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The present work attempts to carry out a comprehensive neutronics
analysis of the International Thermonuclear Experimental Reactor (ITER)
developed during the Conceptual Design Activities (CDA). The two-
dimensional cylindrical over-—all calculational models of ITER CDA device
including the first wall, blanket, shield, vacuum vessel, magnets,
cryostat and support structures were developed for this purpose with a
help of the DOGII code. Two dimensional DOT 3.5 code with the FUSLON-40
nuclear data library was employed for tramsport calculatioms of neutron
and gamma ray fluxes, tritium breeding ratio (TBR) and nuclear heating
in reactor components. The induced activity calculational code CINAC
was employed for the calculations of exposure dose rate after reactor
shutdewn around the ITER CDA device.

The two-dimensional over—all calculational model includes the design
specifics such as the pebble bed Lizo/Be layered blanket, the thin

double wall vacuum vessel, the concrete cryostat integrated with the
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over—-all ITER design, the top maintenance shield plug, the additional
ring biological shield placed under the top cryostat 1id around the
above-mentioned top maintenance shield plug etc. All the above-
mentioned design specifics were included in the employed calculational
models. Some alternative design options, such as the water-rich
shielding blanket instead of lithium-bearing one, the additional
biological shield plug at the top zone between the poloidal field (PF)
coil No.5 and the maintenance shield plug, were calculated as well.

Much efforts have been focused on analyses of obtained results.
These analyses aimed to obtain necessary recommendations on

improving the ITER CDA design.

Keywords : ITER, Neutronics, Neutron Transport Calculations, Biclegical
Shield, Neutron Flux, Exposure Dose Rate, Nuclear Heating,
Blanket, Concrete Cryostat, Tritium Breeding Ratio, Induced

Activity.
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1. Introduction.

The ITER "Conceptual Design Activities" (CDA) [1] began in the
spring of 1988 and ended in December 1990. The objectives of these
activities were to develop the design of ITER, to perform a safety and
environmental analysis, to define the future research and
development needs, and to estimate cost, manpower, and schedule
for detailed engineering design, construction and operation. Because
of the success of the CDA, the Parties are now considering
continuation of ITER into the next phase, called the "Engineering
Design Activities" (EDA) [2] ; this phase would include the expanded
engineering and R&D efforts needed to prepare for initiation of the
construction of ITER by the late 1990's.

Therefore, there is a demand on the progress in technology as
on advances in plasma physics. Thus, much efforts have been focused
during the past years on a number of areas of technology. Among the
technology areas regarded as of great importance for realization of
ITER are the development of large superconducting magnets, a shield
and blanket, a vacuum vessel, a first wall etc.

Numerous works were done to support the neutronics design of
ITER blanket and shield during ITER CDA. Among them numerous 1-
D, 2-D and 3-D neutron transport calculations listed in Ref. 3 were
carried out for different zones of ITER machine, namely inboard,
top/bottom, outboard, recess, NBI duct etc. However the neutron
transport calculations of ITER over-all configurations are necessary
to give a designer the information on both total heating in the ITER
first wall, blanket shield and vacuum vessel and fast neutron flux
and dose during operation and after shutdown at every zone of ITER
over-all configuration.

Such an analysis was done in Ref. 4 for a swimming pool-type
tokamak reactor dand in Ref. 5 for the FER [6]. However, because of
geometrical and compositional differences, this information could not
be used directly for ITER neutronics analyses. Therefore we decided
to run a number of neutron transport calculations for the ITER CDA
over-all configuration to provide some useful information for the
ITER EDA.
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2. Calculationa! conditions.

The general three-dimensional view of ITER CDA is shown in
Fig. 2.1. The main parts of ITER CDA are shown in Fig. 2.1 as well.

According to the reference ITER CDA [3] concept there is only
151 cm of total outboard bulk shield thickness in the mid-plane and
the double wall steel cryostat with the effective steel thickness of 7
cm, thus 158 cm in the total shield thickness. However, a need of a
biological shield outside the cryostat has been stressed by some
results of ITER CDA biological shield analyses presented during [5, 7-
9] and after [10] ITER CDA Phase of work.

Possible approaches to a biological shield concept have been
discussed in Ref. 10. The main feature of Japanese approach to the
ITER CDA biological shield is the idea to joint functions of a cryostat
and biological shield. In this case, the relatively thick concrete
cryostat with continuous metallic inner liner was chosen [10] as the
Japanese proposal for the ITER EDA, namely 180 cm thick concrete
cryostat. (The same approach was chosen for NET : “The outer
boundary to the NET basic machine is formed by an ~ 1.6-m-thick
concrete biological shield” [11]). The design description of cryostat
employed in this study is shown in Ref. 12. This cryostat was
included in the calculational models employed in this study.

Figure 2.2 shows the two poloidal cross sections at different
toroidal locations, namely across toroidal field (TF) coil fcut N° 1/
and between TF coils fcut N¢ 2/.

Both cuts were shifted by some degrees (as shown in Fig. 2.2)
from the symmetry axes of a TF coil and cavity 2, respectively. Thus,
the first cut was not done across the reinforce rib shown in Fig. 2.2,
The second cut was done across the cavities number 1 and 2 (see Fig.
2.2). It is expected to give the upper bound biological dose at the
location of cryostat and the most pessimistic from the view point of a
biological shield analysis.

Three main geometrical models were calculated :
1) Upper half with TF coil (cut N° 1) is shown in Fig. 2.3 ;
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2) Upper half with inboard leg of TF coil (without outboard leg), with
top port and without horizontal port (cut N® 2) is shown in Fig. 2.4 ;
3) The same as (2), but

a) the SS/H7O-shielding blanket was employed instead of the
reference layered pebble bed beryllium/Li2O one;

b) the additional steel-bearing shield was incorporated
between the poloidal field (PF) coil N®5 (PUS5) and top shield plug,
namely zone 43 in Fig. 2.5.

Nuclear densities of component materials employed for the

transport calculations are shown in Table 2.1.

The two-dimensional cylindrical model was employed for
calculations. This two-dimensional cylindrical geometry is a rather
realistically description of the ITER CDA whose plasma elongation is
almost 2 [1], e.g. the concrete cryostat walls, cryostat lids and central
solenoid are actually cylinders. However, some simplifications were
devised for the calculational models in Figs. 2.3-2.5. The main among
them is the absence of the horizontal port.

There are two reasons why the horizontal port (NBI duct) was
not included in the above-mentioned calculational models N® 1-3.

