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1. INTRODUCTION

The conceptual design of ITER (International Thermonuclear
Experimental Reactor) was performed under the TAEA (International Atomic
Energy Agency) from 1988 to 1990. The facility of ITER has following
purposes : :

1) To realize self sustained, long burned and controlled DT plasma.

2) To confirm basic engineering technology for demonstration fusion
reactors.

3) To accumulate data base for demonstration fusion reactors.

Some principle parameters of ITER were changed at the end of the
1989 summer ITER joint work. Then the ITER after the parameter changel)
has been distinguished from that before the change.

The present report is written on the basis of reports presented to the
two specialist meetings from Japan. The one is the 1990 winter ITER
specialist meeting2) and the other is the 1990 summer ITER specialist
meeting3). In this report, radiation shielding for superconducting magnets and
for human bodies is investigated for the ITER after the change of parameters.
In fusion reactor design, the major radius is one of the most important
parameter having an effect on the reactor cost. The inboard shield thickness,
that is, the thickness from the first wall to the outside surface of the vacuum
vessel gives a large impact to the major radius. Therefore, the inboard
thickness has a large contribution to the reactor cost. From the view point of
shielding design, conversely, the inboard shield thickness has a large effect on
the shielding properties for superconducting magnets. The shielding
properties are related to parameters during reactor operation.

Biological shield for radiation workers is related to the parameter after
shutdown, since they can enter into the reactor room only after shutdown. On
the other hand, biological shield for public exposure should be considered
generally not only during operation but also after shutdown. The biological
shielding parameter in maintenance after shutdown has, however, a larger
impact to the reactor building than that during operation in public exposure
since dose rate in the reactor room must be designed to be reduced during
operation to lower induced activity of the room wall and instruments in the
room for the workers possible to enter into the room after shutdown.

Inboard shielding property differences due to various nuclear group
constant sets should be understood, since inboard shield thickness is one of the
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most significant parameters as mentioned above. Therefore, the benchmark
calculation was performed to clarify differences of inboard shielding
properties due to different nuclear group constant sets. Shielding properties
due to the nuclear group constant sets of FUSION-J34), FSXJ3T25),
VITAMIN-C6) and GICX407) are compared with each other in Chapter 2.
These group constant sets are respectively based on JENDL-38), JENDL-3T9),
ENDF/B-1V10), and ENDF/B-III!1) and -IV. These investigations are
represented in Chapter 2. -

Tn bulk inboard shielding analysis, one-dimensional inboard shielding
for superconducting magnets of toroidal field coils are investigated, especially
difference of shielding properties between in inboard shields with localized
resistivity vacuum vessel of ITER reference design and with uniformed
resistivity vacuum vessel is discussed in Chapter 3.

In inboard heterogeneity effect on shielding property analysis, gap or
slit effect on shielding properties is mainly discussed and localized resistivity
effect on the properties is also estimated and discussed in Chapter 4.

In Chapter 5, the peaking factors are estimated for various gaps. Gap
configurations are recommended in order to improve the shielding properties
since the gaps in the shield are indispensable to reactor maintenance etc.

Neutral beam injector (NBI) duct wall must be constructed sufficiently
thick to protect from radiation for personal exposure. In Chapter 6, the
thickness is investigated from the view point of gamma-ray shielding required
for radiation workers in order to enter into the reactor room in a day or week
after reactor shutdown.

The neutral beam injector duct wall thickness was discussed to be
required for biological shield after shutdown. Validity of these results
obtained by 2-dimensional RZ duct model with DOT3.5 is discussed in
comparison of results from Monte Carlo calculation by MCNP with those
from 2-dimensional RZ cylinder model by DOT3.5 in Chapter 7.

Two cryostat concepts are considered to be the subject of investigation.
The one is a type of concrete cryostat, and the other is a 3.5cm thick SS
double wall hollow type cryostat, ITER reference design. Biological shielding
properties in various type of cryostats, concrete type, thin SS double wall
type, thick SS type and water tank type cryostats are estimated and compared
with each other. From these discussions, suitable types of cryostat concepts
for biological shield are recommended in Chapter 8.

In maintenance one activated module is pulled out from a reactor core
and hung in a reactor room. In Chapter 9, dose rate in the reactor room
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during the maintenance is estimated.

When the maintenance takes much time such as two or three months,
dose rate at a site boundary is influenced considerably by gamma-ray from the
hung module. In Chapter X, dose rate at the site boundary is estimated by
taking account of skyshine during the maintenance.

In Chapter XI, design safety factors in inboard shield for
superconducting magnets, such as gap streaming, bulk shield, voids and
shielding experiment / analysis issues are investigated. In addition to these, the
design safety factors in biological shield, such as duct streaming and skyshine,
are also investigated. Relating to these, safety factor for shield design and
shield experiments are considered in Appendix.
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2. BENCHMARK PROBLEM RESULTS

The benchmark calculation of problem 1a, the inboard shield composed
of 80% SS and 20% H,O is the most basic case for inboard shield
configuration of the other benchmark calculation problems proposed in 1989
winter specialist meeting of ITER. Therefore, it is considered sufficient to
perform the problem' la in order to obtain informations about effects of
different nuclear constant sets on shielding properties.

We produced the fusion nuclear group constant set "FUSION-J34)"
based on JENDL-38), Japanese Evaluated Nuclear Data Library published in
September 1989. In the previous specialist meeting in summer in 1989, we
used the fusion nuclear group constant set "ESXJ3T25)" in benchmark
calculation. The set was based on the library JENDL-3T?). The letter "T"
means tentative or temporal, that is, JENDL-3T was tentatively published in
February 1989. |

The present report purpose is to understand differences between
FUSION-J3 and ENDF/B-IV1D) in effects on inboard shielding properties in
mainly problem la as basic configurations of shielding In problems 1b, 1¢
and 1d neutron and gamma-ray spectra by FUSION-J3 are compared those by
VITAMIN-CS).

2.1 Calculational Model

One dimensional transport code 'ANISN12) is adopted to shielding
calculations with P5-S8. A torus model as shown Fig.2.1, one dimensional
cylinder model, is applied to ITER mid-plane with neutron first wall loading
of IMW/m2. Shielding properties in inboard shield are surveyed for various
shielding configurations, problems la to 1d. Representing Fig.2.1, the
problem 1a is composed of SS (stainless steel) and water, the problem 1b of SS
and borated water, the problem lc of SS-water and lead, and the problem 1d
of SS-water and B4C. Purpose of problems 1b, 1c and 1d are to understand

" differences between calculated shielding property improvement with borated
water, lead and B4C zones, respectively, by applying FUSION-J3%) and those
by VITAMIN-C6). The material number densities used in the preset
calculation are listed in Table 2.1.

The nuclear group constant set FUSION-J3 is the coupled constant set



JAERI—M 91—046

(o)
006

4

Plaiyg

(§T1) pleoging

2°0°8°0=02 SNS

h

0°518
{s1) I9ke] jjo-edeiag
07608
(0rp) BOSE]g
C09¢
(s1) lake] Jjo-odelog
0°SF¢
(z) t (91:igdeanyoury
Hi _
0°1=8S K4 pleogu
0°ZFs 4,8 o
preoqu|
(65) 2°0°8°0=02]:88
e
£ ] 2°0:9°0=02:
0012 0=0°][ 8§
(%) den
0°58¢
{s) . " (9870 sS)uUEd By
0°092
(1) Axodg
0852
TTOCEZ 0 VR 07EE "0=-
(81) 241 Axo0d3: (7)e):ng:5¢
BUIpUIA
011z Tpuls Wos
(1) Axodg
HM cwm
07 i . HED 9
0 06T (98°0 885) il
(1 unnoeA
¢ - cmee= STXE SNIO} o _ .

Problem 1a

0SrE
(2) 1 (91 1ydesn) souly
0°EYs
(1) 0°1=88 Rd pleoqu|
0°2re 4,8

pleoqu]
(69) 770°8°0=0%: 88
07008
(£) ‘ 0°1=qd 9u0Z peaq
0°0LT
0°SYe
(2) 1 (311ydeln) oty
A B
{(n 0°1=8S A4 pieoqu|
0°2FE 3,78

pieoqu|
(69) Z70°8°0=021I'SS
0 °D0E
(€) ! 0°1=0tQ Quoz Hrg
0°0LZ
0°S¥E
(2) ) {(311ydeln) touly
0°EFE
(1) 0°1=5S K4 pieoqu]
0°IH 3,/8

pileoqu]
(69) 170 : §°0=0%5-9 : §S
0°00¢
() 2°0 % 8°0=0%l1-0 © S8

0oLt

problem 1d

Problem 1c

Probem 1b

in mid-plane.

1 torus model

13

1mensiona

Fig.2.1 One-d



JAERI—M 91—046

Table 2.1 Material number densities.

No Haterial Element Number Density
1 | Plasma ZH 1.0 =* 10°'¢®
2 | Carbon c - 8.023 * 10°*
3 }sS Fe 5.598 = 10-2 (Mo .)

Cr 1.556 = 1072
Ni 1.064 = 1077
Mn 1.464 = 1073
4 | H:0 H 6.700 = 1072
0 3.350 = 10-*?

5 | Pb Pb 3.348 = 1077

6 | B.H:0 98 5.592 * 1075
'8 2.237 = 1074

H 6.700 = 1077

0 3.350 = 10-?

7T | B.C 1o 2.197 = 10°°?
tig 8.787 = 10-2

C 2.746 = 10-°?

8 | Cu Cu 8.493 * 10°°

9 | Insulater H 2.033 = 107
C 1.792 = 10-*
0 2.551 = 10°°?
N 1.950 = 1073
Si 6.884 = 1073
Al 2.158 « 10°?
Ca 2.300 = 10°3

10 | Liq.He “He 1.837 = 10°°

11 { Inb/outb.Shield SS 0.8
H,0 0.2

12 | SCM 55 0.5(NbsSn )

Cu 0.4

Insulater 0.05
Liq.He 0.05

13 b.Shield SS 0.8
B-H.0 0.2
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composed of neutron 125 groups and gamma ray 40 groups. The energy
group structures of neutron and gamma ray are represented in Table 2.2.

