the segment-slots, a 
biased angular-quadrature is required which is biased towards the R, Z plane to 
ensure a sufficient number of discrete directions passing through the slots. A 
strongly biased quadrature was used in the slot and in the first blanket-layer. In 
this quadrature the number of directions is approximately 10 times as large as in 
the normal 5t quadrature, whereas 35% of the directions pass through the whole 
slot. In the remaining pan of the blanket a symmetric St quadrature was used. 
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Figure 6.1 Energy-integrated neutron fluxes averaged over toroidal directions x as 

calculated by MCNP and DORT, radial distributions: /? = 820 - 1060 cm. 

6. INTERCOMPARISON OF MCNP AND DORT 
RESULTS 

In figs. 6.1 and 6.2 radial distributions are given of the energy-integrated neutron 
fluxes. It is observed that despite the large attenuation of 11 decades over the whole 
geometry there is an excellent agreement between energy-integrated neutron fluxes 
as calculated by MCNP and DORT. 

The results from MCNP and DORT can best be compared by studying the flux-
spectra. It is noted that the neutron-spectra averaged over toroidal directions T 
as calculated by bc'h codes generally agree within the statistical ?"curacy of the 
MCNP results (see figs. 6.3, 6.4 and 6.5). Due to the precautions taken in the 
MCNP calculations, also at the end of the cryostat (R = 1470 cm) the statistical 
uncertainty in the MCNP results is rather small ( < 15% in the energy-integrated 
spectra). At this location the DORT spectmm is approximately a factor of two 
lower over the whole energy range. This is most probably due to the fact that 
the DORT calculations were performed in a coarse energy group structure, which 
may cause a too large flux attenuation. However, considering the large attenuation 
of 11 decades over the whole geometry, the agreement must be considered to be 
excellent. 

The y-spectra averaged over z are even in better agreement (see rigs. 6.6, 6.7 
and 6.8). The importance of the slots between two blanket segments is clearly 
demonstrated in fig. 6.9, in which a toroidal plot is given of the energy-integrated 
neutron flux at R = 949 cm (in front of the vacuum vessel). Combining these 
results with the results of ID ANISN [9] calculations (sec fig. 6.9), which were 
performed as well, it can be derived that compared to the ID ANISN results 
the toroidally averaged fluxes arc a factor of 10 higher, the minimum fluxes (at 
T = Tn) a factor of 2-3 higher and at the maximum (at r = r n ) a factor of 40 for 
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Figure 6.2 Energy-integrated neutron fluxes averaged over toroidal directions x as 

calculated by MCNP and DORT, radial distributions: R = 1000- 1500 cm. 
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Figure 6,3 Neutron spectra calculated by MCNP and DORT (averaged over toroidal 

directions t)at R = 949 cm. 
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Intercompanson of MCNP and DORT results 
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Figure 6.4 Neutron spectra calculated by MCNP and DORT (averaged over toroidal 

directions T) at R = 1300 cm. 
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Figure 6.6 y spectra calculated by MCNP and DORT (averaged over toroidal directions 
r)atR = 949 cm. 
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Figure 6.7 y spectra calculated by MCNP and DORT (averaged over toroidal directions 
x)atR = 1300 cm. 



lmercomparison of MCNP and DORT results 
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Figure 6.8 y spectra calculated by MCNP and DORT (averaged over toroidal directions 
z)atR= 1470 cm. 
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Figure 6.9 Energy-integrated neutron fluxes calculated by DORT, MCNP and ANISN, 
toroidal distribution alR = 949 cm. 
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Ficure 6.10 Total biological dose-rates calculated by MCNP and DORT, radial distribu

tions: P. = 900 - 1500 cm, at x = n and x\ \. 

the total neutron-flux, a factor of 100 for the fast neutron-flux and a factor of 200 
for the total y-flux. 

It is observed as well that after the toroidal variation is levelled out, the total 
neutron- and total y-fluxes remain a factor of 10 higher throughout the rest of 
the geometry and that the fast neutron-flux inside the cryostat becomes even three 
orders of magnitude higher. The latter confirms that the presence of the slots not 
only results in a larger but also harder fast neutron-flux outside the vessel. 

