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A study on shielding problems of the International Thermonuclear
Experimental Reactor (ITER) is presented, Considerable effort was
spent on the design of the blanket and shield of ITER during Conceptual
Design Activities (CDA) Phase of work. However, many problems of
shielding are to be solved during Engineering Design Activities (EDA)
Phase of work. The study has been performed to solve some TTER shield-
ing problems and to rise up others which are to be solved.

The present study is composed of four parts, each of which dedicat-
ed to a group of common problems which are a greater concern in terms
of shielding performance. These groups are the inboard ITER shield
problems, outboard ITER shield problems, top/bottom ITER shield problems
and shielding recommendations in connection with the ITER maintenance.

Most of problems were solved analytically by extrapolations of
previous results of neutron transport calculaticns on the design
elaborated in Japan after the CDA. The problem of neutron streaming
through the ITER divertor piping was solved by carrying out neutron

transport calculations for the two-dimensional DOT3.5 code.
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1. INTRODUCTION.

Conceptual design activities (CDA) of the International
Thermonuclear Experimental Reactor (ITER) has been carried out in
the three years from 1988 to 1990. During the CDA, considerable
effort was spent on the nuclear design of the blanket and shield of
the reactor along with the shielding calculations. Two main activities
should be done now, at the transitional period between the CDA and
EDA (next ITER Engineering Design Activity Phase of work): 1) the
comparative analysis of CDA results and 2) the analysis of new
design decisions and recommendations.

As it was mentioned above, the CDA phase of work was
finished in December 1990. However, the significant design work
under the ITER project was carried out in 1991 and 1992 in Japan.
Many details of the ITER design were clarified by this work. On the
other hand, many problems were also risen up during this work, for
instance, how to design the blanket, shield and vacuum vessel of the
ITER. Thus, the neutronic analyses (both the analytical and
calculational ones) were carried out to support above-mentioned
design work. Such a type of work was done for some problems of
both the toroidal field (TF) coils and biological shield of ITER.

Some zones in ITER were marked during the ITER CDA, where
the shield thickness will not be sufficient to decrease the radiation
level down to the limit. The TF coils can be damaged or the access in
a reactor room can not be allowed in these zones. Three main zones
of a greater concern in terms of shielding performance are shown in
Fig. 1.1. The relatively small thickness of the shield in the inboard
central zone is dangerous from the view point of the TF coil shield
(zone 1). The neutron streaming through the NBI channel can be
dangerous from the view point of both the biological shield and TF
coil shield (zone 2). The neutron streaming through water channels
and void gaps around channels in the Top/Bottom zones is dangerous
from the view point of biological shield (zone 3).

Therefore, all neutronic analyses presented here are related
mainly to these three zones of the ITER blanket/shield. It should be
underlined that a large attention was paid to the biological shield
problems in this examination. It is explained by the importance of
this subject for the ITER EDA phase of work. Besides, many details of
the maintenance have been elaborated in JAERI in 1991-1992. Thus,
it was possible to study this subject on the biological shield
effectiveness with a mechanical configuration more detail than the
CDA design.
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2. INBORRD ITER SHIELD PROBLEMS.

2.1 The comparison of Japanese ITER inboard blanket shield
effectiveness with Russia , EC, and U.S. reference options.

The shielding effectivenesses of different blanket options
presented as reference blankets by all Parties were compared during
ITER July/August 1990 Biological shield workshop [1]. Later the
same analysis was done in Ref. 2. The results of both above
mentioned works are summarized in Table 2.1.

Table 2.1 The comparison of shielding effectiveness of different
blanket options in arbitrary units

Ruyssia U.S. EC Japan
Shielding effectiveness
according to [1] 1 1 0.65 0.7
Shielding effectiveness
according to (2] 1 1.2 0.6 0.9-0.75

Major design parameters of each blanket and shielding criteria
for the superconducting magnets are indicated in Tables 2.2-2.3 [3]
and Table 2.4 [3], respectively. Concept of each blanket is shown in
Figs. 2.1-2.4 [3].

According to Ref. 2 the 5 cm tungsten layer at the back vacuum
vessel surface can reduce the dose to magnet electrical insulator
below the limit for the U.S. blanket design only.

According to Ref. 1 the dose to electrical insulator of inboard TF
coils will be marginal for the Russia blanket option that is close to
results for the Russia blanket option presented in Ref. 2 (where the
recommendation was made to increase the inboard shield thickness
of ITER build-up with the Russia blanket option by about 3 cm to
decrease the dose to electrical insulator below the limit).

All above-mentioned results [1,2] indicate that the Japanese
option of a ceramic breeder pebble bed blanket will be not effective
enough to protect the TF coils from irradiation during ITER lifetime
(3.8 FPY). It means that an increase of shielding effectiveness for the

inboard build-up is required.
The simplest way is to increase the total inboard shield

_~37
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thickness by about 3 cm (the evaluation based on Ref. 1) or 5 cm (the
evaluation based on Ref. 2). But such a possibility should be
coordinated to be consistent with the design of other reactor
components (see Appendix 2), and even with plasma physics.