1} The employed cylindrical geometrical model and the NBI duct are
not coaxial cylinders. There is 90° angle between the above-
mentioned axes. Thus, it is extremely difficult to include the NBI duct
in the calculational models N? 1-3.

2) The biological shield around NBI duct was studied in Ref. 13.
Correspondingly, the contour map of gamma-ray dose rate in a week
after reactor shutdown was obtained and presented during ITER CDA
[13].

Other simplifications could be summarized as follows :
1) Most zones in employed models were homogenized, namely the
blanket, semi-permanent shield, vacuum vessel, divertor, PF coils etc.
2) The volumes of zone N° 3 in Fig. 2.3 and N*® 20 in Figs. 2.4, 2.5
(divertor) were intentionally increased. However, this increase waus
properly compensated by corespondent homogenization of material
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of this zone and a void fraction. The same procedure was done for
the zone N° 33 in Fig. 2.3 (steel wall of 10 cm thickness). Above
measures had to be done to avoid some difficulties during input data
preparations.

Other features of the above-mentioned calculational models are

1) The layered pebble bed beryllium/LizO blanket type developed in
Japan after CDA [14] (The inboard and outboard blankets consist of
one and three lithium layers, respectively.) ;

2) The additional ring biological shield placed under the top cryostat
lid (discussed below, in the paragraph 3.2) ;

3) The water-rich (80% H20 + 20% SS) shielding blanket was
employed for some calculations to compare its shielding effectiveness
with the reference layered pebble bed beryllium/LizO composition
[14].

4) Some other design features developed in Japan after ITER CDA [12,
15, 16] were employed in the above calculational models as well, ¢.g.
the bellows in the top zone of ITER maintenance port etc.

5) The design of ITER CDA was not sufficiently specified for over-all
neutron transport calculations of exposure dose rate around the ITER
CDA fusion device. The design proposal of important zone 2 in Fig.
2.4, for example, varied in Ref. 18 from "void" (the EC proposal) to
"about 30 v/o of steel” (Japanese proposal). Corresponding designs
are shown in Ref. 17. The most conservative "void" option was
employed in this study to get most pessimistic results.

In principle, a precise analysis of neutron/gamma fluxes
attenuation in the ITER configuration can be done by Monte Carlo
method in a three-dimensional geometry. However, a calculational
model for such an analysis would be extremely difficult to set up and
very expensive, if possible, to run. Therefore, the Sy method is
preferable for these calculations. This method has been proved
effective for the geometrically simple but very thick shield regions
with many orders of neutron flux attenuation. It provides solutions
of a given accuracy in all the ranges of structural variations under
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discussion, even for cases of deep penetration with a strong
anisotropy in scattering. Thus the most important advantage of the
method is the possibility to get the responses in all mesh intervals
[18].

Therefore the DOT3.5 code [19] with the FUSION-40 (42
neutron and 21 gamma-ray energy groups) nuclear data library [20]
was used in this study. The P3-S¢ approximation and 159 x 159
spatial mesh points are employed in the calculation of neutron and
gamma ray fluxes. However, it is very complicated job to set up the
above-mentioned calculational model. Therefore, the newly
developed DOG-II code [21] was wused to generate input data for
DOT3.5 code.

The main feature of the DOG-II code 1s the necessity to
generate input data for "grid"” that is more simple than for "mesh”,
directly in the DOT3.5 code. The "grid" input data are used in the
DOG-II code for generating automatically "mesh” input data for the
DOT3.5 code. The "grid" employed for calculations in this study, for
example, consists of 32 x 36 spatial grid points only, in comparison
with above-mentioned 159 x 159 spatial mesh points of final DOT3.5
input data. Thus, the DOG-II code being used in this study is very
helpful to set up a large geometrical model for the DOT3.5 code and
can save much time to be spent on an input data generation. The
APPLE-3 code [22] is used to plot the calculational model and contour
maps of dose rate and flux distributions.

The induced activity calculation code system THIDA [23]
developed in Japan Atomic Energy Research Institute (JAERI) was
employed for the calculation of exposure dose rate around the ITER
CDA device. This code consists of radiation transport codes, an
induced activity calculation code and data libraries for transmutation
and decay chains, transmutation cross-sections and delayed gamma-
ray emission spectra. (The decay heat in a first wali/blanket/shicld
which necessitates an adequate removal measure in case of an
accident like a loss of coolant or during maintenance operation at
shutdown can be calculated with the THIDA system as well.)

However, the standard induced activity calculational code ACT4
included in THIDA system demands rather large calculational time.
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On the other hand, a new method and accompanying computer code
CINAC-V4 [24] have been developed for the calculation of neutron-
induced transmutation, radioactivity and afterheat. The new code
CINAC-V4 is 50 time faster than the code ACT4. Thus, the CINAC-V4
code was used in this study instead of the ACT4 code.

Therefore, the procedure of shutdown dose calculations can be
described as follows :
1) The neutron flux /obtained in over-all neutron transport
calculations by DOT3.5/ is used as an input for the code CINAC-V4.
This code calculates the induced activity, the approximate decay
heat* and the delayed gamma-ray source after reactor shutdown ;
2) The delayed gamma-ray source serves as the input for the
transport calculation /DOT3.5 code/ of the delayed gamma-ray flux
after shutdown. ‘
3) Finally, the obtained gamma-ray flux is converted to shutdown
dose rate by the APPLE-3 code.

All neutron transport calculations in this study were carried
out for the upper half of ITER CDA. The neutron source was
normalized to 1 GW thermonuclear power of ITER CDA. Thus, the 0.5
GW thermonuclear power was used for normalization in our
calculations of the upper half of ITER CDA. The distribution of
neutron source generated by fusion reactions was calculated by a
special code [25] developed for this purposes at JAERI

It should be underlined that about 70 hours of computing time
(FACOM M-780) were spent for the neutron and gamma-ray
transport calculations presented in this report. The neutron fluxes
for the calculational models N2 2 and 3 have been the most ditficult
to converge and, correspondingly, time-consuming cases. It is
explained by large gradients of neutron fluxes in the models because
of numerous void inhomogeneities incorporated in the above-

mentioned models.

* This decay heat is approximate because delayed gamma-ray
is assumed to deposit its energy at the location where it is generated.
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Table 2,1 Atomic number densities of component materials.