2.2 Results and Discussions

Neutron and gamma ray fluxes, and nuclear heating rates in the first
wall and winding pack in TFC were estimated. From these results, we
discussed as follows;

[1] Fast and total neutron, and gamma ray fluxes

Fast and total neutron, and gamma ray flux distributions are represented
as in Fig.2.2. They are calculated by FUSION-J3 and VITAMIN-C, etc. as
shown in Table 2.3. Fast and total neutron fluxes by FUSION-J3 in the first
wall are approximately in agreement with those by VITAMIN-C. In the
winding pack, the fluxes with FUSION-J3 are Jarger than those with
VITAMIN-C by about 20%. Total neutron fluxes with FUSION-J3 become
further larger in the winding pack.

On the other hand, gamma ray flux in the first wall with FUSION-J3 is
less than that with VITAMIN-C by 6%. The flux with FUSION-J3 in the
winding pack is further less than that with VITAMIN-C by 30% ( These
discrepancies are improved by revised FUSION-J3 as shown in APENDIX I).

[2] Nuclear heating rates

Neutron heating rates with FUSION-J3 are larger than those with
VITAMIN-C by 20% in the first wall and winding pack as shown in Table
2.3. While neutron heating rates in carbon tile with FUSION-J3 are estimated
approximately 50% of those with VITAMIN-C in spite of agreement in
neutron fluxes with both. This fact implies that carbon heating constant,
KERMA factor, is probably underestimated by more than 40%.

On the other hand, gamma ray heating rates with FUSION-J3 in the
first wall and in the winding pack are less than those with VITAMIN-C by
25% and 40%, respectively ( These discrepancies are improved by revised
FUSION-J3 as shown in APENDIX 1 ).

[3] Neutron and gamma ray spectra
Both neutron spectra in the first wall with FUSION-J3 and VITAMIN-C

are approximately in agreement with each other. The spectra with FUSION-

_7_
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Table 2.2 Neutron 125 energy group and gamma-ray 40 group structures in
FUSION-I3 (continue).

Neutron 125 groups

Neutron 125 groups

ENERGY (EVY)

65 ERQT

ENERGY (EY)

QTEHRCS.

JTOET0SE ]

D

J5E+056

03E+06 |
T2E+0E

5.

4.

44E+06 |
L LTE+0S

4.

4

92E+05 |

...

-4

BBEHROE ]
ABEXLSE

1.2
B

Z5EXUE
035E+06

2.

BIEXOS ]

69EXCE
S3EFXOE ]

12..

2:.

3BE+06 |

J2e

L
e

23EXOE

10E+06 |
$I1EROS

l.

8SE+Q6E

Ve

JS4EXOS
SIEXOE

R

L
R

SSETRE

19E+06
0SETOSB

L.

9.

JOE+05 |

B

ZL1EXOS

.

24EFDS

5.

38EXOS

SAERD S ]
98ERDS ]

$.2x
d...

39E*RO3..]

88E+05 |
42E+05

N

-

3.

02Ex05 ]
BTETO0S

.2

35E+05 |

2.
2.

08EF05

§3EX05

S2EHRDS.

R

43E+05

1.

8.

T0E+06 |

5.

35E+06.

5.

03E+06

5.
4.

T2E+08 |

44EXDS

LIE+CE

4.

o

SZEFXOS

3.
3.

§8E*OS

{6E+06 !

3.

3.

25E+0E.

95ET06

3.

2.
__2.

81EXQSE.

B9ETO6. |
53E+06

2.

2.,

38E+06 |
23E+ 006

LOE+06

2.

STE+06 |

SSEXOSB

Voo
— oty e

T4ETOS

53E+06 |

L
e

35E+QS

19E+05 .
05E+CS.

JOE+T5

ZI1E*05 1

8.
__7.

24E+05.

39E+0S

§4ETOS5

5.

14,

3BE+05
33E+05

4.

A

§8E+05 |

42E+05

ki

CZE+05

3.

EI1ETO05 |

2.
7.

LSSEXES
D8EXDS

[

2.

§3E+05 |

L
1.

8 2E+03%5

L

AL

Az

43
A

a5
46

a il
48

45

50

51

53

5

53

56

LA
98

W29

W50
WEL
&2

83

&4

85

66

6.
68

83

219

L

12

NN

L4

5.
16

1.
A

9.

80

§2ETOT .

E0E+0T .

BOEROT

SO0EROT

AIEFOT .

48EXOT .

43EX0T

ALEXOT
SSEXOT

3TE+OT

ISEFCT. ]

I3E+O0T |

J0ETOT

28E+07T
26E+0T. ]

25ETOT .

23E+07T
2LE+XOT

1T9E+QT

LTEXOT .
LSEXOT

L3 ERDT L
LZERST L

JOEXQT R
G8EXOT L.

QTEXOT.

osE+0T ]
03EXO0T.

02E+07 |

QOE+o 1 |

J9E+06. ]
§3E+TO0E

29E+06 |l
T9E+05 .

32ETO06_ |

STEXOE. .
S8ETOE

07TE+06

BZEXOT |

GOE+0T. .

STE+0]T

5EE+0T
53E+01

50E+07. .

48E+X0T.

ABEFXOT |
L 43E+0T

4IE+0T

39E+0T |

STEXOT

35E+F0T 1

33E+07T.

JBOETOT L
28ETOT

2BE¥O0T..
285E+07

23Er0 T

21EFOT |

89ETOT

TTEFOT
ISE¥0T.

13E+QT. 1
12E+01.

TOE+0T

98EZQT

0TE+0T

C5E+0T. |

01

02E+0T |

Hap N

QO0E+01T

34E+06 |

BIE+0E

29E+06

T9E+0E

32E+06

GTE+06

B H . 1o . ' : H . h H H H . i H . . . . . H : : H . . : ‘ . H
' . . . P H H . . h . ' . ' . v PR . . . . : : H H . . . B ' H H . . v ‘

. .- s "a e LY -y - LS L T *y " . L " e . . L .. v v - b LY LR - LR . .y L - . = e . . - -
.I.“..i...inol"1"1“1"lululnlvlmlniul_l.lhluln.I.".I......I....l“1...“Inql.ulnl".l."1”1“1“9_8“8"7“7:O:U:U
. . ' . ' . ' . . . H : . H . H . . . . . . . : H . . . : . 2 . H . ' '

H h N . . : : . . i . . \ : ' . B . : . : I ' . '

4 5E4+06

HE Ve e H T -
. T I e H T
S S S T S S R R T L T TS S S S S B N L T R N
[P (Y S D) S UL NS U U UL SN SIS S S S M i e M FE R R e R M M T PR FE e R co R e o B okl pul R o ) {a)
T T T T T T Ty T T T R T YT I T Ty T Ty T T T T T T T IR A e

....2 -

N
A

R

L
8

9.
10
1L
...12

18
14

15
R

1T
18

19
20
___2l

22
- E2

N

LA
LA

L2
W28
29

30

.32
L33

34
35

.36

i

a8
39

40

{centinue}



JAERI—M 91046

Table 2.2 Neutron 125 energy group and gamma-ray 40 group structures in

FUSION-J3 (continued).
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Table 2.3 Benchmark Problem 1a (for Winter meeting in 1990).

Transport x' sec GICx40 FUSION-]3 FSXJ3T2 ' YITAMIN-C
Data base ENDF/B-I0, IV JENDL-3 JENDL-3 ENDF/B-1V
ltems Reaction % sec GICX40 JENDL-13 JENDL-3 MACKLIB-1V
& Positions
Neutton flux {(n/cm? - §)
Fast neutron (En>0.1MeV)
First wall (R:815-816cm) 2.37T7E+14 2.47TTE+14 2.4TTE+14 | 2. 485E+14
Carbon tile (R:344-345cm) 1.959E+14 2. 062E+14 7.062E+14 | 2. 063E+14
Winding pack (R:257-25%¢cm} §.320E+09 1. 237TE+10 1.237E+10 | 1. 0B3E+10
Total neutron {En<id. 1MeV) ‘
First wall (R:§15-816cm} 3.822E+14 3.923E+14 3.923E+14 | 3.851E+14
Carbon tile (R:344-345em) 3. 364E+14 3. 451E+14 3.451E+14 | 3.3T7E+14
Winding pack (R:257-25%9cm) 2.014E+10 3. 207E+10 3. 208E+10 | 2. 545E+10
Total gamma ray flux{r /cm®.s)
First wall (R:815-816cm) 1.572E+14 2. 468E+14 2.029E+14 ; 2. 515E+14
Carbon tile ({R:344-345cm) 1. 364E+14 2. 119E+14 1.737E+14 | 2. 264E+14
Winding pack (R:257-25%cm) 4.0162+4019 6. G4TE+09 §.2L7E+09 [ 1. 099E+10
(w/cm?)
First wall (R:815-816em) n 5.976E+0 8. 105E+0 7. 447E+0 6. 482E+0
¥ T.240E+0 9. 3I0E+0 T.57T3E+0 9, 918E+0
total 1.322E+1 1. TAZE+] 1.502E+1 1. 640E+1
Carbon tile (R:344-343cm) n 3.6GBE+D 3. 13TE+D 3. 133E+0 4. 9T5E+0
: ¥ 1. 253E+¢C 1. 533E+0 1.232E+Q 1. 687E+0
total 4. 941E+0 {. 6T1E+D 4. 365E+0 6. 662E+D
Coil case  (R:264-285cm) n | 5.310E-5 1. 124E-4 | 2.304E-4 | 7.163E-5
Y 5.946E-4 1. 095E-3 9, 484E-4 1.443E-3
total B.477E-4 1. 208E-3 1. 178E-2 1. 514E-3
Winding pack{(R:257-259cm) n | 2.800E-5 5.537E~5 | 71.228E-5 | 4.373E-%
r 2.868E~-4 4. 165E-4 3.552E4 5.924E~4
total 3.148E-4 4. T18E-4 4. 3T4E-4 6. 361E~4
Insulator  {(R:253-280cm) n | &.886E-5 1.2298-4 | 1.224E-4 | 1. 169E-4
7 6.029E-% 9. 695E-5 §.012E-5 1. 268E-4
total 1. 492E-4 2. 198E-4 2.025E-4 2.437E-4
Nuclear heat { w/cm)
Coil case (R:180-210cm, n 3.530E-1 7. T38E-1 1. 484E+0 4. TT5E-1
260-265em) 7 3.828E+Q 6. TTIE+0 5.822E+0 8.8994E+0
total 4, 1B0E+0 7. 545E+0 7.308E+C 9. 4T1E+9
lasulator (R:210-21lem, . n | 1.495E-] 2.0128-1 | 2.004E-1 | 1. 914E-1
258-260cm) 7 §.892E~2 1. 594E-1 1.317E-1 | 2. 080E~1
total 2.442E-1 3. 606E-1I 3, 321E~1 3. 994E-1
vinding pack(R:211-25%cm) n | 4.070E-] 9. 144E-1 | 9.985E-1 | 5. 343E+0
7 4, 1T8E+0Q 5. 99%E+0 5. 151E+0 8.023E+0
total 4. 584E+0 6. 913E+0 5. 149E+0 B.65TE+D
Total coil (R:190-Z65cm) 9.008E+0 1. 482E+1 1.379E+] 1.853E+1
Inboard F¥/B/S n 5.544E+4 7. 045E+4 §.483E+4 6., T98E+4
(R:270-345cm) v 1. 183E+S 1. G07TE+5S 1. 355E+5 1.934E+5
total 1. T17E+5 2.312E+5 2.201E+5 2.614E+5
Outboard F¥/B/S no| 1.BZIE4S 2.515E+5 | 2.858E+5 | 2.069E+S
{(F:215-930em) T 3.952E+5 5. 361E+5 4. 484E+5 6, 335E+%
total 5.781E45 7. 876E+5 T.341E+§ B.405E+S
Total {(R:190-930cwm) T.438E+5 1.019E+% 9, 042E+5 1. 102E+6
Insulator dose rate (rads/s)
Insulator {R:259-260cm} §.297E+0 1. 223E+1 1.127E+1 1. 3536E+1
Rdiatjon damage {dpa/s)
Copper {R:257-253%¢m) 5.995E-12 9. T75E-12 9. T76E-12 | 8. 356E-12
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J3 in winding pack is larger than those with VITAMIN-C by 30% in the
energy range below 1 keV to 1 eV as in Figs.2.3, 2.5-2.7. The neutron
spectra with JENDL-3 have a tendency to be softened more than those with
ENDF/B-IV in the region far from the first wall such as the superconducting
magnet region.