The more realistic way is to increase the shielding effectiveness
of the vacuum vessel. For example, if borated stainless stcel is used
in the thin-wall vacuum vessel proposed by Japan, it will increase
the shielding effectiveness by about 25-30%. This corresponds to
about 2.5 c¢m increase of a total shield thickness.
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Table 2.4 Shielding performance parameters (safety factors

are included)

Response

Design Calculated

Total nuclear heating in torcidal field coils, KW
Peak nuclear heating in winding pack, mWjcm>
Peak dose to electrical insulator, rads

Peak fast (E>0.1MeV) neutron fluence

to superconductor, n/cm

Peak displacement in copper stabilizer, dpa

Peak helium production in type 316 stainless stecel
of the vacuum vessel to permit rewelding, appm
Biological dose outside cryostat one day

after shutdown, mrem/h

Limit Value
55 57
5 1.8

5¢10°  5x10°

109 6x10t8
61073 2.7x107

1 11

<05 052

a) A total thickness of 175 cm is assumed for the outboard first wall, blanket,

shield, and cryostat.
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Isometric view of multilayered ceramic breeder blanket design with

toroidal cooling and both Li;0 breeder and Be neutron multiplier

2.2

Fig.

in the form of sintered blocks
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2.2 The biological dose in the central reactor zone behind an
inboard bulk shield.

The personal access is not planned in the ITER inboard zone
(behind the inboard TF coils). However, the relatively high level of
the biological dose in the inboard zone (by some orders of magnitude
higher than the limit) could influence on the biological dose level at
the top zone where the personal access is planned 24 hours after
reactor shut down.

The 84 c¢m ITER inboard build-up in the reference design is
relatively thin to decrease the biclogical dose level to the limit,
However, the thickness of inboard TF coils should be taken into
consideration in the biological dose evaluation because the TF coils
have no gaps in the inboard zone (in comparison with the outboard
zone where there are relatively large cavities between adjacent TF
coils). Therefore, the total thickness of "the inboard biological shield"
will be ~ 151 c¢cm. Taking into account of the porosity of inboard
blanket and the 2 cm gap in the inboard build-up, the effective total
"inboard biological shield thickness" will be about 134 cm as shown
in Fig. 2.5.

For the outboard bulk shield the effective thickness is only 124
cm because the thickness of TF coils is not included. Therefore, taking
into consideration of above-mentioned speculations on the shicld
thickness for biological shiclding and the 1.5 times difference in the
neutron wall load at the inboard and outboard first walls, about 8
times difference in the biological dose rate will be obtained in the
mid-plane between the inboard and outboard zones behind FT coils.
The neutron streaming through the NBI duct wall will rise the
biological dose rate in the outboard zone (inside cryostat) by about
two orders of magnitude. Thus, finally the difference between the
biological dose rates in the inboard and outboard zones can reach
about three orders of magnitude. This means that the problem of a
biological shield in the inboard reactor zone is not so important as for
the outboard zone and seem to be solved relatively easily in coming
ITER EDA Phase of work.
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3. OUTBOARD ITER SHIELD PROBLEMS.

31 The main ITER CDA results of outboard bulk biological shield
analyses and the difference in Japanese approach to the biological
shield concept.

3.1.1 The main ITER CDA results of a bulk biological shield analysis.

The main results were presented in Refs. 3-6.

In Ref. 4 the U.S. team presented the results of calculations of
the 155 cm outboard bulk shield with a ceramic breeder/beryllium
blanket (with ~ 70% dense beryllium). The safety factor of 10 was
included to account mainly for the 120 cm deep assembly gap
between blanket/shield modules in the outboard region. The (2-
3).103 mrem/h biological dose rate was calculated just behind the
155 cm outboard bulk shield 24 hours after shutdown. This is in a
good accordance with the results of the estimation of the biological
dose rate (after the Technology Phase) behind the 151 cm bulk
shield extrapolated from Japanese results [7] for the outboard bulk
shield calculations. This dose was evaluated to be (2-5)-103 mrem/h.

The main result of calculation for the dose after shutdown with
the U.S. outboard bulk shield configuration (with a ceramic blanket
shown in Fig. 2.2) is that the 2.5 mrem/h limit could be achieved
behind a double wall steel cryostat (the effective solid thickness of
the steel is 7 cm) in a reasonable time (~1 day) only after the Physics
Phase with the 0.05 full power years (FPY) of operation. Thus, it can
be derived from these results that the biological dose rate after the
Technology Phase with 3.7 FPY will exceed the limit by more than 50
times (if above mentioned double wall steel cryostat will not be filled
by water). Therefore, it takes about one month to reach the 2.5
mrem/h limit after the Technology Phase [4].