(1024¢m™3)
Material Element Number Density
Piasma 241 ~ 246 | i, T~ 12 1,600 X 10-'°
3165 S 247 ~ 252] ¢ 55 ~ 80 0.0 x10°
M 145 ~ 150 1662 x10-°
Cr 139 ~ 144 1.575 x10-*
Ni 163 ~ 168 g, 848 x10-°
Pe 151 ~ 156 5 869 x10-*
Hal 253 ~ 258 1~ 6 6.586 x10-*
0 67 ~ 72 3,343 x 10-?
Air 259 ~ 264 | W 61 ~ 66 1,220 % 10-°
0 BT ~ 12 1.170 % 10-*
Natural Li,0 fLi 25 ~ 30| 5118 xi0-°
265 ~ 270 7L 3] ~ 36 6 385 x 10-
9 67 ~ 72| 3. 4484x 10°*
6 | 5e 277 ~ 2821 *Be 37 ~ 42 1,236 x10°"
7 | Cu 295 ~ 300 Cu 169 ~ 174 8. 464 x10-?
8 | vacuun 301 ~ 306| Air 259 ~ 264 1.000 X 10-°
9 EPOXY (CquaD:) C 55 ~ 60 4478 Xl[}nl
307 ~ 312 # 1~ 6 4976 x10-?
0 67 ~ 72 7464 x 10
c 319 ~ 324 ¢ 55 ~ 60 §.023 % 10-2
He (gas) 325 ~ 330 | ‘e 19 ~ 24 2.6888x10-°
e (1iquid) 331 ~ 3361 “Ie 19 ~ 24 1.8963 %107
Concrete Na 79 ~ 84 5,935 x10°¢
(o= 2. 028/cn®) Fe 151 ~ 156 6. 5872% 10-*
0 §7 ~ 12 4123 x10-?
343 ~ 348 ¢ 55 ~ 60 3004 x10-*
i { ~ 6 6. 954 x10-*
5 97 ~ 102 1,680 x10-?
K 115 ~ 120 2734 x 10"
Ca 121 ~ 126 3,301 % 10-°
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Fig. 2.3 R-Z calculational model (No.1} of ITER CDA,
1-Plasma (14-MeV neutron source); 2,14,29,31-Void; 3-Divertor (21% S5,
67 H,0, 6% C); 4-Inboard blanket (15% SS, 6% HZO’ 60% Be, 19% L120);

5-Outboard blanket (18% SS, 9% H,0, 60% Be, 13% Li,0); 6,7,8-Shielding
(80% ss, 20% H20); 9~Shielding (20% SS, 807% HZO); 10,11-Shielding (50%
S8, 50% H20); 12-Vacuum vessil (617% 85, 26% HZO); 13-TF coil (72% SS,

14% Cu, 8% He, 4,8% C,.H,.0 1.2% Nb); 15-Out-vessel zone (100% SS);

’
16-PF coil (66% SS, 1%% ég,sloz He, 5.8% Cj,H, 04, 1.2% Nb); 17,23,32,
34-Walls (100% SS); 18,20,21-PF coils (26% SS, 30% Cu, 17% He, 10%
Cle2003, 2.6% Eb); 19-Central solenoid (8% SS); 22-Cryostat (4.43% SS,
95.57% Concrete ); 24-Cryostat 1id (20% SS, 80% HZO); 25-Shielding
(45.5% S5, 19.5% H,0); 26-Divertor (14% SS, 70% H,0, 16% C); 27-TF

coil (66% SS, 17% Cu, 10% He, 5.8% C ,K) 05, 1.2% Nb); 28-Shielding
(20% 8Ss, 80% HZO); 30-Vacuum vessel (52.5% 88, 22.5% HZO); 33-Wall

(20% SS).

* Nuclear densities of epoxy (012H2003) and concrete see in Table 2.1.
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Fig. 2.4 R-Z calculational model (No.2) of ITER CDA,

1-Plasma (14-MeV neutron source); 2-Central solenoid (8% SS); 3,14,25,
30-PF coils (26% SS, 30% Cu, 17% He, 10% Cy,H, 0.%, 2.6% Nb); 4,5,11-
Vacuum vessel (61% S5, 26% HZO); 10,18-Shielding (50% SS, 50% HZO);
7-Inboard blanket (15% SS, 6% HZO’ 607% Be, 197 Li20); 8,13,24,27,31,
33,36,38,41-Void; 9-Outboard blanket (18% S5, 9% HZO’ 60% Be, 13%
Li,0); 12,19-Shielding (20% $S, 80% H)0); 15,26,28,42-Walls (100% SS);

*
16-Cryostat (4.43% SS, 95.57% Concrete ); 6,17,21,22-Shielding (80% s5,
20% H20); 20-Divertor {21% SS, 6% H20, 6% C); 23-Divertor (14% SS, 70%

H20, 16% C); 29-Out-vessel zone (40% SS); 32,34-Shielding (100% S5}
35,37-Cryostat 1id (20% S8, 80% H20); 39,40-Bellows (20% SS).

* Nuclear densities of epoxy (C12H2003) and concrete see in Table 2.1.
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Fig. 2.5 R-Z calculational model (No.3) of ITER CDA.
1-Plasma (14-MeV neutron source); 2-Central solenoid (8% 8S); 3,14,25,
30-PF coils (26% SS, 30% Cu, 17% He, 10% C,  H,.0.*, 2.6% Nb); 4,5,11-

s
Vacuum vessel (617 S5, 26% HZO); 6,10,18—8i§eigiig (50% 85, 50% HZO);
7-Inboard shielding blanket (80% SS, 20% HZO); 8,13,24,27,31,33,36,38,
41-Void; 9-Outboard shielding blanket (80% S5S, 20% HZO); 12,19~
Shielding (20% SS, 80% HZOl; 15,26 ,28,42-Walls (100% 8S); 16-Cryostat
(4.43% SS, 95.57% Concrete ); 17,21,22-Shielding (80% S8S, 20% H20);
20-Divertor (21% SS, 6% H,0, 6% C); 23-Divertor (l47% SS, 70% H20, 16%

C); 29-Out-vessel zone {40% SS); 32,34-Shielding (100% 8S); 35,37-
Cryostat 1lid (20% sS, 80% HZO); 39,40-Bellows (20% $S); 43-8hielding

: *k
(100% SS).

* Nuclear densities of epoxy (012H2003) and concrete see in Table 2.1.

*% Additional shield plug was employed to decrease the neutron/photon
streaming between zones 30 and 12.
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3. Discussion on the criterion of biological shield dose rate.

One of the main goals of this study is to obtain contour maps of
biological dose rate after reactor shutdown. The biological shieid
system of ITER device has to ensure that both the personnel and the
public are adequately protected according to the national regulations.
It has also to allow personnel access to designated areas inside the
reactor hall 24 hours after shutdown.