Gamma ray spectra with FUSION-J3 are smaller than 1/1.5 times
partially 1/3 times of those by VITAMIN-C in the first wall and these
discrepancies become larger up to 1/3 times in the winding pack in the energy
range from 3 MeV to 200 keV as shown in Figs.2.4, 2.8-2.10. The
discrepancy in the gamma ray spectra in the energy range suggests that
capture gamma cross sections are probably underestimated in JENDL-3
(These discrepancies are improved by revised FUSION-J3 as shown in
APENDIX 1 ).

[4] Comparison with experiments in gamma ray heating rates

Gamma ray heating rates calculated with 2-dimensional slab model with
both group constant sets, GICX40 and GICXFNS are represented in Fig.2.11
together with the experimental values by FNS. From this figure, the values
with VITAMIN-C are in approximately agreement with the experimental
ones in the region 50 to 70cm from the surface. The values by FUSION-J3
are underestimated in comparison with the experimental values. This fact
implies also that capture gamma Cross sections are probably underestimated
(These discrepancies are improved by revised FUSION-JI3 as shown in
APENDIX 1).

2.3 Summary

Shielding properties for superconducting magnets calculated by
FUSION-J3 based on JENDL-3 were compared with those by VITAMIN-C
based on ENDF/B-IV. Discrepancies between them were discussed. From
these results, following concluding remarks are obtained.

1) Fast and total neutron fluxes by FUSION-J3 are approximately in
agreement with those by VITAMIN-C in the first wall region, but in the
winding pack region those by FUSTON-J3 are larger than by VITAMIN-C.

2) Neutron spectra by FUSION-I3 approximately agree with those by
VITAMIN-C and differences between them appear in the energy range below
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several keV in the winding pack.
3) Neutron spectra with JENDL-3 have a tendency to be softened more than
those of ENFD/B-IV in the region far from the first wall such as
superconducting magnet region.
4) Total gamma ray fluxes by FUSION-J3 are smaller than those by
VITAMIN-C in all regions and this discrepancy becomes larger in accordance
with far from the first wall.
5) Differences between gamma ray spectra by FUSION-J3 and those by
VITAMIN-C appear in the energy range from 3MeV to 200 keV in the first
wall and in the winding pack.
6) Neutron heating constant of carbon in FUSION-J 3 is probably
underestimated, since neutron heating rate in carbon tile is less than that with
VITAMIN-C by 40%.
7) Gamma production cross sections of JENDL-3 are probably
underestimated, since gamma ray fluxes with FUSION-J3 are smaller than
those with VITAMIN-C.
8) From these remarks, effects of differences between nuclear constant sets on
the shielding design safety factors can be concluded at most 50% in bulk
shield.

In order to reduce the shielding design safety factor, therefore, gap
structure occurring peaking factor should be investigated.

These discrepancies discussed above are improved by revised FUSION-J3
as shown in APENDIX 1.
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3. BULK INBOARD SHIELDING

Bulk inboard shield has an important role of shielding for
superconducting magnets. In the present chapter, inboard shielding properties
for superconducting magnets of toroidal field coils are investigated by one-
dimensional transport code, especially difference of shielding properties
between in inboard shields with localized resistivity vacuum vessel of ITER
reference designl) and with uniformed resistivity vacuum vessel is discussed.
Nuclear heating rates, total nuclear heating, insulator dose and copper
radiation damage are estimated in these type of inboard shield.

3.1 Calculational model

Used atomic number densities are shown in Tables 3.1 and 3.2 in the
following calculations. One-dimensional transport code ANISN12) is used.
And adopted nuclear group constant set is FUSION-J34) based on JENDL-38).
Legendre polynomial order in scattering cross section 'P5' is applied and the
order of angle dividing number in space the isotopic division of S8.

One-dimensional torus models for mid-planes with localized resistivity
vacuum vessel and with uniformed resistivity vacuum vessel are represented in
Figs.3.1 and 3.2, respectively. Number of radial meshes in the former is 155
and that in the latter 160. In the former lcm thick B4C and 4cm thick lead
zones are established behind the vacuum vessel in inboard shield, and 5cm
thick localized resistivity zone on the plasma side surface of vacuum vessel.
On the other hand, in inboard with uniformed resistivity vacuum vessel
permanent shields exist between uniformed resistivity vacuum vessel and
removal shields. These permanent shields have gaps in both their side. The
width of the gaps is 2cm, recommended by ITER maintenance group. The
thicknesses of the permanent shields are 23cm in inboard and 63cm in
outboard. The neutron first wall loading is adopted to be IMW/m2 in basic
calculation.

3.2 Comparison of shielding properties in vacuum vessel types
Neutron and gamma-ray flux distributions are represented in Figs.3.3



JAERI-M 91—046

Table 3.1 Atomic number densities of component materials.

(10%4cm3)
No Material Element Number Density

1 Pilasma 241 246: *H 7~ 12 1.0 xip-'°
2 Carbon 247 ~ 252 C 55 ~ 60 §.023 Xx1i0-7
3 55 253 ~ 258 Fe 151 ~ 156 5,727 >« 10-*
Cr 135 ~ 144 1.575 =x10-?

N i 163 ~ 168 9,845 x10-°

Mo 187 ~ 192 1.255 >=1i0-°

Mn 145 ~ 150 1.819 =x10-°

4 H .G 259 ~ 264 H 1~ 6 6.700 x10-°
O 67 ~ 12 3.350 x10-*

5 Pb 265 ~ 270 Ph 295 ~ 210 3.348 x190-°?
i) Cu 271 276 Cu 169 ~ 174 §.493 x10°?
7 Insulat.r H 1 ~6 2.033 x10-°?
277 282 C 55 ~ 60 1,792 x10-?

0 67 ~ T2 2.551 x16-°?

N 61 ~ 66 1.950 = 1ip0-°

Si 97 ~ 102 6,884 x19-°

Al 91 ~ 86 2.158 x19-°¢

Ca 121 ~ 126 2,300 =19-°

3 Lig.He 283 ~ 288 ‘He 19 ~ 24 1.837 x19-¢?

9 |B. 289 ~ 204 | '°B 43 ~ 43 2.197 X107
TR 49 ~ 54 8. 787 x10-°?

C 55 ~ 60 2.746 =x10-°?

10 Li,0 285 ~ 300 fLi 25 ~ 30 5.118 x10-°
{Natural) "Li 31~ 36 6.385 x10-°

8] 7 ~ T2 34484 x 107
11 Be 301 ~ 306 Be 37 ~ 42 1.236 =197
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Table 3.2 Material volume fractions of each region.

(10%%cm™%)
) Component Yolume
N o ~ Material P . )
material fraction
12 SCM 307 ~ 312 | SS 253 ~ 258 0.316
Cu 271 ~ 276 0. 355
Insulater 277 ~ 282 0.118
Lig. Ne 983 ~ 283 0,211
13 S S 313 ~'318 | 88 253 ~ 258 0.2
1 4 S S+ H,b 319 ~ 324 | S S 253 ~ 258 0.7
: H 50 259 ~ 264 0.3
15 S S+ H,0 325 ~ 330 | 8 S 253 ~ 258 0.8
H .0 259 ~ 264 0.2
16 S S 4 H,0 331 ~ 335 | S8 953 ~ 258 0.5
H .0 259 ~ 264 0.5
17 S S +H,0 337 ~ 342 | S8 253 ~ 258 0.2
H 20 9259 ~ 264 0.8
18 Breeder zone Li,0 295 ~ 300 0.1181
143 ~ 348 | S 8 253 ~ 258 0, 9579
H 0 250 ~ 264 0. 0904
Be 301 ~ 3086 0. 3543
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and 3.4 for the mid-plane models with localized resistivity and with uniformed
resistivity vacuum vessels, respectively. In these figures, the abscissa and the
ordinate mean respectively the distance from the torus axis (cm), and neutron
and gamma-ray fluxes (n or g/fcm2.sec). The latter figure is obtained by
calculating the mid-plane model with uniformed resistivity vacuum vessel
filled with water.

In the latter, the vacuum vessel is constructed by 1.5cm thick SS double
wall and ribs for reinforcement. Hollow-space is made between the double SS
walls. In order to enhance shielding properties the hollow-space should be
filled with water and/or shielding materials such as SS. When the hollow-
space is filled with water and SS, composition of SS is surveyed as shown in
Fig.3.5. In this figure, the abscissa and the ordinate mean respectively the SS
composition (%) to water puls SS, and nuclear heating rates (mW/cm3) in He-
can, in insulator and in winding pack. From this figure, it can be seen that
most suitable SS composition is more than 60%, probably 70% same as that in
the permanent shield. Since appropriate configuration to enter the SS
materials into the hollow-space with water cannot be developed from the view
point of not decreasing resistivity, only water is filled with the space in the
present work.