In Ref. 5 the Russian team presented results of calculations of
151 cm outboard bulk shield. The main result for the Russia
configuration of outboard bulk shield described in [5] is that the 2.5
mrem/h limit could be achieved behind a double wall stee] cryostat
(the effective solid thickness of the steel is 7 cm) 1 day after
shutdown only after the Physics Phase and only if the outer surface
of the cryostat is additionally covered by 2-3 cm of lead.

In the ITER summary report {3] it was mentioned that "a total
thickness of 175 cm for the first wall, blanket, shield, vacuum
vessel, and cryostat is required to achieve a dose equivalent
value of 0.5 mrem/h one day after shutdown outside the
cryostat”. However, according to the reference ITER concept [3],
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there is only 151 cm of total outboard bulk shield thickness in the
mid-plane and the double wall steel cryostat with the effective 7 cm
steel thickness, thus 158 cm in total shield thickness. All results [4-7]
were obtained in consistence with the reference 151 cm thickness of
ITER outboard build-up. Thus, a need of a biological shield outside a
cryostat goes (as it was shown above in this paragraph) from all
results [4-7] presented during ITER CDA Phase of work.

Possible approaches to a biological shield concept could be
summarized as follows :

1) to increase the thickness of outboard build-up in the mid-plane
from 151 c¢m to 168 cm in consistence with the above-mentioned
recommendation [3] ( 168 cm of outboard build-up + 7 cm effective
thickness of double wall steel cryostat = 175 cm of a total thickness
"for the first wall, blanket, shield, vacuum vessel, and cryostat”),

2) to design, in the case of reference 151 c¢m ITER outboard build-up,
an additional biological shield outside or inside the double wall steel
cryostat (the thickness of biological shicld in this case should be
about 20 cm of steel/water structure);

3) to fill water in the double wall steel cryostat;

4) to design a concrete cryostat in place of the double wall steel
cryostat as mentioned below.

It should be mentioned that all above approaches are based on
the results of calculations for solid outboard shield. According to Ref.
7. the neutron streaming through the 35 cm-thick NBI-duct side wall
near TF coil will increase the biological dose rate outside the cryostat
by about three orders of magnitude. Thus, more effective biological
shield has to be design for ITER. This factor was taken into account in
Japan approach of concrete cryostat to the ITER biological shield.

3.1.2 The difference between Japan and other Parties' approaches to
the biological shield concept.

The main difference in Japanese approach to the ITER biological
shield is the idea to joint functions of a cryostat and biological shield.
In this case, the relatively thick concrete wall could serve both as a
cryostat and biological shield.

On the contrary, the double wall steel cryostat with 70 cm
thickness (the effective steel thickness of 7 cm) was used in Russia
and U.S. options. For this type of cryostat some vague indications
about a necessity of an additional biological shield outside cryostat
can be found in Refs. 4-6 as menticned above.

However, the level of a biological dose behind ~151 c¢cm ITER
outboard bulk shield was practically the same in all presented works
[4-7]. These results indicate that an additional biological shield
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should be designed outside an outboard bulk shield. A thick concrete
cryostat could be used as a biological shield in this case. A double
wall steel cryostat (U.S. and Russia reference options) could be used
as an additional shield as well if it is filled by water.

3.1.3 Three possible concepts of ITER biological shield.

The possible approaches to the biological shield concept were
discussed at JAERI and are summarized as follows :

1). The 180-200 cm thick concrete cryostat.

The thicknesses of the NBI duct wall inside and outside a
cryostat proposed for this thick concrete cryostat are ~ 50 c¢cm and ~
120 cm, respectively. However, it was recognized that in this case the
duct wall thickness in a small zone near TF coils shown as "C" in Fig.
3.1 can be only 35 cm. Because of a neutron streaming through this
thin wall region, a dose rate 24 hours after reactor shutdown in zone
4 in Fig. 3.2 will be about 104 mrem/h [7]. Therefore, the thicknesses
of the top and bottom cryostat lids should be > 130-150 cm and the
thickness of a steel-rich shield in the zone 1 (see Fig. 3.2) should be 2
70-75 cm to allow the personal access outside the cryostat and in
zone 2. The design of the zone 3 will be very complicated and include
many cavities and slots. Therefore, in spite of the 70-75 cm steel-
rich shield in the zone 1, the photon leakage from the zone 4 to the
zone 2 is possible. Thus, this problem should be solved for above
concept.

2). The 110-120 cm relatively thick concrete cryostat.

Proposed thicknesses of the NBI duct wall inside and outside of
the relatively thick concrete cryostat are ~75-85 c¢m and ~120 cm,
respectively. The thickness of the top and bottom cryostat lids in this
case should be = 60 cm and the thickness of a steel-rich shield in the

zone 1 (see Fig. 3.2) should be >30 cm. The problem of a personal
access in the zone 2 in this case would be solved more easily by
reducing the required shield thickness in zone 1. The disadvantage of
this approach is the difficulty to design a 75-85 cm shield
everywhere around the NBI duct (inside the cryostat) because of a
restriction on a space for the shield, especially near TF coils.
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3). The outboard shield thickness increased by 30-40 cm.