The 2.5 mrem/h biological dose limit 24 hours after shutdown
was adopted as the reference criterion in the earlier phase of ITER
CDA and Japanese fusion experimental reactor (FER) design. This
value was based on the dose limitation of 50 mSv/y which was
recommended by the International Commission on Radiological
Protection (ICRP) in 1977 and adopted by Japanese regulations.
However, during the ITER CDA more severe criterion, namely 0.5
mrem/h was adopted [1].

The revision was done in the new recommendations of the
ICRP. According to these recommendations published in 1991 [26]
the occupational dose Ilimit was revised from the previous
recommendations (50 mSv/y) to 20 mSv per year, averaged over
defined period of 5 years with the further provision that the
effective dose should not exceed 50 mSv in any single year.

The detailed discussion on the actual design criterion of the
biological dose rate was not done so far. It must include zoning in &
reactor hall considering the spatial dose rate and the working hours,
and the designation of the controlled area and the supervised area,
etc. The example of the dose rate design criteria and zoning in a
reactor hall which were temporary adopted for FER are shown in
Table 3.1 and Fig. 3.1, respectively.
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Table 3.1 Dose Rate Design Criteria for FER zoning.

Zoning

Dose rate standard

A (No restriction)

< 0.00625 mSv/h

B (Working time < 40 h/week) < 0.025 'mSv/h
C (Working time < 10 h/week) < 0:1:mS8Sv/h
D (Very limited working time) < IrmSv/h
E (Usually no entry) > 1 mSv/h

> 15 mSv/Y > 1 mSv/

ICRP-Publ26

2 0.3 mSv/W \ > | mSv/¥} Japanese law of Reuctor

Regulations

> 1 mSv/Wl> 03 mSv/W 1> 1 mSv/Y |lapanese law of Radiation

220 uSv/h | > 6 uSv/h > 0.6 uSv/h

Protection

Inner rules of site

Restricted Controlled
entry arca arca

Supervised
area

Public
area

Fig. 3.1 The dose rate zoning of FER reactor.
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4, Analysis of 14-Mel neutron flux contour maps during the
reactor operation.

The 14-MeV flux contour maps were obtained for different
calculational models with the aim to predict the biological dose rate
distribution 24 hours after shutdown (Ref. 5 shows that the biological
dose rate is to be proportional to the fast neutron flux). These
neutron transport calculations being ran with only one energy group
(15.00-13.72 MeV) are both "cheap" and "fast". Such an analysis
being used to check number of design options is very effective and
useful as a starting point for the next step detailed shutdown dose

analysis.

4.1 Calculational model N° 1.

Fig. 4.1 shows the results of 14-MeV neutron flux calculation.
The 14-MeV flux at the first wall is the largest and is in the order of
1014 ncm?2/s. The 14-MeV neutron flux on the inside and outside
surfaces of cryostat is decreased in comparison with the flux at the
first wall by 1010-1014 and 1015-101% times, respectively. Thus, the
radiation shielding in this case is expected to be rather effective in
all zones of this calculational model. Therefore, only the fast flux
(E>0.1 MeV) and total flux will be calculated for this model. The
obtained results and discussion are shown in the chapter 5.

4.2 Calculational models N° 2 and N2 3.

The geometrical model N° 2 is shown in Fig. 2.4. The results of
14-MeV neutron transport calculations for this calculational model
(Figs. 2.4) are shown in Fig. 4.2. The neutron streaming from the
plasma core through the zone N°® 31 is expected to be responsible for
the increase of fast neutron flux and, correspondingly, shutdown
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dose in the zone N936. This neutron streaming is undesirable effect
because, as it was mentioned above, personnel access 24 hours after
shutdown is to be possible in the zone N2 36 for bellows
maintenance.

The 14-MeV neutron flux behind the concrete cryostat at the
toroidal midplane is smallest and is in the order of 10! ncm?2/s. The
14-MeV neutron flux at the outside surface of the top cryostat lid is
in the order of 103-100 n.cm?2/s depending on the distance from the
shield plug. Thus, according to Ref. 5, the shutdown biological rate
can be roughly estimated to be 10-1-10-4 mrem/h, respectively.

The calculational results behind the maintenance shield plug
(zone 12 in Figs. 2.4 and 2.5) are rather pessimistic. There is a large
gradient of fast neutron flux at the top zone (zone N? 36 in Fig. 2.4 |
and 2.5) behind the maintenance shield plug. The 14-MeV neutron
flux in the point A (see Fig. 2.4) of zone 36 (.105 n-cm?2/s) is larger
than the one in the point B (.103 ncm?2/s) by about 102 times. Thus,
the biological dose in the point A can be in the order of 10 mrem/h
without a safety factor. It means that initially proposed additional
shields, marked in Fig. 2.4 as AS1 and AS2, are not effective enough
and an additional shield is to be designed, such as the zone 43 in Fig.
2.5.

Number of neutron transport calculations of 14-MeV neutron
flux distributions were carried out with different designs of an
additional shield in zone 43 in Fig. 2.5. These calculations aimed to
find a design of an additional shield which would decrease the
neutron Streaming in zone 31 in Fig. 2.4 and, correspondingly,
decrease the 14-MeV neutron flux in the point A in Fig. 4.2 by 102-
103 times.

Fig. 4.3 shows the calculational model N°2 with the additional
shield AS3 of 70 cm thickness. The results of 14-MeV neutron
transport calculations for above calculational model are shown in Fig.
4.4, The difference in 14-MeV neutron flux in the points A and B
(Fig. 2.4) is decreased to 10. However, the absolute values of 14-MeV
neutron fluxes are still rather large even with the 70 cm additional
shield.
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Therefore, the calculational model with both the additional
shield AS1 and the additional shield AS3 was calculated. This model
is shown in Fig. 4.5. The calculational results are shown in Fig. 4.6.
The level of 14-MeV neutron flux in both the point A and point B is
almost the same and less by 103 times than in Fig. 4.2.

However, it is rather complicated to design the additional
shield AS3 between the PF coil PU5 (see Fig. 2.5) and the
maintenance shield plug (zone 12 in Fig. 2.5). Thus, other model
shown in Fig. 4.7 was calculated to check the possibility to place an
additional shield AS3 between the additional shield AS1 and the
maintenance shield plug. The results of neutron transport
calculations are shown in Fig. 4.8. This case can not decrease the 14-
MeV neutron flux in the zone 36 lower than the level in Fig. 4.6.
However, the additional shields in Fig. 4.7 are both rather effective in
comparison with the model N® 2 shown in Fig. 2.4 and realistic {rom
the design point of view. Thus this very model (Fig. 4.7) was taken as
an alternative to reference ITER CDA model N? 2 shown in Fig. 2.4.
This alternative model has been named N° 3 and shown in Fig. 2.5.
The model N® 3 will be discussed in the chapter 5.