Total nuclear heat estimation in inboard part toroidal magnets is
performed by following manner .

1) Poloidal neutron wall loading distributions as shown in Figs.3.6 and 3.73)
are used as f(z) '.
2) Total inboard excess thicknesses from that in the mid-plane in poloidal
cross section as shown in Fig.3.8 are denoted as '‘DT(Z) ".
3) The correction factor for the excess thickness f("s given as; ’
f0 = exp(-0.144 x DT(Z)).
Using from these parameters, correction factor for three dimensional inboard
part TFC nuclear heat 'F" can be obtained as following equation;
Z0
F=[[fxfoxDz].
0
Total nuclear heat in inboard part TFC can be estimated from the factor 'F’
and the TEC nuclear heat in inboard mid-plane calculated by one-dimensional

torus model 'k ' as following manner;
H=h XF
Neutron first wall loadings on the inboard mid-plane are 1.2 and 0.9
MW/m?2 in physics phase and technology phase, respectively. Considering the
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Fig.3.5 Relationship between SS composition in vacuum vessel and peak
nuclear heating rate in toroidal magnet.
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wall loading, total nuclear heats in inboard part TFC are indicated in Table
3.3 together with winding pack heating rates in localized resistivity vacuum
vessel and uniformed resistivity vacuum vessel models in physics phase. In
technology phase, total nuclear heats in inboard part TFC are indicated in
Table 3.4 together with winding pack heating rates, insulator doses, copper
radiation damages and fast neutron fluences in localized resistivity vacuum
vessel and uniformed resistivity vacuum vessel models.

In physics phase shielding properties dependent on operation time are
not necessary to be considered since the operation time is short such as 0.02
MWa/m?2 of first wall neutron fluence. The values of total nuclear heats in
inboard part TFC listed in these tables are multiplied by the factor 1.4, the
ratio of nuclear heating by ENDF/B-IV to that by FUSION-J3 discussed in
the last ITER joint work on shielding benchmark calculation for inboard
shielding properties4).

From these results, total nuclear heat of TFC in localized vacuum vessel
in physics phase can satisfy the design range of less than S0kW in spite of
conservative calculational model of localized resistivity area enclosing whole
vacuum vessel surface. In calculation of total nuclear heat of TFC;

7.3%2 + 15 + 12 = 41.6 (kW).
A design safety factor of 2 are taken into considerations. In uniformed
resistivity vacuum vessel, total nuclear heat becomes larger than S50kW;
12.7x2 + 15 + 12 = 52.4 (kW).
On the other hand, in technology phase, total nuclear heat of TFC can satisfy
the design range of less than 50kW in both cases of the vacuum vessel types;
54x2 + 15 + 12 = 37.8 (kW) _
for localized resistivity vacuum vessel,
9.4x2 + 15 + 12 = 46.4 (kW)
for uniformed resistivity vacuum vessel.
From Table 3.4, copper radiation damages for 1MWa/m2 neutron first wall
fluence can satisfy the design range of less than 10-3 dpa. However, the
damages for 3MWa/m?2 neutron first wall fluence cannot satisfy the design
range.

In these estimations, gap effects on shielding properties are not
considered. Therefore, these values are predicted to be larger values,
especially peaking properties will become probably larger by a factor
approximately 1.5. These discussions will be performed next chapter.
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Table 3.3 Inboard shielding properties for TFC in physics phase.

in inboard TFCk% (kW)

resistivity type of V/V localized uniform criteria Edesign range
vinding pack nuclear , s
heating ratet (aW/cm® [ 0.53 0. 64 1 1=
total nuclear heat E
7.3 12,17 - v < h0*k%#
|

#+% Total nuclear heat in TFC includs 15k¥ in divertor area and

{Inboard wall loading on mid-plane:1. 2MW/ ')
¥ Safety fatoer=3 should be adopted
¥k Safety fatocr=2 should be adopted

12kW in recces area in addition to the values in inboard part.

Table 3.4 Inboard shielding properties for TFC in technology phase.

resistivity type of V/¥ localized uniform criteria idesign range
winding pack nuclear
heating ratet (mW/cm?) 0.39 0. 48 1 1 -5
total nuclear heat E
" in inboard TFC#* (KW) 5.4 9.4 20 1 < 50%k%
insulator dose# (rad) 2% 109 | (. 2—5) % 109
(1MWa/of) 8.4x10% | 7.2x108 !
(3MWa/ d) 2.5%10% | 2.1x10° i
Cu radiation damage¥ (dpa) 5X 10741 <1x1077
{1MWa/nf) 5.9%107% | 4.3x10°% 5
(3MWa/ nf) 1.7x1073 | 1.2%x1673 :
fast neutron fluence# 1% 10190 <1x1019
(IMWa/mf)  (n/enf) | 2.2%10%% | 1.1x 1018 :
(3MWa/ nf) 6.7x10%% | 3.5x 1018 ;

**% Total nuclear heat in TFC includs 15kW in divertor area and

{Inboard wall loading on mid-plane:0. 9MW/ )

¥ Safety fatocr=3 should be adopted.
%% Safety fatoer=2 should be adopted.

12kW in recces area in addition to the values in inboard part.
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3.3 Summary

From above discussions, we obtained the following remarks under the
restrictions of conservative calculational model of whole vacuum vessel
surface enclosed with localized resistivity and out of consideration of gap
effects on shielding properties.

1) In physics phase, total nuclear heat of TFC in localized vacuum vessel can
satisfy the design range of less than 50kW. In uniformed resistivity vacuum
vessel, however, total nuclear heat becomes slightly larger than 50kW.

2) In technology phase, total nuclear heat of TFC can satisfy the design range
of less than S0kW in both cases of the vacuum vessel types.

3) Copper radiation damages for 1MWa/m?2 neutron first wall fluence can
satisfy the design range of less than 10-3 dpa, but those for 3MW. a/m?2 fluence
cannot satisfy the design range.
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4. INBOARD HETEROGENEITY EFFECTS

In the present chapter, the inboard heterogeneity effect on shielding
property, especially gap or slit, is mainly discussed and localized resistivity
effect on the properties is also estimated and discussed. Considering these
effects, the shielding properties obtained in the previous chapter are
reexamined. :

4.1 Calculational model

Used atomic number densities are shown in Tables 4.1 and 4.2 in the
following calculations. Two-dimensional transport code DOT3.515) is used.
And adopted nuclear group constant set is FUSION-J 34) based on JENDL-38).
Legendre polynomial order in scattering cross section 'P3' is applied and the
order of angle dividing number in space the forward biased division of 100.

Configuration of inboard mid-plane with localized resistivity vacuum
vessel, and gap and slit is illustrated Fig.4.1, and its two-dimensional RZ
model is represent in Fig.4.2. Number of meshes are 55 X 108 in R-distance
and Z-distance. In the model, 1cm thick B4C zone and 4cm thick lead zone
are established behind the vacuum vessel in inboard shield, and 5cm thick
localized resistivity zone, its length of 25cm, on the plasma side surface of
vacuum vessel. The two cm wide gaps and slit exist between vacuum vessel
and shield T1, and between removal blanket/shield modules. The width of 2cm
was recommended by ITER maintenance group. '

4.2 Heterogeneity effect and discussions

Neutron and gamma-ray flux

Neutron and gamma-ray fluxes distributions are represented in Figs.4.3
and 4.4 in the shield region I and II, respectively. In the region distance of
37cm from the first wall, peaking factors of 14MeV and total neutron fluxes
are 3 and 1.6, respectively, by neutron streaming effect through the slit. In
the region distance of 47cm from the first wall, the peaking factors enhance
from 3 and 1.6 to 4 and 2, respectively, by localized resistivity. Neutron and
gamma-ray flux distributions in the vacuum vessel and in the lead extra shield

._38 —
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Table 4.1 Atomic number densities of component materials.

(102%em™3)

No Mat_'erial Element Number Density
1 Plasma 241 ~ 246 *H 7 ~ 12 1.0 x10-'°
2 Carbon 247 ~ 252 C 58 ~ 60 $.023 =10-*
3 SS 253 ~ 258 Fe 151 ~ 156 5727 x10-?
Cr 139 ~ 144 1,575 x10-°¢
Ni 163 ~ 168 G 848 x10-°¢
Mo 187 ~ 192 1.255 x10-°°
Mn 145 ~ 150 1.819 x10-°
4 H 20 259 ~ 264 H 1~8 6.700 x1i0-?
0 67 ~ 12 3.350 XI_O"
5 Pb 265 ~ 270 Pb 205 ~ 210 3.348 x10°°?
] Cu 271 ~ 276 Cu 1689 ~ 174 B. 493 xi0-?
T Insulater H 1~6 2.033 x1p-°?
277 ~ 282 C 55 ~ b0 1.792 x10-?
0 67 ~ T2 2.551 x10-7
N 61 ~ 65 1.950 x10-°°
Si 97 ~ 102 6.884 x10°°
Al g1 ~ 96 2.158 x10-°
Ca 121 ~ 128 2.300 x10°°
8 Lig. He 283 ~ 288 ‘He 19 ~ 24 1,837 x10°?
9 B4C 289 ~ 264 "B 43 ~ 48 2.197 x10-°?
"B 49 ~ 54 §.787 x10-*
C 55 ~ 60 2.746 > 10°2
10 Li,0 295 ~ 300 *Li 25~ 30 5118 x10-°
{Natural) TLi 31~ 36 .385 x1i0-?
G 67 ~ T2 J.4484 xi0°?
i1 Be 301 ~ 306 Be 37 ~ 42 1.236 x10-!
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Table 4.2 Material volume fractions of each region.