In case of outboard shield thickness increased up to 180-190
cm, thicknesses of ~100-110 c¢m and ~120 cm are proposed for the
NBI duct wall inside and outside of a cryostat, respectively. The
thicknesses of the wall in the zone 1 (see Fig. 3.2), cryostat lids and
cryostat side walls could be decreased down to some cm in this case.
The wall of upper port (zone 1) is not required a shielding
performance, either. This option has similar difficulty for increasing
NBI duct wall thickness as above approach, and needs consensus for
increasing the outboard shield thickness in the design of whole
reactor structures.

Above-mentioned evaluations of thicknesses of top/bottom and
side cryostat walls were obtained on the basis of two results from
Ref. 7:

1) the biological dose rate in a zone of first wall 24 hours after
reactor shutdown is about 1010 mrem/h ;

2) every 15 cm of shield which consists of 75% steel and 25% water
(steel-rich shield) decreases the biological dose rate by 10 times ;

3) every 30 cm of concrete shield or shield which consists of more
than 75% water and, correspondingly, smaller than 25% steel (water-
rich shield) decreases the biological dose rate by 10 times.

On the other hand, according to Ref. 8, the concrete cryostat can
be a part of the building structure and the minimum thickness of the
cryostat is requested to be 1.7 m from the view point of 2 structural
design. It was underlined in Ref. 8 that "the mechanical strength is
dominated by the bonding strength between a steel and a concrete in
the cryostat structure. Therefore, the strength of a concrete 1s not
affected by the steel fraction in it and, correspondingly, the thickness
of the concrete cryostat can not be decreased with increasing the
steel fraction.”

Therefore, the second and third options of a cryostat mentioned
above were excluded from the next consideration. And the only
problem to be discussed is the possibility to decrease the total
thickness of cryostat from 200 cm (the present size which was
recommended on the basis of neutron calculations [7] carried out in
Japan during the CDA) to about 170-180 c¢m (the above-mentioned
recommendation from the view point of the mechanical design).

This was confirmed in Ref. 9 where the concrete cryostat option
was recommended as a reference one on the basis of two main
arguments : 1) The concrete cryostat is preferable from the view
point of a biological shield simplicity; 2) An additional building
structure is required around the cryostat in the case of a steel double
wall cryostat. This corresponds to about 10-15% of a total building

_Zli
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area increasing. Therefore, the longer horizontal port is needed. In
addition, the layout of devices such as the heating/current drive and
vacuum pump is extremely restricted.

3.2 Examination of the TF coil shield effectiveness around the NBI
duct.

3.2.1 Introduction.

The analysis of the TF coils shielding effectiveness during
operation around the NBI duct was made and presented during the
ITER CDA [10]. The particularly high radiation load on the TF coils
where the duct passes the rear part of the coil was found. The
analysis shows that the difference in a dose between two most
dangerous points A and B (see Fig. 3.1) of the TF coils is 31 times.
The calculated dose for the point A exceeds the limit by 2.23 times,
and for the point B the calculated value is about 14 times smaller
than the limit. Therefore, the recommendation was made in Ref. 10
to increase the duct wall thickness next to point A from 20.4 cm to at
least 30 cm.

The decision was made after the discussion that the required
duct wall thickness would be =2 35 cm. The corresponding design
decision leads to a redistribution of shield thicknesses for two
neighboring coils (350 mm and 420 mm next to the point A and B,
respectively) which assured acceptable local nuclear responses in the
TF coils.

However, some gaps both in a toroidal and radial directions will
be included in the design of NBI duct wall as shown in Fig. 3.3 which
is under consideration in Japan after the CDA. The additional analysis
was done for this part of a shield.

722_
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3.2.2 Analysis for the point "B".

The smallest thickness (42 cm, see zone 1 in Fig. 3.3) of the
shield for the point B was not changed in the proposed design in
comparison with the reference CDA one [3] , but two 20 mm gaps in
the toroidal direction and two (20 and 30 mm) gaps in the radial
direction are designed in the zone 2 where the thickness of the duct
wall is 720 mm including the gaps.

The effective thickness of the duct wall in the zone 2 is about
681 mm. The gaps in the toroidal direction are not perpendicular to
the wall surface. Besides the 350 mm distance between the edges of
the gaps is planned. Thus, the relatively thick (but with the gaps)
zone 2 seems to be safer from the view point of a magnet shield
than the relatively thin (but without gaps) zome 1. Therefore,
according to ITER CDA recommendations [11] and above mentioned
speculations about the influence of the gaps in the NBI duct wall at
the shield effectiveness, the TF coils in the point B will be
overshielded.