Therefore, two calculational models were selected for
calculations of neutron and gamma fluxes in all energy region,
namely calculational models in Fig. 2.4 (model N°2) and in Fig. 2.5
(model N® 3). However, the above analysis for a 14-MeV neutron flux
shows that the additional shield AS2 is not effective for both the
model N9 and model N23. Therefore, all neutron transport
calculations in full energy range in this study were carried out
without the additional shield AS2 (zone 34 in both Fig. 2.4 and Fig.
2.5 was determined as a void).
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5. Analysis of fast, total neutron flux and gamma-ray flux
contour maps during the reactor operation.

5.1 Calculational model N 1.

The results of fast neutron flux (E>0.1 MeV), total neutron flux
and total gamma-ray flux calculations for calculational model N® 1
are shown in Figs. 5.1-5.3, respectively. Neutron fluxes at the toroidal
midplane of calculational model N¢ 1 at some important for shielding
analyses positions are shown in Table 5.1.

The one-dimensional distributions of fast neutron flux, total
neutron flux and total gamma-ray flux for the four most important
cuts shown in Fig. 5.4 were obtained as well. These results are shown
in Figs. 5.5-5.8. One-dimensional distributions of 14-MeV neutron
flux are shown in above figures as well.

The fast neutron flux behind the outside surface of vacuum
vessel is less than the flux at the first wall by 7-8 orders of
magnitude. The smallest decrease takes place in the top zone where
the bulk shield thickness is less than that for the toroidal midplane.

The fast neutron flux in the reactor core is decreased by 13-16
orders of magnitude behind the concrete cryostat. The smallest
decrease takes place in the top cryostat zone where the cryostat
thickness is less than that in the toroidal midplane. In the toroidal
midplane the fast neutron flux in the reactor core was decreased by
16 orders of magnitude behind the concrete cryostat. The same
behavior was found for the total neutron flux and total gamma flux.

Ten orders decrease in the fast neutron flux is supposed to be
necessary to decrease the shutdown dose below the limit[5].
However, as it was shown above, the fast neutron flux in the reactor
core is decreased by at least 13 orders of magnitude behind the
concrete cryostat for the investigated calculational model N®1. Thus,
this calculational model is expected to be overshielded from the
biological shield point of view. Therefore, the shutdown dose
calculations are not necessary for this calculational model.
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5.2 Calculational models N2 2 and N2 3 .

The results of 14-MeV neutron flux, fast neutron flux, total
neutron flux and total gamma flux calculations for calculational
model N 2 are shown in Figs. 5.9, 5.10, 5.11 and 5.12, respectively.
The dpa number in the stainless steel is shown in Fig. 5.13 as well.
Neutron fluxes at the toroidal midplane of calculational model N°® 2 at
some important for shielding analyses positions are shown in Table
5.2.

The one-dimensional 14-MeV, fast and total neutron fluxes and
total gamma-ray flux for the four most important cuts shown in Fig.
5.14 were obtained for the calculational model N® 2 as well as in the
paragraph 5.1 for the calculational model N® 1. Obtained results are
shown in Figs. 5.15-5.18.

All considered fluxes at the first wall are the largest (as in
considered above calculational model N® 1). The fast neutron flux, for
example, at the first wall is in the order of 1014 n-cm?2/s.

The fast neutron flux behind the concrete cryostat is changing
by about six orders of magnitude depending on the place at the
outside cryostat surface where it has been taken. Such a large
changing is explained by numerous inhomogeneities in both the
reactor bulk shielding and the cryostat. The smallest decrease of fast
neutron flux takes place in the top cryostat zone behind the
maintenance shield plug. Two void cavities (zone 31 in Fig. 2.4) are
responsible for relatively high values of fast neutron flux in above-
mentioned zone. On contrary, in the toroidal midplane the fast
neutron flux in the reactor core was decreased by about 12 orders of
magnitude behind the concrete cryostat.

The 14-MeV neutron flux, fast neutron flux, total neutron flux
and gamma-ray fluxes for the calculational model N2 3 are shown in
Figs. 5.19-3.22, respectively.

The fast neutron flux in the top cryostat zone behind the
maintenance shield plug is in the order of 103 n-cm?/s, in comparison
with the 105 n-cm?2/s for the model N2 2. Therefore, it is expected
that the radiation shield of calculational model N® 3 will be effective
enough to decrease the shutdown dose below the limit.
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Table 5.1 Neutron and photon fluxes (l/cmz-s) at the toroidal
midplane of calculational model No.l.

(Assumed Fusion Power : 1000 MW)
Neutron flux Radius, | 14-MeV Fast Total Total
Place cm neutron neutron | neutron photon
flux flux flux flux

Inboard 366 |4.40+13% [1.78+14 | 2.53+14 |1.1+14
first wali

Qutboard 833 4.98+13 1.95+14 2.76+14 1.2+14
first wall

Behind inboard |2735.5 6.72+9 2.11+11 5.49+11 5.0+11
vacuum vessel

Behind outboard, 994 1.85+7 9.33+8 2.2549 1.2+9
vacuum vessel

Behind inboard 354 1.23+13 0.14+13 1.68+14 4.5+13
blanket

Behind outboard |872.2 1.39+12 1.56+13 3.74+13 4.0+13
blanket

Before concrete [1308.3 0.12+2 4.46+45 4. 80+6 2.2+46
cryostat

Behind concrete {1473.5 5.37-2 7.51+0 8.44+2 3.843

cryostat

* Read as 4.40x1013
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Table 5.2 Neutron and photon fluxes (l/cmz-s) at the toroidal
midplane of calculational model No.Z.

(Assumed Fusion Power : 1000 MW)

Neutron flux Radius, | 14-MeV Fast Total Total

Place cm neutron neutron | neutron photon
flux flux flux flux

Inboard 366 7.0+13" | 2.0+14 2.8+14 | 1.4+14

first wall

QOutboard 833 g.0+13 2.4+14 3.8+14 1.6+14

first wall

Behind inboard |275.5 5.2+8 1.3+10 2.2+10 2.8+10

vacuum vessel

Behind outboardl 994 2.0+6 2.8+7 7.0+7 5.2+8

vacuum vessel

Behind inboard 354 . 9.0+12 3.5+13 8.0+13 2.5+13

blanket

Behind outboard|872.2 6.2+11 1.15+13 2.4+13 1.1+13

blanket

Before concrete [1308.3 3.0+5 6.5+6 1.9+7 1.1+8

cryostat

Behind concrete |1473.5 2.1-2 3.0+1 2.0+2 1.2+3

cryostat

* Read as 7.0 x1013
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6. Calculations of nuclear heating distribution in in-vessel and
out-vessel components of ITER device.