(1024c¢m™%)
Component Yolume
N : ) )
° Material material fraction
12 SCM 707 ~ 312 | 8 953 ~ 258 0.316
C e 271 ~ 276 0. 355
Insulater 217 ~ 282 0.118
Lig. He 283 ~ 288 0.211
calized
13 Lo.a o 713 ~ 318 | S S 9259 ~ 258 0. 75
resistivity
14 S S+ H,0 319 ~ 324 | S8 953 ~ 258 0.7
: H,0 959 ~ 264 0.3
15 S S+ H,0 395 ~ 330 | S S 253 ~ 258 0.8
H ,0 959 ~ 264 0.2
18 Blanket 331 ~ 336 | S S 253 ~ 258 0.778
vessel H ,0 259 ~ 264 0. 222
Blanket cooling .
17 head 337 ~ 342 | S S 253 ~ 258 0.625
eader H .0 258 ~ 264 0.375
18 Breeding Li,0 295 ~ 300 0.1181
bla 343 ~ 348 1SS 253 ~ 258 0. 0579
nket H 0 259 ~ 264 0. 0904
Be 301 ~ 306 0. 3543
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Fig.4.1 Simplified heterogeneous inboard mid-plane.
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JAERI-M 91—046

) 1 NEUTRCON AND GCAMMA RAY FLUXES (Z =2t6CM
-IIlllllllll|I|l||lr[l|l|ll |1[[1||IJlIII{IllI[ITIIII;i[|ll_
I ]
wg_———&_——”w—”e/g/f\;(‘k&\ﬂ\ﬂ\a‘ |
gxo”_ ________________________ I N
w) o J
% I ]
=
= - J
O
s
8 ] _
&
b - |
-
—
(o,
%;1012
<
&)
-
2 !
= I i
=
o § A
= —&— 14MEV/N.
a | —&— 0. IMEVN .
= —&8-— TOTALN.
—¢—— TOTAL/G.
1.011 llllllllillllillllllliilli |lll||l|llI|lI|L1|llLllllllllll
0. 2 0. 40, 6 0. 80. 100 120.
distance from TPC left side R {(cm)

‘Fig.4.3 Neutron and gamma-ray flux distributions in the torus direction of
Z= 266 cm in the shield region I.



GAMMA FLUX (PER CM*#*2 SEC)

NEUTRON AND

g 14 NEUTRON AND GAMMA RAY FLUXES

10

10

12

JAERI—M 91—046

(Z =278CM)

T'll'\llllllll|'|'lll||l]l T 1177

T ¥ U 17T

T

—&— 1 4{MEV./N
—&—- (. IMEV/N
F| —&-— TOTAL/N.
~—=>—— TOTAL/G.

TR TR N A

ilFll'lll[ll[ITFI'EI]]II]IIIi

l]llllllllll)llillIiLII]llJ_

K NN U S B -

!lIIII

1

20 40

610,

80. 1090

distance from TFC left side R (cm)

120

F.ig.4.4 Neutron and gamma-ray flux distributions in the torus direction of

Z= 276 cm in the shield region IL.



JAERI—M 21046

are illustrated in Figs.4.5_and 4.6, respectively. In the vacuum vessel region
distance of 61cm from the first wall, the peaking factors are the same as the
values in the shield region II. In the lead region of 83cm from the first wall,
the peaking factors reduce 2.2 and 1.6, respectively.

Neutron and gamma-ray flux contour line maps are illustrated in
Figs.4.7 to 4.10. Streaming effect by slit and penetration effect by localized
resistivity of small SS volume fraction can be seen from these figures.

Nuclear heating rate

Nuclear heating rate distributions are shown in Figs.4.11, 4.12 and 4.13
in the localized resistivity line, in the He-can surface region and in the winding
ack region near the plasma side, respectively. Peakings of nuclear heating
rates can be read from these figures to be 1.8, 1.5 and 1.3 in the localized
resistivity line, in the He-can surface region and in the winding pack region
near the plasma side.

Insulator dose :

Insulator dose distributions in the plasma side insulator region are
represented in Fig.4.14. Peaking of insulator dose can be read from this
figure to be 1.3 in the plasma side insulator region.

Copper radiation damage

Copper radiation damages in the winding pack region near the plasma
are illustrated in Fig.4.15. Peaking copper radiation damage can be read
from Fig.4.15 to be 1.3.

From above discussion, shiclding properties for superconducting
magnets are summarized in Tables 4.3, 4.4 and 4.5. Peak nuclear heating rate
in winding pack can satisfy the design range of less than 1mW/cm3. Peak
insulator dose can satisfy the design range of less than 5%109 rad except
3MWa/m2 fluence. Peak copper radiation damage can barely be established
the design range of less than 10-3 dpa in case of the 1MWa/m?2 fluence, but
that in case of the 3MWa/mZ fluence cannot satisfy the design range.

Comparing these tables with Tables 4.3 and 4.4 in Chapter II, peak
nuclear shielding properties in both vacuum vessels, localized and uniformed
resistivity vacuum vessels, are summarized as shown in Table 4.6.

Using the method discussed in the previous chapter, three dimensional
nuclear heats in inboard part TFC are shown in Table 4.7 The values in
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Fig.4.5 Neutron and gamma-ray flux distributions in the torus direction of
Z= 290 cm in the vacuum vessel.
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Fig.4.6 Neutron and gamma-ray flux distributions in the torus direction of
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Fig.4.12 Nuclear heating rate distributions in the torus direction of Z=322 cm
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Table 4.3 Peak nuclear heating rate in TFC.

Estimated point
(R,Z) in em

Nuclear heating
rate (mW/cm®)

In winding pack

center (55, 328)

side  (95.3, 328)
In He-can

center (55, 3821)

side (95.3, 323.5)

Table 4.4 Peak insulator dose of TFC.

Dose (Rad)
Estimated
point (R, Z)in ¢ IMWa/mf | 3MWa/nf
center (55, 327.35) | 1.0x10° |[38.0x109
side (97.65, 327.15) | 8.4x 108 2.5x10°
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Table 4.5 Peak copper radiation damage in winding pack of TFC.

Displacement per atom
_ . (dpa)
Estimated luence _
point (R, Z)in ¢ IMWa/m IMWa/ m
center (55, 328) 5.853x 1074 | 1.751x 1073
side (85.3, 328) 4.785x 1074 | 1.485x107°

Table 4.7 Total nuclear heating of TFC.

Nuclear heat in inboard TFC (kW)
phase
Region Physics phase Technology phase
He-can 3. 85 284
Insulator 0.19 0.14
Winding pack 3. 97 2.93
Total 8.01 5.91
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physics phase and technology phase are 8.0 and 5.9 kW, respectively. Total
TFC nuclear heats can be predicted from these values and probably satisfy the
design range of S0OkW in physics and technology phases by using assumed the
design safety factor of 2 as follows:;.

43 kW in physics phase and 39 kW in technology phase.

Table 4.6 Peak shielding property summary of TFC.

Localized resistivity | Uniformed resistivity
Nuclear heat in winding 0.51 0.61
pack (mW/cm3)
Neutron fluence IMWa/m2 | 3MWa/m2 | 1IMWa/m2 | 3MWa/m?
Insulator dose (109 Rad) 1.0 3.0 0.85 2.6
Copper radiation damage 0.59 1.8 0.42 1.3
(10-3 dpa)

(Safety factor = 3 should be adopted)

The ratio the values by 2-dimensional heterogeneity model, 8.0 and 5.9
kW, to those by one-dimensional torus model in Chapter III, 7.3 and 54, 1s
obtained to be 1.1. This ratio can be explained mainly slit streaming effect on
shielding properties. Using this ratio, three dimensional nuclear heats in
inboard part TFC for uniformed vacuum vessel can be estimated to be 14 and
10 kW. Total TFC nuclear heats can be predicted from these values and be
barely satisfyed the design range of S0kW in technology phase, but the value
in physics phase becomes slightly larger than the design value by
approximately SkW as follows;

55 kW in physics phase and 47 kW in technology phase.

In these predictions, assumed design safety factor of 2 was used.

4.3 Summary

The two cm wide gaps and slit exist between vacuum vessel and shield
II, and between removal blanket/shield modules. The width of 2cm was
recommended by ITER maintenance group. These gap and slit have an effect
on shielding properties as follows.
1) Peak nuclear heating rate in winding pack can satisfy the design range of
less than ImW/cm3. Peakings of nuclear heating rates can be read from these
figures to be 1.8, 1.5 and 1.3 in the localized resistivity line, in the He-can
surface region and in the winding pack region near the plasma side.
2) Peak insulator dose can satisfy the design range of less than 5x109 rad
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except 3MWa/m?2 fluence. Peaking of insulator dose can be read from this
figure to be 1.3 in the plasma side insulator region.

3) Peak copper radiation damage can barely satisfy the design range of less
than 10-3 dpa in case of the 1MWa/mZ2 fluence, but that in case of the
3MWa/m2 fluence cannot satisfy the design range. Peaking of copper
radiation damage is obtained to be 1.3.

4) Total TFC nuclear heats in localized resistivity vacuum vessel can be
predicted to be 43 kW in physics phase and 39 kW in technology phase. These
values probably satisfy the design range of 50 kW in both phases by using
assumed the design safety factor of 2.

5) Total TFC nuclear heats in uniformed resistivity vacuum vessel can be
predicted to be 55 kW in physics phase and 47 kW in technology phase. These
values barely satisfy the design range of 50 kW in technology phase, but the
value in physics phase becomes slightly larger than the design value by
approximately 5 kW.
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5. LOCAL PEAKING FACTOR BY GAP STREAMING

In reactor structure, many gaps exist between modules and components
for removing in maintenance, and absorbing thermal-expansion and some of
them are generated by limit of manufacturing accuracy. These gaps reduce
the shielding properties and produce the peaking factors in them.

In the present report, the peaking factors are estimated for various gaps.
Gap configurations are recommended in order to improve the shielding
properties since the gaps in the shield are indispensable to reactor maintenance
etc.

5.1 Calculational Model

Two dimensional transport code DOT3.515) is used and a nuclear group
constant set GICX40 (n-42g, gamma-21g)7) is adopted.

Neutron and gamma-ray fluxes are calculated by two-dimensional X-Y
model as shown in Figs. 5.1 and 5.2. Calculational conditions are as follows.
Numbers of meshes for inboard shield model are used to be 55 in the X-
direction and 56 in the Y-direction as shown in Figs.5.1(a), -(b) and -(c).
Number of meshes in outboard shield with straight gap are adopted to be 45 in
the X-direction and 73 in the Y-direction as shown in Fig.5.2(a). Number of
meshes in outboard shield with 3 step gap are used to be 73 in the X-direction
~ and 88 in the Y-direction as shown in Fig.5.2(b). Number of angle division
adopted in these models is used to be unisotropic 166. Source intensity of
these models is normalized in the plasma region, that is, I n/s. Void gap width
0.5 cm in these models is 0.5cm. Material number densities are shown in

Table 5.1.

5.2 Results and Discussions

5.2.1 Local peaking in inboard shield

Neutron flux with 14MeV energy contour in the inboard shield model
without gap is shown in Fig.5.3. All contour lines are parallel to each other
and approximately equal spaces in each zone. In Fig.5.1 (a), (b) and (c),
14MeV neutron flux contours are presented as shown in Figs.5.4 (1), (2) and
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Fig.5.2 Geometrical models for gap streaming analysis of outboard shield.
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Table 5.1 Material composition of each zone for DOT3.5 calculations.