3.2.3 Analysis for the point "A".

The 20 mm gap in the radial direction is planned in the zone 3
where the thickness of the duct wall is minimal and previously
reached 35 cm only. This gap decreases the solid shield thickness in
this zone by 20 mm. This deterioration of the shield will rise the
dose, heating and copper damage in TF coils by about 25%. To avoid
this effect, the total thickness of a solid duct wall in this zone was
designed as in a previous design without a gap (35 cm). It was
possible because of decreasing the gap between the NBI duct wall
and the magnet case from 100 mm to 80 mm. Therefore, the total
thickness of the shield of proposed design in the point A (zone 3 in
Fig. 3.3) is 37 c¢m including the 2 cm gap.

The position of the 20 mm gap in the toroidal direction in the
zone 4 was considered not dangerous from the view point of a
neutron streaming. The thickness of the solid shield in the zone is -~
680 mm with the 20 mm wide gap penetrated at ~ 262 mm only.
Thus, from the view point of the TF coil shield, this zone 4 must be
safer than the zone 3.

3.2.4 Conclusions.

The TE coil shield in the proposed NBI duct wall design
decreases all relevant nuclear responses below the limit in spite of

94—
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some gaps in the NBI duct wall in the toroidal and radial directions.

All gaps penetrated the NBI duct wall in the toroidal direction
are designed in relatively thick NBI duct wall zones. In zones with a
minimal thickness of a duct wall, the shielding capability for TF coils
was not deteriorated by keeping total solid thickness equal to the
CDA design. However, it should be underlined that the 3D calculations
of these zones will be mandatory at a later stage of the ITER EDA
Phase of work.

3.3 The examination of a biological shield effectiveness around the
NBI duct.

The latest NBI duct wall design proposed by Japan based on
the work after the ITER CDA is shown in Fig. 3.4. According to this
design, gap widths during ITER operation are relatively small (sce
Fig. 3.4) and will not exceed 20-30 mm. Besides, there are no straight
through gaps in the proposed design, which are most dangerous for
the neutron streaming.

The gaps A and B penetrate in the radial direction (parallel to
the NBI duct wall) up to the middle of a cryostat which consists of
200 cm thick concrete. These gaps decrease the effective thickness of
the duct wall by 20 and 30 mm, respectively, and are not dangerous
for the neutron streaming because of 1) very long length of gaps
(about four meters); 2) very small width of gaps ( 20 mm and 30
mm, respectively); 3) the large distance between the gap exits and a
reactor room (about 110-160 cm).

The gaps C1 and C2 are more dangerous for the mneutron
streaming through the NBI duct zone. However, 1) they are not
straight through gaps; 2) they are thin gaps (20 mm); 3) the neutron
source on the inside wall of NBI duct next to the gaps entrance is
very slanting (it was confirmed in [12]) meaning that most of fast
neutrons go in the direction perpendicular to the gap axes. The
maximum value of a neutron streaming seems to be found for the
cryostat zone with the gap Cl. It is explained by the smaller distance
between the exit from the gap Cl and the external surface of the
cryostat than in the case of the gap C2.

The calculational tesults and analysis of peaking factors of fast
neutron flux, total flux and 14 MeV-neutron flux were presented in
Ref. 13 for an iron-bearing shield with straight-through gaps of 1-10
" cm widths and 100 cm length. These results could be used for
evaluation of peaking factors for neutron streaming through gaps Cl1
and C2. With the isotropic neutron source and the gap of 2 cm width
and 100 cm length peaking factors of ~105 and ~10 were found in
Ref. 13 for the 14 MeV-neutron flux and fast mneutron flux,

_25__
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respectively. However, as mentioned above, Ref. 12 indicates that the
angular distribution on the internal surface of the NBI duct is nearly
slanting in the distance range over 10 m from the entrance of the
NBI duct wall (that corresponds the zone of the NBI duct with the
gaps C1 and C2). Therefore, the peaking factors of fast neutron flux
for gaps Cl and C2 have to be much smaller ( < 2 ) than the ones {
~10) in the Ref. 13. This rough extrapolation was based on
assumption that, because of a slanting neutron source, the number of
fast neutrons penetrated into the entrance of the gap Ct or C2 secem
to be in about ten times smaller than in the case of isotropic neutron
source.

However, it should be underlined that according to the proposal
shown in Fig. 3.4, the total thickness of the NBI duct wall outside the
cryostat is 1500 mm. According to the ITER CDA report [3], the total
thickness of the NBI duct wall to decrease the dose after reactor
shutdown to the limit in the case of the 2-meter concrete cryostat
should be ~1200 mm for SS-rich duct wall (80%SS + 20%water) or
~1800 mm for water-rich duct wall ( 80%water+ 20%SS ). Therefore,
for the proposed design the biological dose in the reactor room will
be below a limit if SS/water composition in the NBI duct wall is
appropriately chosen between above two compositions.