Total nuclear heating distribution was calculated for
calculational model N¢1. This calculational model was discussed
above and shown in Fig. 2.3. The one-dimensional distributions of
nuclear heating rate in the stainless steel and water were obtained
for the three most important cuts shown in Fig. 5.4, namely Z=4, 342
and 586 cm. Correspondent results are shown in Figs. 6.1-6.6. The
one-dimensional distributions of nuclear heating rate in the
beryllium and LizO were obtained for the two most important cuts
shown in Fig. 5.4, namely Z=4 and 342 cm. Correspondent results are
shown in Figs. 6.7-6.10. To be consistent with the Refs. 13 and 14 the
LipO was enriched by 50% of 6Li.

The results of total nuclear heating calculations for in-vessel
and out-vessel zones of ITER device shown in Fig. 2.3 are shown in
Table 6.1.

The total nuclear heating in the toroidal field (TF) coils (zones
13 and 27 in Fig. 2.3) seems to be overestimated by about four-five
times (about 210 kW without safety factors) in comparison with the
50-70 kW (safety factors are included) obtained during ITER CDA [3].
It could be explained as follows :

1) homogeneous blanket/shield zones are not optimal from the
shielding point of view;

2) the B4C/Pb layer employed behind an inboard semi-permanent
shield during ITER CDA [3] was not included in the calculational
model in Fig. 2.3;

Other quantities in Table 6.1 are expected to be rather
reasonable. This statement was confirmed by a comparison of
obtained above results with rough estimations made during ITER
CDA [27]. These results are shown in Table 6.2.

The nuclear heating in both inboard and outboard in-vessel
components obtained in this study is very close to the results
obtained in Ref. 27. However, the nuclear heating in the divertor was
calculated to be about 60% larger than that in Ref. 27, namely 77 MW
and 48 MW, respectively.



JAERI-M 93-141

The difference in nuclear heating in divertor can be easily
explained by the fact that the rib structure behind the divertor
plates was not taken into account in rough estimations of total
nuclear heating in the divertor zone in Ref, 27.
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Table 6,1 Total nuclear heating distribution in in-vessel and out-
vessel components of TITER device {calculational model No.1l).

{Assumed Fusion Power : 1000 MW)
ITER zone Total nuclear heating
component number neutron gamma total
Inboard 4 60.2 MW 21.3 MW 81.5 MW
blanket
Inboard 6 29.1 MW 71.6 MW 101 MW
shield 7 334 MW 25.1 MW 284 MW
28 13.9 MW 38.2 MW 52.1 MW
Divertor 3 15.0 MW 52.3 MW 67.3 MW
26 486 MW 5.28 MW 10.1 MW
Qutboard 5 412 MW 172 MW 584 MW
blanket
Qutboard b 027 MW 60.5 MW 69.8 MW
shield g 082 MW 30.1 MW 399 MW
10 1.36 MW 8.68 MW 10.0 MW
11 14.7 MW 76.4 MW 31.1 MW
Vacuum 12 176 kW _2.27 MW 245 MW
vessel 25 462 kW 5.42 MW 5.88 MW
30 150 kW 2.66 MW 2.81 MW
TF coils 13 5.86 kW 137 kW 142 kW
27 2.18 kW 70.0 kW 722 kW
Cryostat 22 0.47 W 353 W 358 W
23 120 W 256 W 257 W
24 321 W 1.07 kW 1.10 kW
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Table 6.2 Total nuclear heating in in-vessel ITER components.

(Assumed Fusion Power : 1000 MW)
ITER component Present study ITER CDA (Ref. 277)
INBOARD FW/Blanket 183 MW 192 MW
(zones@ 4, 6)
Shield ~ 104 MW ~ 119 MW
(zones 7, 28
and 1/3 heat
of zone 8)
Total ~ 287 MW ~ 311 MW
OUTBOARD | Total (zones 772 MW 728 MW
5, 9-11 and
2/3 heat of
zone 8)
DIVERTOR | (zones 3, 26) 77 MW 48 MW
VACUUM (zones 12, 11 MW 19 MW
VESSEL 25 and 30)
- TOTAL IN VESSEL 1147 MW 1107 MW

*

- Results of this report were renormalized to 1000 MW

Fusion Power for comparison.
@- See Fig. 2.3.
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7. Local and net tritium breeding ratio calculations.

Number of reports on TBR calculations were issued in Japan
during and after ITER CDA, e.g. Refs. 13 and 14. However, the net TBR
of Japanese blanket proposed for ITER was calculated [13] so far only
for six layered pebble bed blanket concept proposed by Japan during
ITER CDA. The net TBR of present reference Japanese blanket for
ITER (three layered pebble bed concept) [14] was roughly estimated
to be about 0.7, 90% of which were generated in the outboard
blanket [14]. Above estimation was done by comparing the 1-D
results of local TBR calculations for the ITER CDA Japanese reference
blanket design (six layers of LizO) and present Japanese reference
blanket design (three layers of LipO) developed after ITER CDA.
Above comparison was done only for the outboard blankets at the
toroidal midplane of ITER device [28].

The results of total TBR calculations obtained by over-all two-
dimensional neutron transport calculations in this study are shown in
Table 7.1. The tritium production rates for inboard and outboard
toroidal midplane are shown in Figs. 7.1 and 7.2, respectively.

As it was discussed above, the homogeneous models of both
inboard and outboard layered pebble bed blankets (present Japanese
reference concept) were incorporated in the ITER over-all
calculational models. Therefore, it has to be taken into account during
comparison of present calculational results shown in Table 7.1 and
those estimated in Ref. 14. |

Generally it is believed that blanket homogenization leads to an
increase of net TBR [29]. The one-dimensional calculations of local
TBR in the outboard toroidal midplane were carried out to check the
above statement. The homogeneous and heterogeneous one-
dimensional cylindrical models of outboard ITER build-up in the
toroidal midplane are shown in Figs. 7.3 and 7.4, respectively. The
ANISN code [30] and above described FUSION-40 nuclear data
library were employed for these calculations.

' The 1.63 and 1.13 local TBR were obtained for homogeneous
and heterogeneous calculational models, respectively. Thus, the TBR
of outboard blanket in Table 7.1 is expected to be less than 0.6 by
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factor 1.63/1.13. This estimation will give us the total TBR of about

0.5.