Zone Volume Fraction
Inner Removabie Shield 88 0.95 H.0 0.05
Tnner Semi-permanent Shield ss 0.7 He0 C.3
Quter Shield (front part) §S 0.95 H0 G.OS
Quter Shield (rear part) ss 0.7 H,0 C.3
Cryostat §s 0.95 H,0 0.05
He Can of TFC §8 1.0
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(3). In Fig.5.4(1) model, a straight gap exists only in the removable shield,
and its width is 1cm. In Fig.5.4(2) model it is only different in gap width of
0.5cm. In the shield with step gaps as Fig.5.1(b), 14MeV neutron contour is
shown in Fig.5.4(3). In the shield model with straight gap from removable to
semi-permanent zones, 14Mev, fast (En>0.1MeV) and total neutron, and
gamma-ray flux contours show a variation as in Figs.5.5(a), 5.5(b) and 5.5(c).

From these figures, we evaluated peaking factors in each model. The
peaking factors in 14MeV neutron flux on the surface of He-can in SCM are
obtained as Table 5.2.

Table 5.2 14MeV neutron flux local peaking factors on the He-can.

gap _ only removable shield | removable and permanent

configuration with gap shields with straight gap
i (1)straight | (2)straight | (3) step, ; i

gap width (s! istre (.25cm p. | Fig.5(a) straight, 0.5cm

peaking 1.22  |1.09 1.19 7.27

factor

In case of straight gap of width 0.5cm, neutron and gamma-ray flux
distributions in the region adjacent gaps are shown in Figs.5.6(a) and (b).
From these calculation, local peaking factors in superconducting magnet
irradiation properties are estimated as shown in Table 5.3. In this model there
is a cryostat between the permanent shield and He-can of SCM. The cryostat
is composed of 95%SS and 5%H0. On the other hand, ITER inboard has no
cryostat in this area. When we can, thereupon, regard the cryostat as vacuum
vessel, that is, the cryostat as gap less shield, local peaking factors of nuclear
heating for SCM properties are considered as less than factor 2.

5.2.2 Local peaking in outboard shield

In outboard shield model with straight gaps shown in Fig.5.2(a),
14MeV, fast (En>0.1MeV) and total neutron flux contours are represented as
in Figs.5.7(a), (b) and (c). On the other hand, their contours in the shield
with 3 step gaps are shown in Figs.5.8(a), (b) and (¢). Neutron and gamma-
ray flux distributions of X-direction in Y=0, that is, along the rectangle
direction to the gap line at gap exit are illustrated to compare with each other
as shown in Figs.5.9 and 5.10. There are large local peakings in the
distributions in the outboard shield with straight gap as in Fig.5.9. While the
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Table 5.3 Local peaking factors of irradiation properties by gap(l) streaming
effect through inboard shield.

Local Peaking Factor

Cryostat He Vessel SCM
14 MeV Neutron Flux 18.5 6.83 —
Fast Neutron Flux (E>0.1 MeV) 2.65 1.25 —_—
Total Neutron Flux 1.95 1.13 e
Total Gamma-Ray Flux 1.64 1.22 —_—
Nuclear Heating Rate of S$5316 2.08 1.42 o
DPA of 355316 : 5.05 —_— —_
DPA of Copper — — 1.31
Zpoxy Dose Rate —_— — I 1.27

(1) Straight gap through the removable shield and the
semi-permanent shield {(gap width = 0.5 cm)
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shield with 3 step gap has small local peaking. Summarized these local
peaking, Table 5.4 s obtained.

Table 5.4 Local peaking factor for gap streaming
in outboard shield

: straight gap 3 step gap
14MeV neutron flux 3.09x103 6.13
Fast neutron flux - 1.14x102 | 1.96
(En>0.1MeV)
Total neutron flux 56.6 1.79

From this table, the local peaking in case of straight gap has a factor of
approximately 2-orders and that in case of gap with 3 steps factor 2. In order
to reduce local peaking factor, it is important to establish a few steps in gaps.

5.3 Summary

(1) Local peaking factors of 14MeV neutron are approximately couple of tens
% in case of only removable shield with gap of both 1cm and 0.5c¢m width.

(2) Local peaking factors of nuclear heating for SCM properties are
considered as less than factor 2 in case of gap less shield of 10cm thickness
outside removable and permanent shields with straight gaps.

(3) The local peaking in case of outboard shield with straight gap has a factor
of approximately 2-orders.

(4) The local peaking in case of outboard shield with 3 step gap is s factor 2.

(5) In order to reduce local peaking factor, it is important to establish a few
steps in gaps for biological outboard shields.
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6. BIOLLOGICAL SHIELD AROUND NBI DUCT

Neutral beam injector (NBI) duct wall must be constructed sufficiently
thick to protect from radiation for personal exposure. The thickness is
investigated from the view point of gamma-ray shielding required for
radiation workers in order to enter into the reactor room in a week after
reactor shutdown. The gamma-ray is caused by two sources. The one is that
generating from the duct wall itself and the other is that arriving from the
teactor core, that is, from activated first wall. The duct wall is activated with
neutron streaming from the source of plasma during operation.

The purpose of the present work is to determine the duct wall thickness
required to protect for radiation workers from personal exposure less than
biological criteria of 2.5 mrem/h (25uSv/h) in a week after reactor shutdown.

6.1 Calculational Model and Method

The neutral beam injector duct concept is represented in Fig.6.1. This
figure shows the mid plane from the reactor torus center to a beam dumper
chamber located just outside the reactor room. Two dimensional transport
code 'DOT3.515)" is adopted to shielding calculations and the nuclear group
constant set FUSION-J3 (n-125g, gamma-40g)4) on the basis of JENDL-38) is
used. A duct R-Z model as shown Figs.6.2 and 6.3, two dimensional large
radius R-Z cylinder model, is applied to the NBI duct from the reactor core to
the beam dumper chamber. '

Calculational conditions are as follows. The duct walls inside and
outside the cryostat are composed of 85% SS and 15% H0, and 20% SS and

80% H7O, respectively. Legendre polynomial order in scattering cross
sections is applied P3. The number of angle dividing in space is used the
unisotropic division of 166. Neutron first wall loading and fluence are
adopted to be IMW/m? and 1MWa/m?2.

The neutron and gamma-ray fluxes were calculated with two steps since
the duct is very long more than 40m. In the first step, neutron and gamma-
ray fluxes during operation were computed in the model from the reactor
core to just outside the cryostat as in Fig.6.2. In the second step, neutron and
gamma-ray fluxes during operation in the model of the duct outside the
cryostat as shown in Fig.6.3 were computed from the neutron and gamma-ray
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Fig.6.2 Two dimensional R-Z cylinder model of NBI duct from the reactor
torus center to just outside the cryostat.
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sources created same as the fluxes and spectra in Fig.6.3 model as those in
Fig.6.2 model at the connecting point of the duct just outside the cryostat.
Gamma-ray flux in a week after reactor shutdown in the first step model were
computed with activated first wall and duct, etc. structural materials by
neutron during operation. In the second model, two gamma-ray sources exist.
The one exists in the activated duct structural materials themselves by neutron
streaming through the duct during operation. The other is that streaming
through the duct from the first wall activated by neutron during operation. In
the second model, these two were calculated separately.

6.2 Results and Discussions

(1] Just outside the cryostat

Gamma-ray dose rate in the torus center to the cryostat in a week after
reactor shutdown is obtained as shown in Fig.6.4. This dose rate is calculated
under the condition of the first wall neutron fluence of IMWa/mZ2. From this
figure, the dose rate around the duct just outside the cryostat can be seen 104
mrem/h ( 102mSv/h). The duct wall outside the cryostat is applied water rich
shield as shown in Fig.6.2. The thickness 100cm of water rich shield can
reduce 4.5 order of activated gamma-ray dose rate from Fig.6.4.
Consequently, further more water rich shield thickness of 90cm can be easily
seen required in this area in order to reduce 104 mrem/h (102mSv/h) to 2.5
mrem/h (25uSv/h) in a.week after reactor shutdown.

[2] Near the reactor room wall
Neutron and gamma-ray flux distributions along the duct axis are shown
in Fig.6.5. From this figure, total neutron flux is more than 2.2x1012
nfcmZsec near the cryostat and decreases to 2x1011 nfem2sec on the surface of
the room wall. This neutron activates the duct wall and the result occurs the
gamma-ray contour as shown in Fig.6.6. This is the gamma-ray activated by
neutron streaming from the plasma expressed previously. The dose rate due
to this gamma-ray is shown in Fig.6.7. Figure 6.8 represents the dose rate
distribution along the inside surface of the reactor room. Dose rate at the duct
surface just inside the room is higher value of 8x101 mrem/h (8x102uSv/h)
than the criteria of 2.5 mrem/h (25uSv/h).
' Gamma-ray only streaming from the reactor core gives its flux contour
as shown in Fig.6.9 and also its dose rate contour as shown in Fig.6.10.
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Figure 6.11 represents the dose rate distribution along the inside surface of the
reactor room by gamma-ray only streaming from the reactor core
Comparing this figure with Fig.6.8, we can be seen that dose rate in the
former decreases more rapidly than that in the latter across the water rich
duct. Reduction rate of one order is given by thickness less than 10cm in the
former, while that is given by thickness of 25cm.

From these discussions, dose rate in the reactor room in a week after
shutdown is contributed mainly by activation of duct itself. Considering Figs.
6.8 and 6.11, further more water rich shield thickness of 30cm, that is total
130cm, can be seen required around the duct just inside the reactor room in
order to reduce 80 mrem/h (8x102uSv/h) to 2.5 mrem/h (25uSv/h) in a week
after reactor shutdown. If the activation of duct were neglected, the duct
thickness of 50cm would be sufficient even if water rich shield.

6.3 Summary

1) Gamma-ray from activated duct itself has a main contribution to gamma-
ray dose rate in the reactor room around the duct in a week after shutdown.

2) In order to reduce 104 mrem/h (102mSv/h) to 2.5 mrem/h (25uSv/h) in a
week after reactor shutdown, required thickness of the water rich duct is as

follows;
i) The thickness around the duct just outside the cryostat is required for

190cm.
ii) The thickness around the duct just inside the reactor room is required

for 130cm.