Other S mm wide gaps in the cryostat structure could not be
taken seriously into consideration because of a small thickness and
length.

3.4 Proposals for the ITER NBI duct zone design.

Recommendations about the possibility to decrease the NBI
duct wall thickness from the design proposed above are shown in Fig.
3.5. These proposals are based on the ITER CDA recommendations [3]
and above consideration. According to Ref. 3, the SS-rich duct wall
thicknesses of 50 cm and 120 cm for inside and outside of a
cryostat, respectively, are enough to keep the biological dose outside
the 2 m thick concrete cryostat in the limit. In the case of a water-
rich (or concrete) NBI duct wall, the total NBI duct wall thickness
should be 2180 cm outside the cryostat.

Above-mentioned total thickness of the NBI duct wall outside
the 2 m concrete cryostat was evaluated on the basis of 2D
calculations (using the DOT3.5 code). The uncertainty of this
evaluation can be compensated by the safety factor of 10. This
corresponds to ~15 cm uncertainty in a solid shield thickness. Thus,
the 3D Monte Carlo calculation will be needed during the ITER EDA.
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4. TOP/BOTTOM ITER SHIELD PROBLEMS.

4.1 The neutron streaming through the divertor channel (filled with
water during operation) and adjacent gap between a channel and
shield structure.

4.1.1 Introduction.

A design of the upper port region has been developed in Japan
after the CDA. In this design, water coolant pipes and in-vessel coils
for separatrix sweeping have been incorporated. Around the pipes
for divertor coolant which penetrate through the upper shield plug
and around a lead of separatrix sweeping coil provided behind the
inboard blanket in the port region, there should be some gaps for
remote maintenance.

The neutron streaming through a separate water channel and
adjacent gap and the neutron streaming through the gap made for
separatrix sweeping coils will be considered here. There are other
problems like a neutron streaming through the 20 mm assembly gap
in the zone of top/bottom shield plug, influence of water channels
etc. Attention to these problems must be paid at a later stage of the
ITER design.

4.1.2 The methodic of neutron transport calculations.

Code : DOT3.5

Angular quadrature set 138
(According to Refs. 12 and 13, the DOT3.5 results with symmetry
angular quadrature sets are generally smaller than those of line-of-
sight, so the 138 biased up angular quadrature set was used in these
calculations)

Geometry : RZ cylinder

Nuclear group constant set : FUSION-40 (42 N , 21 v)

Number of intervals : 11446 ( 194 x 59 )
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4.1.3 The calculational model and the main results.

The position of divertor coolant pipes and gap around them are
shown in Fig. 4.1. The calculational scheme is shown in Fig. 4.2. The
width and the length of the gap are 1 cm and about 3 m,
respectively. A stepwise gap was used to reduce the neutron
streaming through the gap. The calculational model was adjusted to a
possibility to change the position of a step for gaps. After the
optimal step position for the gap was found, the final calculation was
carried out. More detail description of these calculations are shown in
Ref. 14,

According to these calculations the position of the offset
halfway along the gap is the most effective to reduce the streaming
effect. The peaking factor of a fast neutron flux can reach about 5-103
in this case. In spite of it, the access in the zone 1 (Fig. 4.1) will be
possible because of : 1) the sharp decreasing of a fast neutron flux in
a radial direction; 2) the large decreasing of a fast neutron flux (by
about 13 orders of magnitude) in a ~300 c¢m top shield plug which
consists of 80% of water and 20% of steel. Therefore, the position of
the offset halfway along the gap of 1 cm width sufficiently decreases
the fast neutron flux and dose for personal access in the zone 1 (see
Fig. 4.1).

42 The neutron streaming through the empty divertor channel
(after reactor shutdown).

In terms of maintenance, it is desirable that the cooling channel
of the divertor could be empty after shutdown and the personal
access could be provided in the zone 1 (Fig. 4.1) to cut the bellows
around the cooling channel. However, the photon sireaming from
highly activated reactor core through the empty divertor channel
will increase the biological dose rate in zone 1 to about 106 -107
mrem/h (as it was mentioned above the biological dose rate in the
reactor core is about 1010 mrem/h [7]). Thus, the lead plug of about
20-25 cm thickness has to be provided in the top zone of the
channel, as shown in Fig. 4.1, to allow the personal access in zone I
24 hours after reactor shutdown. This plug would decrease the
biological dose rate by about 106 -107 times. The estimation of the
plug thickness was based on the assumption that 3 cm of lead could
decrease the photon flux by about 10 times [15]. The stainless steel
plug is not effective in this case. The thickness of the steel plug
should be increased in comparison with the lead one at least by 50-
60 cm.

730_
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43 Gap around a lead of scparatrix sweeping coil.