Additional calculations are to be done to get more accuratc
value of total TBR. Those calculations are to be done for 2-D or 3-D
heterogeneous models with more detail calculational mesh, say less
that 1 ¢cm x 1 cm.
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Table 7.1 The results of TBR calculations for homogeneous models of
layered pebble bed blanket incorporated in the ITER over-ail
calculational model No,l,

Zone TBR .
in 6Li in 7Li Total
Inboard 0.111 0.003 0.11
Inboard with side 0.097 0.003 0.096

wall effect /0.87/

Outboard 0.775 0.014 0.79

Outboard with port
effect /0.914/ and side 0.59 0.011 0.60
wall effect /0.835/

Outboard + inboard - - 0.70~

* This value was obtained for homogeneous blanket models.
Heterogeneous models might decrease this wvalue to 0.5 (see
discussion in the chapter 7 of this study).
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8. Analysis of exXposure dose contour maps during the reactor
operation and after reactor shutdown and the induced activity
and decay heat calculations.

Two main materials /among employed in the calculationai
models 1-3 shown in Figs. 2.3-2.5, respectively/ which contribute in
the shutdown dose are the copper and stainless steel. However, the
stainless steel /SS316/ actually consists of number of impurity
elements with minor densities which were not included in the
neutron transport calculations and, correspondingly, are not shown
in Table 2.1, namely C, Si, P, S, Mo, Co, N. Minor densities of above
elements are not important for neutron transport calculations. On the
contrary, for shutdown dose calculations the above-mentioned
isotopes are to be taken into consideration. Therefore, all the above-
mentioned isotopes were included in the SS316 for the calculations
discussed in this paragraph. The atomic densities of these isotopes
are shown in Table 8.1.

The calculational model N21 in Fig. 2.3 was calculated in fuil
energy region with the aim to provide for ITER EDA investigators
both fast and total neutron fluxes and total gamma fluxes around the
ITER CDA device. However, as it was shown above, the employed
calculational model is expected to be overshielded (from the view
point of biological shielding) because of the lack any large
penetrations or void cavities (see Fig. 2.3). Thus the exposure dose
calculations after reactor shutdown were not carried out for this
calculational model. However, the exposure doses during reactor
operation were calculated and shown in Figs. 8.1, 8.2 and 8.3 for the
cases of total dose, neutron dose and gamma dose, respectively.

The maximum dose rate around the first wall is in the order of
1013 mrem/h, most of which is contributed by neutrons. Such high
dose preclude human access and severely limits the installment of
conventional sensors near the first wall.

The total, neutron and gamma-ray exposure doses during
‘reactor operation for calculational models N? 2 and N° 3 are shown in
Figs. 8.4-8.6 and 8.7-8.9, respectively.



JAERI-M 93-141

According to Figs. 8.1-8.9, the personnel access during
operation to the reactor room behind the concrete cryostat is not
possible for all three above-mentioned calculational models. Just in
the most propitious case of a cut across a TF coil, the total biological
dose during operation behind the top cryostat lid is 100 mrem/h.
This value is still about two orders of magnitude more than the limit
established for personnel access 24 hours after shutdown.

The critical level of exposure shutdown dose is expected to be
found for some zones in the cut between TF coils (calculational
models in Figs. 2.4 and 2.5). Therefore we decided to calculate an
exposure dose around ITER CDA device only for the above-mentioned
calculational models, namely N¥2 (Fig. 2.4) and N%3 (Fig. 2.5).

The dose rate distribution around the reactor one day after
shutdown of the reactor following one year of continuous operation is
shown in Fig. 8.10 for the most dangerous calculational model N°¢2.
The one-dimensional distribution of above-mentioned dose for the
toroidal midplane (the cut "Z=4 c¢m" in Fig. 5.14) is shown in Fig. 8.11.
According to the Fig. 8.11, the maximum shutdown dose rate appears
around the first wall which is in the order of 108 mrem/h. Such a
high dose rate should limit the selection of materials used in the
repair and maintenance machines and should necessitate frequent
replacement of radiation sensitive components such as sensors.

In Fig. 8.10, the radiation level ranges from about 10-3 mrem/h
at the top zone of concrete cryostat to about 10-9 mrem/h at the
midplane level of concrete cryostat. Above radiation level could
permit the personnel access outside the concrete cryostat. However,
numerous penetrations in the outboard reactor buildup will increase
above value very much, e.g. the NBI duct etc. This problem has been
considered in Refs. 5, 13.

The human access to the top zone of reactor room 1is not
permissible when the calculational model N° 2 is employed because
the radiation level in the zone of reactor room behind the top
cryostat lid nearly the bellows will become 0.1 mrem/h without a
safety factor. Thus, just rather optimistic safety factor of ten
recommended for the shutdown biological dose in the reference ITER
CDA report [3] will rise the biological dose at above-mentioned zone
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to about 1 mrem/h. More detail discussions on the safety factors is
carried out in the next chapter.

The dose rate distribution around the reactor one day after
shutdown of the reactor following one year of continuous operation is
shown in Fig. 8.12 for the /conservative/ calculational model N®3.
According to the Fig. 8.12 the radiation level in the zone of reactor
room behind the top cryostat lid nearly the bellows will become 10-2
- 10-3 mrem/h without a safety factor. Thus, just with a conservative
safety factor of about 50 the biological dose rate in the zone of
reactor room behind the top cryostat lid nearly the bellows 24 hours
after shutdown is expected to be less the limit. Therefore, the human
access to the top zone of the reactor room is to be possible in this
case.

The results of induced activity and decay heat calculations for
the inboard vacuum vessel, the inboard first wall, the divertor
surface, the outboard first wall, the front surface of outboard vacuum
vessel and the back surface of outboard vacuum vessel are shown in
Figs. 8.13-8.24, respectively. These results were obtained for the
calculational model N92 shown in Fig. 2.4. The results of induced
activity and decay heat calculations integrated by all zones of model
N92 are shown in Figs. 8.25 and 8.26, respectively.
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Table 8.1 Atomic number densities of stainless steel elements
employed for shutdown dose calculations.

Element Number density, atom/cm3 (=1024/cm3)
C 2.801-10-4
St 7.700-10-3
Mn 1.662-10-3
P 4.034.10-5
S 1.799-10-3
Ni 1.051-10-2
Cr 1.538.10-2
Mo 1.147-10-3
Fe 5.635-10-2
Co 2.283.10-4
N 3.431-10-3
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9. Consideration on calculation accuracy.