JAERT-M 91046

0! SHUTDOWN GAMMA RAY DOSE RATE {Z =80 MESH)
Elillllf[[llIITlIl||11l[l[l|li[?|l]ij}llIllll.lllllq
- &
3 ] i
108 L el h _____________________ 4
10 L e ]
E= U OO EUORS R | SRR SSESRSS S 4
£ 2 ;
7 u 1
CD i -
=3, 3 ~
S 10® Lo -
= - .
— |
E , T ]
8. 10 ik alil il Hanlle dhedies el Sttt —‘:
E : :
@ i ]
1
S T URUUNUNNUUNURROUPROY DUl PR O A0 SR FESES RS —
4b) 3 E
17)] r ]
O . 2
o L _
100 L .
107 L ] -
T —&— 1WEEK ]
10_2 llllllIilllllllllllllllllllllllllli[ILlIllllllLl_l_.
0. 200. 400. 600, 804. 1000,

distance from the torus axis {(cm)

Fig.6.11 Dose rate distribution along the inside surface of the reactor room
by gamma-ray streaming from the reactor core
in a week after reactor shutdown



JAERI—M 91-046

7. MONTE CARLO ANALYSIS OF NBIDUCT

In Monte Carlo analysis. in neutral beam injector duct, validity of the
results obtained by 2-dimensional RZ duct model with DOT3.515) in the last
work-shop is discussed in comparison of results from Monte Carlo calculation
by MCNP16) with those from 2-dimensional RZ cylinder model by DOT3.5.
On the basis of this discussion, biological shield around the neutral beam
injector duct is investigated in the present chapter.

7.1 Calculational Model

Concept of the neutral beam injector duct is illustrated Fig.7.1 in
elevation view and Fig.7.2 in plan view. Its two-dimensional RZ model in
mid-plane is described in Figs.7.3a and 7.3b for DOT3.515). Number of
meshes in the former are 94 X 88 and that in the latter 94 X 144 in R-distance
and Z-distance. Three dimensional model for MCNP is illustrated in Figs.7.4
and 7.5 as an elevation view and a plan view, respectively. The duct in the
model is surrounded by 30cm thick wall composed of 80% SS and 20% H20.
The thickness is sufficient to evaluate colliding neutron fraction.

Since used atomic number densities in DOT3.5 are same as those used in
Chapter 3, those tables are not listed in the present chapter.

Nuclear cross section file based on ENDF/B-IV is adopted in Monte Carlo
calculation by MCNP.

7.2 Comparison with DOT3.5 Results and Discussions

Total neutron and gamma-ray fluxes along the NBI duct axis are
represented in Fig.7.6. Two solid lines are calculated by DOT3.5 and the
symbols, X and ¢, are computed by MCNP. Neutren fluxes by DOT3.5 and
by MCNP agree precisely at a point 7m apart from the duct entrance, that is
the first wall. On the other hand, both gamma-ray fluxes agree precisely at a
point 15m apart from the entrance. The flux by DOT3.5 is 50 % larger than
that by MCNP at a point near than 15m. From these comparisons, the duct
thickness required by Maki2) in the last ITER specialist meeting can be found
to be valid. In that meeting the thickness was.estimated by DOT3.5 from the
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point of view of biological shield for possible to enter into the reactor room in
a week after reactor shutdown. A gamma-ray dose rate contour line map is
'shown in Fig.7.7, it is from activated duct by the neutron streaming through
the duct from the plasma in a week after reactor shutdown. And the gamma-
ray dose rate distribution is represented in Fig.7.8 along the inside surface of
the reactor room in a week after shutdown.

7.3 Summary

1) Neutron fluxes by DOT3.5 and by MCNP agree precisely at a point 7m
apart from the duct entrance, that is the first wall.
2) Both gamma-ray fluxes agree precisely at a point 15m apart from the
entrance. The flux by DOT3.5 is 50 % larger than that by MCNP apart from
the duct entrance. :
3) The duct thickness required in the last ITER specialist meeting can be
shown to be valid.
4) In order to reduce to 25uSv/h (2.5 mrem/h ) in a week after reactor
shutdown, required thickness of 120-130cm duct composed of 80% SS and
20% water just outside the cryostat.

When we adopt the water tank type or concrete duct, the thickness
around the duct just outside the cryostat is required for 190cm and the
thickness around the duct just inside the reactor room is required for 130cm.
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8. BIOLOGICAL SHIELDING AROUND CRYOSTAT

Two cryostat concepts are considered to be the subject of investigation.
The one is a type of concrete cryostat, and the other is a 3.5cm thick SS
double wall hollow type cryostat, ITER reference design in 1989 summer
joint work.

Biological shielding properties in various type of cryostats, concrete
type, thin SS double wall type, thick SS type and water tank type cryostats are
estimated and compared with each other. From these discussions, suitable
types of cryostat concepts for biological shield are recommended in the

present chapter.

8.1 Cryostat Model for 2D Calculation

Used atomic number densities are shown in Tables 8.1 and 8.2 in the
following calculations. Two-dimensional transport cede DOT3.5 is used.
And adopted nuclear group constant set is FUSION-J34) based on JENDL-38),
Legendre polynomial order in scattering cross section 'P3' is applied and the
order of angle dividing number in space the forward biased division of 100.

We investigated two concept of cryostats as a fundamental subject. The
one is a type of concrete cryostat, and the other is a 3.5cm thick SS double
wall hollow type cryostat, ITER reference design. In the former the thickness
of the cryostat is adopted 100cm in calculational model. In later discussion,
required thickness will be determined from the viewpoint of biological
shielding. In the latter the distance between 3.5cm SS walls is adopted to be
70cm.

Two-dimensional RZ models are illustrated in Figs.8.1 and 8.2 for the
mid-plane from the torus axis to the neutral beam injector duct outside
cryostat. Number of meshes is 94 x 88 in R-distance and Z-distance in the
former and that is 94 X 98 in the latter. The NBI duct thicknesses are applied
to be 50cm and 120cm in the cryostat and out of cryostat, respectively. The
duct wall is composed of 80% SS and 20% water. The neutron first wall
loading is adopted to be 1MW/m2 of average value.

The subject of this investigation is to determine the cryostat concept and
thickness with relation to NBI duct thickness inside the cryostat by
requirement to be possible to enter into the reactor room in a day or week

— 100 —
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Table 8.1 Atomic number densities of component materials.

(1024cm~3)

No, Material Element Number Density
1 | Plasma 241 246§ M. 7 12 1.000 x10-'"
2 | 3168 § 247 252 C 99 60 0.0 x10°
Hn 145 150 1. 662 x10°°

Cr 139 144 1.575 x10-%

i 163 168 9, 848 x10-°

Fe 151 136 5.869 x10°7

3 | Ho0 253 258 1 l 6 6.686 x10-°
0 87 12 3.343 x10-°?

{ | Air 259 264 X 51 66 4.220 x10°°
0 o7 72 1.170 x10-*

5 | Natural Li,0 5Li 25 30 5.118 x10-*
265 270 TLi 31 36 6.385 x10°?

0 67 12 3, 4484x10-°

6 | Li.0 (°Li 30%) Li 25 30 2.069 x10°°
271 2761 TLi 31 36 4.828 x10-°?

0 67 72 3, 4484 10°2

7 | Be 277 282 | *Be 37 42 1.236 =10~
8 | B.C - 283 288 | '°B 43 48 2.196 x10-?
'tB 49 54 5.784 x10°°?

C 99 60 2.745 x10°°?

9 | Pb 289 294 Pb 205 210 3,296 x10°°?
10 | Cu 285 300 Cu 169 174 8. 464 x10°?
11 Vacuum 301 306 Air 259 264 1.000 x10-°
12 | EPOXY (Ciel2004) L 55 60 4.478 x10-?
307 ~ 312 H 1 3 4. 976 x10-°

0 §7 72 7. 464 x10°%

13 | ¥ 313 318 W 199 204 6.442 x10-?
14 | C 319 324 C 59 60 8.023 x10°°?
15 | Ne {gas) 325 330 [ *He 19 24 2.6888x10°°
16 | He (1iquid) 331 3361 ‘le 19 24 1.8963x 102
17 | A 3317 342 Al 91 96 §.0017Tx10"?

(continue)
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Table 8.1 Atomic number densities of component materials (continued).

No. Material Biement Kumber Density
18 | Concrete Na 79 ~ 84 £.939 x10-¢
(o= 2 228/cr?) : Fe 151 ~ 156 B.6872x 10~
0 87 ~ T2 4.123 x10-?
343 ~ 348 C 55 ~ 60 3. 004 x10°¢
i 1~ 6 B.364 x10°°
Si 97 ~ 104 1.680 x10°?
K 115 ~ 120 2.734 x 10!
Ca 121 ~ 126 3.301 x10°°

— 102 —




Table 8.2 Material volume fractions of each region.

- JAERI—M 91—046

(1024%cm™3)
No. Material Componentzria} material fraction
19 | Poloidal coil 349 ~ 3541 S 3 247 292 0. 426
Cu 295 300 0. 258
He (ligquid) 331 336 0.225
20 | He - can 355 ~ 360 S5 247 252 0. 86
21 | EPOXY , SCM S8 247 202 0,301
361 ~ 366 | Cu 295 300 0.31
ke (liquid) 33l 336 0.21
EFOXY 307 312 0,179
92 1§ §:H,0=0.1:0.9 55 247 252 0.1
367 ~ 372 U.0 253 258 0.9
23 |8 S:H.0=10.2 : 0.8 $ S 2417 252 0.2
373 ~ 378 | H.0 253 298 .8
24 | Blanket (°Li 30% enrichment) | Be 277 ~ 282 0. 4725
| 379 ~ 384 | Lia0 271 276 0. 1575
$S 247 252 0.05
.0 293 298 0.05
e (gas) 325 ~ 330 c.1
95 | Graphite S8 247 ~ 252 0.3
blaniet vessel 385 ~ 380 | H.0 253 238 0.128
Graphite(C) 319 324 0,371
26 | § S:H.0=10.9:0.1 § S 247 252 0.9
391 ~ 396 1.0 253 258 0.1
21 Divertor 397 ~ 402 | Graphite(C) 319 324 0.213
Cu 295 300 0. 447
i 20 253 258 0. 340
(continue)
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Table 8.2 Material volume fractions of each region (continued).