Figure 4.3 shows the top inboard zone designed in Japan after
the CDA. A lead for a separatrix sweeping coil is provided along the
inner surface of the port wall. There is a 2 cm wide gap around the
coil lead for remote maintenance. At least 50 cm of a steel/water
shield and a divertor structure corresponding to about 5.5 cm solid
material (the mixture of graphite, water and steel) are designed
between the gap entrance and neutron source. On the basis of this
design, the extrapolation of a biological dose rate at the point A (see
Fig. 4.3) could be made. The most conservative case could be
marginal, The biological dose rate from the reactor core (1010
mrem/h) will be decreased by about 106 -107 (this extrapolation was
based on assumption that every 15 cm of steel/water shield
decreases the biological dose rate in 10 times [7]) and 10% -103 (this
extrapolation was based on [12,13] results) times in the gap around
the coil lead and in the steel/water shield of 55.5 cm thickness,
respectively. Therefore, the biological dose rate in the point A seems
to be <1.0 mrem/h.

But it should be underlined that the extrapolation is extremely
difficult and thus this result is extremely conservative. The
extrapolation of the fast neutron flux was domne for the neutron
spectrum of a plasma source. In the real situation the neutron
spectrum is much more softer and a streaming effect seems not to be
pronounced. Another factor is the fact that the gap is not infinitely
deep. The real gap's depth reaches only 30 c¢cm as shown in Fig. 4.4.

On the basis of this speculation the biological dose rate at the
point A seems to be much smaller than the limit (1.0 mrem/h). Thus,
there is no need to design the step in the gap.

However, there is still a small problem which is related to the 2
cm gap between inboard blanket modules (they were marked in Fig.
4.3 as "steel/water shield"). Consequently there will be a small zone
in the ITER design were the plasma can be seen from the point A
(see Fig. 4.4). The size of this zone is 2cm*2cm. This square straight
through channel is formed at the intersection of two 2 cm wide
perpendicular gaps. Therefore, from the view point of a shield, this
problem could be considered as a neutron streaming through the
very long, about 4-6 m, channel of about 2 cm diameter.

The analytical formula (for the cylindrical channel) for line-of-
sight neutrons can be used in this case for a neutron streaming
“evaluation:

F = F,+ (R2/ 212y ,
where R= duct radius, L= duct length, Fo= 14 MeV neutron flux at the

—_ 33_
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entrance of the duct, F= 14 MeV neutron flux at the exit of the duct.
According to this formula the 14 MeV neutron flux will be decreased
at the exit of the duct only by about 6 orders of magnitude. So the
level of the biological dose will be 100-1000 times higher than the
limit at point A in Figs. 4.3, 4.4.
However, this high dose is related only to the small zone
around the exit from the duct. Thus, a restriction of the personal
access within about 60-30 cm distance from the channel exit or a
lead plug of about 7-10 c¢m diameter and about 10 cm of height
placed at the top of the gap could reduce the dose down to the limit
for personal access at point A,
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5. RECOMMENDATIONS TO BE TAKEN INTO CONSIDERATION DURING
THE MAINTENANCE OF ITER.

5.1 Thickness of the bottom shield plug.

Two options of a desirable decreasing (from the view point of a
divertor remote maintenance) of a bottom shield plug thickness are
shown in Figs. 5.1 and 5.2. Options 1 and 2 decrease an average total
shield thickness in the zone 1 from about 66 cm in the CDA design to
about 55 c¢m and 58 cm, respectively. It could increase a total heating
in the TF coils during the Physics Phase from 1.4 kW [12] to about 7
and 4 kW (safety factors [3] are included), respectively, which
correspond to about 15% and 8% of a total heating increasing,
respectively. It seems difficult for these modification to be allowed
because the present total heating ~55 kW is already closed to the
limit [3,12].

The third option is shown in Fig. 5.3. An average total shield
thickness in the zone 1 in this case is about 62 cm. This could
increase a total heating in TF coils in this zone during the Physics
Phase to about 2.5 kW (the safety factor is included). Thus, an
increase of the total heating in TF coils is about 1 kW that
corresponds to about 2% of a total heating in all 16 TF coils. The third
option can be recommended for the discussion in the ITER EDA Phase
of work.

5.2 Wall thickness of the maintenance cask.

During remote maintenance of in-vessel components, a cask as
shown in Fig. 5.4 is used to prevent the tritium and radioactive dust
from being released to the reactor room.

If the personal access around the cask is planned, it must be
designed also from the view point of the biological shield because, in
this case, it must decrease high energy photon fluxes from the highly
activated in-vessel components, e.g., by about 10 orders of
magnitude for blanket module to decrease the level of the biological
dose outside the cask to about 1 mrem/h.

The desirable wall thickness of the cask from the view point of
biological shield strongly depends on the wall material. The heavy
elements like Pb, Fe etc. are most effective for decreasing a photon
flux. The lead is the most effective material because of the largest p
value in all energy range (u is the coefficient of photon flux
decreasing in a material). A 25-30 c¢m lead wall seems to be enough
for the maintenance cask. This recommendation is shown in Fig. 5.4.