The results for the biological dose-rates are given in fig. 6.10, from which it is 
observed that MCNP and DORT are in excellent agreement also in this case. 

Differences occur for the calculation of nuclear heating data: as can be seen in 
fig. 6.11 MCNP calculates lower values for the neutron heat in the vacuum vessel 
than DORT. The largest differences occur at r = r n , farthest away from the 
slot, where the neutron spectrum is softest. This is in contradiction to the good 
agreement in the calculated neutron spectra. Therefore, the large differences in 
the calculated neutron heating values were expected to be caused by the different 
methods used by MCNP and DORT to calculate the heat. 

To verify this assumption the neutron spectra in 33 groups calculated by MCNP 
were used to recalculate the neutron heat using the kerm a factors from the RFL-1 
library in the same way as is done with DORT. The results for the neutron heating 
as calculated by MCNP using the normal procedure and using kcrma factors are 
compared below with the DORT results: 
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Intercomparison of MCNP and DORT results 

Neutron heat in W/cm3 at R = 953 cm 
MCNP 

using normal 
procedure 

MCNP 
using 

kerma factors 

DORT 

"1 1.49 • 10"2(11%) 2.36 -10"2( 6%) 2.13 • 10~2 

4 2.fX) • 10~4(10%) 4.98 • 10 (12%) 5.93 • 10~4 

7 4.01 • 10"5( 9%) 2.22 • 10"4(14%) 1.85 • 10"4 

11 1.44 10-5(12%) 1.11-10-4(14%) 7.56- 10"5 

It can be seen that the agreement between MCNP and DORT is much better for 
the heat calculated with the kerma factors. 

Part of the explanation is due to the fact that the kerma factors used in the RFL-1 
library include effects of radioactive d",ay. The more conservative values of the 
nuclear heat calculated from these kerma factors is recommended. 

Nuclear Heat at R=953 cm 
i i f i ? i * i 

i i 
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+ total 
x neulrcn 

o gamma 

1 2 3 4 
toroidal angle x (degrees) 

Figure 6.11 Total-, neutron- and y- heat calculated by MCNP and DORT, toroidal 
distributions at R = 953 cm. 
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7. CONCLUSIONS 

The main conclusions of this work are the following: 
• Both MCNP and DORT can handle the described two-dimensional model of 

this slot-leakage/deep-penetration problem, provided that care is taken of the 
special requirements for this geometry. 

• In this work excellent agreement is obtained between MCNP and DORT calcu
lations in which the JEF/EFF-I based point cross-section data library EFF-1.3 
[4] and the JEF/EFF-1 based group cross-section library MAT 175 [5] were 
used. 

• Most of the radiation leaking into the vacuum vessel (about 90%) is due to the 
segment slots, thus increasing the fluxes averaged over the toroidal surface by a 
factor often, whereas directly behind the segment-slot the fluxes are increase J 
by two orders of magnitude. The increased radiation load of the vacuum vessel 
behind the segment slots may influence the design of the vessel with respect to 
the position of welds. 

• The first-order estimates of the effect of the blanket-segment slots on the nuclear 
heat produced in the vacuum vessel and on the requirement for a biological 
shield around the torus [10], are confirmed. 

• To allow personal access outside the torus during reactor operation the total 
biological dose rate should be as low as 25 fiSv/h. This requires an attenuation 
of 8 orders of magnitude behind the vacuum vessel, which will be achieved with 
a cryostat/shield of portland concrete with a thickness of 230 cm (see fig. 6.10). 

• A discrepancy has been observed in the neutron heating as calculated with 
MCNP using the point cross-section data library EFF-1.3 [4] and the neutron 
heating as calculated with DORT using kerma factors from the RFL-1 library 
[8]. The discrepancy is due to the treatment of the neutron heating rather than 
to the calculation of the neutron-flux spectra and is mainly due to the fact that 
contributions from radioactive decay are included in the kerma factors in the 
RFL-1 library. 
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