The uncertainty of the calculational results for the neutron
fluxes and the biological dose is caused by restrictions of numerical
method and calculational models, namely the mesh width, energy
group number, angular quadratures etc. The safety factor of tem was
recommended to be used for the biological dose rate analyses after
shutdown during ITER CDA [3].

However, the above mentioned safety factor was employed for
the bulk shield analyses. An additional source of uncertainty in this
study is the difficulty of modelling the real ITER geometry. This is
especially important for the zone 31 in Fig. 2.4. This zone was
modelled in the two-dimensional cylindrical geometry as void rings.
However, in the real ITER geometry above zone is alternative sectors
/in toroidal direction/ of a void and a solid steel hardware. Further,
the large size of the calculational models employed in this study
/about 14 meters x 14 meters/ is expected to be an additional source
of a large calculational error.

Therefore, it is expected that the safety factor of ten used in
the reference ITER CDA report [3] can not be applied for the
shutdown biological dose obtained in this study. It is expected that
this safety factor will more than ten depending on a zonme of the
interest. However, these values of a safety factor are to be highly
system dependent and have to be seriously rediscussed during ITER
EDA.

The safety factor for the neutron fluxes depends much on the
distance from the neutron source {(plasma). It is expected that the
safety factor for fast neutron flux can range from 1.5-2 to 10 for the
fast neutron flux on the back blanket surface and behind the
cryostat, respectively {3]. However this is not fully examined.

Safety factors for nuclear heating were not discussed during
ITER CDA and, indisputably are to be seriously discussed during ITER -
EDA. The only safety factor for nuclear heating in TF coils was
discussed during ITER CDA and had been recommended, namely 2.

It should be underlined that above the calculational results are
to be checked during ITER EDA, e.g. by Monte Carlo calculations
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and/or by comparison with experiments. As it was mentioned above,
it is almost impossible to use Monte Carlo method for over-all ITER
neutron transport calculations. However, it is possible to check some
questionable zones pointed out in this study by Monte Carlo
calculations, e.g. the radiation streaming through the void cavities
(zone 31 in Fig. 2.4) in the top zone of ITER CDA over-all calculational
model N22 considered in this study.. Thus, it is seriously suggested to
investigate at the very beginning of ITER EDA, the possibility of
personnel access at the numerous questionable places at the top zone
of ITER device.
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10. Conclusions.

The major conclusions that can be drawn from this over-all
calculational analysis of ITER CDA are :

1. Useful two-dimensional contour maps of 14-MeV, fast and
total neutron fluxes and total gamma fluxes were obtained in this
study. It is expected that the results of the present study are used as
a starting point for the neutronics study of ITER EDA. The one-
dimensional distributions of the above fluxes have been provided for
some most important cuts of ITER device in toroidal directions as
well.

2. The design of a steel-rich /80%SS + 20%H20/ top semi-
permanent shield behind the divertor plates is recommended. The -
above shield would decrease a shutdown dose at the zone behind the
top maintenance shield plug by 1-2 orders of magnitude in
comparison with the case of a water-rich /20%SS + 80%H20/ top

semi-permanent shield.

3. The results of total nuclear heating calculations in in-vessel
and out-vessel components of ITER device are confirmed to be
reasonable. These results can be wused for thermal/hydraulics
analyses of ITER components. However, the safety factors for results
obtained in this study are to be discussed further during ITER EDA.

4, The total nuclear heating in the divertor plates was
estimated to be 77 MW which is about 60% more than the former
rough estimation during ITER CDA. It is well explained by the
difference of volume of divertor zone employed in the calculations,
namely the rib structure behind the divertor plates was included in
the volume of divertor zone in this study.

5. The result obtained in this study for the total nuclear heating

of 210 kW in TF coils was substantially overestimated, namely by 4-
5 times in comparison with the results shown in the ITER CDA
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reference report. The main reason of above error seems to be the
geometrical description employed in the calculational model. It is
especially critical for the top zone of ITER, namely the zone behind
the divertor piping were the total shield thickness fincluding the
vacuum vessel zone/ is less than 60 c¢m [3]. Further, the
homogenization of blanket, shield and vacuum vessel zones and
neglecting some design modifications of ITER shield developed
during ITER CDA, e.g. neglecting the 4 cm ‘B4C/Pb layer behind
vacuum vessel could be an additional source of overestimation of
total heating in TF coils.

6. The net TBR of ITER device with the Japanese reference
LipO/Be pebble bed driver blanket was estimated to be about 0.5.
More detail multidimensional calculations of net TBR are to be done
during ITER EDA for heterogeneous realistic calculational models of
the above blanket.

7. Useful two-dimensional contour maps of biological dose
during reactor operation were obtained in this study for all
considered geometrical models.

8. The operational biological dose behind the cryostat ranges
from about 10 mrem/h to about 1000 mrem/h at the toroidal
midplane and on the surface of top cryostat lid, respectively. It will
restrict the personal access in reactor room during the ITER

operation.

9. The ITER CDA reference design has serious weak points
regarding the biological shield design, e.g. the void zone in the top
ITER region between the poloidal field coil and the shield plug.
Therefore, the biological shutdown dose at the top zone of the ITER
shield plug close to the bellows is in the order of the 0.1 mrem/h
without safety factor. However, if the safety factor ranges from 10 to
100, the shutdown biological dose at the top zone of the ITER shicld
plug close to the bellows will range from 1 mrem/h to 10 mrem/h,
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respectively. This value is more than the 0.5 mrem/h limit employed
in the reference ITER CDA report [3].

10. An additional shield of 30-40 cm thickness has to be placed
in the gap between the concrete cryostat and the wall of a shield
plug in order to decrease the shutdown biological dose in the top
zone of ITER shield plug close to the bellows well below the limit. The
form of this shield was proposed and calculated in this study. In that
case, at 24 hours after shutdown, the dose rate is such that human
access above the shield plug will be allowed for a limited time.

11. The uncertainty of biological shield calculations in some
zones where the neutron/gamma streaming effects are pronounced
can reach up to 2 orders of magnitude for DOT3.5 calculations. Thus
the above presented over-all ITER CDA neutron transport
calculations will have to be recalculated during ITER EDA, say by the
Monte Carlo code, at least in some critical zones shown in the present
study. Such recalculations would decrease the uncertainty of
biological dose rate to a reasonable level, namely the safety factor of
10 adopted during ITER CDA or even less than 10.

12. The safety factors for the biological dose calculations have
to be seriously reevaluated during ITER EDA. It is suggested that a
safety factor of biological dose would be established depending on
the distance from the plasma core as well.
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