_36_
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In the case of a stainless steel wall, the thickness of the maintenance
cask must be increased up to the 50-60 cm.

Therefore, to design the cask from the view point of biological
shield is very difficult because of its large size and, correspondingly,
large weight. More detail discussion and neutronic calculations
during ITER EDA are to be carried out if the decision will be made to
design the cask from the view point of biological shield.
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6. CONCLUSIONS.

1) Japanese option of an inboard pebble bed ceramic breeder
blanket consists of about 40% of void. But because of a small
thickness (about 10-12 cm) of this blanket, the decreasing of a shield
effectiveness is not so large and reach about 20% and 40% in
comparison with Russia (Lij;Pbgj blanket) and U.S. blanket (block

ceramic breeder blanket) options, respectively.

2) The design of TF coils in the inboard zone of ITER was
performed without gaps between coils. This means that the problem
of a biological shield in the inboard reactor zone is not so severe as
for the outboard zone and seems to be solved relatively easy in
coming ITER EDA Phase of work.

3) Results of a biological shield analyses were not clearly
indicated in the ITER CDA summary report. The consensus should be
reached on this item including a cryostat type and a thickness of a
cryostat to be used in ITER.

4) The main difference in Japanese approach to the ITER
biological shield in comparison with U.S. and Russia ones is the idea
to joint functions of a cryostat and a biological shield by using
concrete. A concrete cryostat is preferable from the view point of a
biological shield simplicity and building design.

5) The reference Japanese option is the 180-200 cm thick
concrete cryostat, This cryostat is to be used as a part of a building
structure. The minimal thickness of the cryostat based on required
mechanical strength is 1.7 m and can not be decreased by increasing
a steel fraction in the cryostat because the mechanical strength of the
cryostat is dominated by the bonding strength between steel and
concrete.

6) In spite of some gaps in NBI duct walls both in toroidal and
radial directions, the dose to TF coils insulator will be in a limit after
3 MW-a/m2 operation.

7) The 180 cm water-rich or 120 cm steel rich shield around
" the NBI duct outside a concrete cryostat is effective enough to keep a
biological dose below the limit in spite of some gaps in the cryostat
and the shield.
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8)  The neutron streaming through a water channel and
adjacent 1 cm gap between the channel and shield plug structure
could be an obstacle for personal access in the top zone of ITER. The
position of the offset halfway along the gap is the most effective to
reduce the streaming effect. It could decrease a fast neutron flux and
biological dose below the limit. The neutron streaming through the
water channel is not pronounced because of the small channel
diameter (~15 cm) and a rather large height (~300 cm) of a water-
rich shield plug.

9) The neutron streaming through the 2cm*2Zcm  square
channel (connected with an installation of separatrix sweeping coils)
of about 4 m length will be the obstacle for the personal access in the
top zone. However, a 10 cm height lead plug of about 7-10 cm
diameter placed at the top of the gap could sufficiently reduce the
photon streaming effect.

10) The total heating in TF coils is very sensitive to the
thickness of the bottom shield plug. Thus, the proposal of decreasing
the average thickness of some part of this plug from about 66 cm to
about 62 cm in terms of a divertor plate maintenance could increase
the total heating in all 16 TF coils by about 1 kW. More decreasing of
the shield thickness seems to be impossible because of a sharp
increasing of a total heating in TF coils.

11) The 25-30 cm lead wall of the maintenance cask
sufficiently decreases the biological dose rate below the limit for
personal access outside the maintenance cask.
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APPENDIH 1. A biological shield criterion.

The 0.5 mrem/h biological dose 24 hours after reactor
shutdown was indicated in ITER CDA summary report [3] as a
reference criterion. Previously this value was 5 times larger (2.5
mrem/h). Such a decreasing in the criterion value will require more
concrete biological shield thickness by ~ 10 cm. This corresponds to
~750 - 1000 tons of cryostat weight increasing.

Based on International Commission on Radiological Protection
(ICRP) recommendations in 1991, in which the occupational dose
limit was revised from the previous recommendation (50 mSv/y) to
20 mSv/y, the biological dose limit has been decreased from 2.5
mrem/h to 1.0 mrem/h as a temporary guideline in this
investigation.

APPENDIX 2. Comments about the possibility of ITER parameters
reconsideration.

It should be wunderlined that new ITER parameters
reconsideration was proposed by Japan [16]. The proposal includes
an increase of major radius by 25 cm to solve insufficiency of
thickness in 15 c¢m for central solenoid coils, 5 cm for toroidal coils in
terms of mechanical strength, and 5 c¢m for inboard shield.

In addition, the neutron fluence of 1 MW-a/m?2 was
recommended as a criterion for the ITER EDA Phase of work.

The U.S., Russia and the EC have shown close views on these
items [16]. The implementation of above-mentioned proposal would
increase the effectiveness of the ITER shield and would help to solve
some problems raised up in this report.
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