(102%cmn™3)
No, Material Component material fraction
28 | Shetl 403 ~ 408 | Graphite(C) 319 ~ 324 0. 445
$S 247 ~ 252 0.233
R0 253 ~ 258 0.1
Al 337 ~ 342 0.222
99 | FW + Shield 409 ~ 414| ¢ 319 ~ 324 0. 0667
§$ 247 ~ 252 0. 775
H.0 253 ~ 258 0. 05833
30 | Beam dumper 415 ~ 420 Cu 294 ~ 300 0. 063
$$ 247 ~ 252 0.106
0 253 ~ 258 0.831
31 | Cryopannel 421 ~ 426 SS 247 ~ 252 9. 443
He (liquid) 331 ~ 336 0.104
N (liquid) 325 ~ 330 0.208
32 | 88 + Water 427 4321 88 247 252 0.8
20 253 ~ 258 0.2
33 L Li,0 + 88 + He0 + C Li,0 Natural 265 270 0. 3035
433 ~ 438 SS 247 ~ 252 0.127
k.0 253 ~ 258 0.0732
c 319 ~ 324 0.0656
34 | Li,0 + 88 + H,0 Li.0 Natural 265 ~ 270 0.308
439 ~ 444 SS 247 ~ 252 0.183
.0 253 ~ 258 0. 0626
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7 (cm)

distance from the torus axis

JAERI-—M 91—046

Z
1400 3
.:
1200 -
-
- Cplasma
. @vacuun
i @, @DF/¥ and blanket
1000 3 ®blanket
- ® shield
E (§S:H,0=0.2:0.8)
5 O He-can
E—‘——\__\_[ ®winding pack
800 F— ®shield
- {SS:Hp0=0.8:0,2)
._'
3 (MHe-can
':-1 Dpoloidal coil
» @vacuum
- ®duct wall
6§00 {SS:Hp0=0.8:0.2)
- @eryostat
E (concrete)
- Bduct wall
E {55:H,0=0.8:0.2)
= ® @vacuum
400 3 ) ® ® air
! @
.
— =
+— 'ﬁ
200 N l |‘L
a - E
© ‘@’ ® | @S
®
g 7 i iIITVIIITHElilillHHIIHIIIIJIHI]IHIWHH[HI!IlIIII[!IIII|iHIH1IEHi[llHlll A
{ 100 200 300 d00 500 6500 700 800

distance from the torus axis R (em)

Fig.8.1 Two dimensional R-Z cylinder model for torus mid-plane the NBI

duct from the reactor torus center to just outside the concrete
cryostat.
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after reactor shutdown. Maximum fluence of reactor operation is supposed to
be 1 or 3MWa/m?2.

8.2 Comparison of Shielding Properties

Concrete cryostat

A fourteen MeV energy neutron flux contour line map is illustrated in
Fig. 8.3. It can be seen that the neutron flux has a tendency of higher flux
level in upper right side in this figure. This means that a great deal of
neutrons are travelling to the direction of upper right side in the duct wall
outside region. A more than 0.1 MeV energy neutron flux contour line map
is illustrated in Fig.8.4. It can be also seen that the neutron flux has the same
tendency as 14 MeV neutron flux. Total neutron flux and total gamma-ray
flux contour line maps are represented in Figs.8.5 and 8.6 during operation.
Total neutron and gamma-ray fluxes can be also comprehended to have the
~ same tendency as 14 MeV and more than 0.1 MeV neutron fluxes. From these
behavior, dose rate after reactor shutdown is presumed higher in the right
outside region of the NBI duct.

Figure 8.7 illustrates a gamma-ray flux contour line map in a week
after shutdown of 1MWa/m2 fluence operation. And their dose rate contour
line map is described in Fig.8.8. From these figures and computational
results, dose rates are indicated at the NBI duct penetration points into the
cryostat, that is, points A, A', B and B' shown in Figs 8.3 and 8.4, as follows;

inside the cryostat point A--5.4x105 pSv/h,
point B--1.0x106 pSv/h,
outside the cryostat point A'--7.9x102 pSv/h,
point B'--1.8x103 pSv/h.
In order to reduce the dose rate outside the cryostat to 25 uSv/h, biological
dose rate design criteria, additional concrete thickness of 60 cm to the cryostat
is required, that is required total thickness of 160cm, considering the results
of three decade reduction for 100cm thick concrete.

SS double wall cryostat

A fourteen MeV energy neutron flux contour line map is illustrated in
Fig. 8.9. It can be seen that the neutron flux contour line behaves just like in
ignorance of cryostat existence. This means that a great deal of neutrons are
travelling to the outside direction of the cryostat from the thinner duct wall
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area, thickness of 50cm, inside the cryostat. A more than 0.1 MeV energy
neutron flux contour line map is illustrated in Fig.8.10. It can be also seen
that the neutron flux has the same behavior 14 MeV neutron flux. Total
neutron flux and total gamma-ray flux contour line maps are described in
Figs.8.11 and 8.12 during operation. Tota! neutron and gamma-ray fluxes can
be also comprehended to have the same behavior as 14 MeV and more than
0.1 MeV neutron fluxes. From these behavior, dose rate after reactor
shutdown is presumed higher than that in concrete cryostat.

Figure 8.13 illustrates a gamma-ray flux contour line map in a week
after shutdown of IMWa/m?2 fluence operation. And their dose rate contour
line map is described in Fig.8.14. From these figures and computational
results, dose rates are indicated at the NBI duct penetration points into the
cryostat, that is, points A, A', B and B' shown in Figs.8.3 and 8.4, as follows;

inside the cryostat point A--6.8x105 mSv/h,
point B--1.5x106 mSv/h,
outside the cryostat point A'--7.8x104 mSv/h,
point B'--1.7x105 mSv/h.
In order to reduce the dose rate outside the cryostat to 25 mSv/h, biological
dose rate design criteria, additional SS rich duct wall thickness of 60-70 cm is
required, that is required total thickness of 120cm in duct wall inside the
cryostat, considering the results of three decade reduction for 50cm thick wall
composed of 80% SS and 20% water.

From above discussions, dose rates at the NBI duct penetration points
into the cryostat, that is, points A, A', B and B', are summarized in Table 8.3.
From these results including Table 8.3, cryostat and duct concept and
thickness should be reinvestigated from the start point of ITER reference
design, 3.5 cm SS double wall hollow type cryostat, in order to satisfy 25
mSv/h, biological dose rate design criteria. According to our results and
discussions, following four cases as shown in Table 8.4 are listed as
considerable concepts.

Cryostat and duct concepts of these 4 proposals puls one derivation are
reevaluated from the point of view of adjustment the reactor room and
protection from streaming by gap occurred in interference of TFC with duct.
These reevaluation steps and processes are described in Fig.8.15.

Consequently, concrete cryostat of 160cm thickness is most appropriate
concept. Therefore, we recommend the concrete cryostat concept.
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Table 8.3 Dose rate in a week after reactor shutdown of 1 MWa/m? fluence

operation.
(1 Sv/h)
cryostat type concrete double SS wall
positions (Im thick) (3. 5cm thick)
ingside cyostat
~ point A 5.4X 105 6.8 10°
point B 1.0x10° 1.5x10°
outside cryostat
point A’ T.9% 102 7.8x 104
point B’ i.8x10%® 1.7x10°

- Biological dose rate criteria of 25u Sv/h(Z2. Smrem/h).

Table 8.4 Thicknesses of cryostat and duct walls in various cryostat options.

cryostat wall

duct wall thickness

cryostat options thickness (SS:H,0=0.8:0.2)
(1)Double SS wall SS 3. 5cm X2 ~120cm #*
(2)Single SS wall 70-80cm 50cm
(SS:H20=0.8:0.2)
(3)Double SS wall SS 3.5em X2 50cm
with water vater~160cm
(4)Concrete wall ~160cm 50cm

% Defending against streaming from gap

and SCM is the problem.
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8.3 Summary

In case of the hollow type cryostat, 3.5cm SS double wall cryostat of
ITER reference design, dose rate in the reactor room after reactor shutdown
18 impossible to be reduced less than 25 mSv/h, biological dose rate design
criteria, by streaming and penetrating neutron from thin duct area of neutral
beam injector duct inside the cryostat.

Therefore, we recommend the concrete cryostat concept. The cryostat
thickness is 160 cm, and the same neutral beam injector duct wall thickness
inside the cryostat as ITER reference design of 50cm.
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9. DOSE RATE IN REACTOR ROOM DUE TO ONE
ACTIVATED MODULE IN MAINTENANCE

In maintenance one activated module is pulled out from a reactor core
and hung in a reactor room. The first wall has an activity of about 50Ci/cm3
in a week after shutdown of reactor operated by the first wall neutron fluence
IMWa/m2.

In the present report, dose rate in the reactor room during the
maintenance is estimated.

9.1 Calculational Model and Method

The reactor room configurations in maintenance is represented in
Fig.9.1. The room has a cylindrical form of radius 2665cm and maximum
height of 5000cm. This figure shows that gamma-ray source exists at the
center of the room. A two dimensional R-Z cylinder model is, therefore,
suitable to be applied to the room as shown Fig.9.2. This figure shows an
upper half room model. Two dimensional transport code 'DOT3.515)" is
adopted to gamma-ray transport calculation and dose rate estimation, and the
gamma-ray transport cross section set GROUPIN(gamma-54g)17) is used.

Calculational conditions are as follows. The reactor room wall is
composed of normal concrete. Results of activation calculation in the reactor
core, that is, the first wall and shieldings for fluence of 1MWa/m2 operation is
adopted to the gamma-ray source intensity. The value is the intensity of
6.444x1017 g/sec, one module intensity, in a week after shutdown. Activation
calculation was performed by one dimensional cylinder model of reactor torus
model. Legendre polynomial order in scattering cross sections is applied P3.
The number of angle dividing in space is used the isotropic division of S16.

9.2 Results and Discussions

Gamma-ray flux and dose rate contours in the reactor room due to one
activated module in a week after reactor shutdown are obtained as shown in
Figs.9.3 and 9.4, respectively. From Fig.9.4, the dose rate in most of area of
the room can be seen 107 -108 mrem/h ( 105-106mSv/h) extraordinary higher

— 124 —



JAERI—M 91—046

Fig.9.1 Reactor room cross section.
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Fig.9.3 Gamma-ray flux contour in the reactor room during maintenance.
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Fig.9.4 Gamma-ray dose rate contour in the reactor room during maintenance.
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than the biological criteria for radiation workers of 2.5mrem/h(25uSv/h).

Gamma-ray dose rate distributions along the Z-axis is shown in Fig.9.5.
From this figure, dose rate can be seen decreasing by 8 order in the concrete
roof and dose rate on the outside surface of the roof 0.8 mrem/h (8uSv/h).
Figure 9.6 shows dose rate distribution along the outside surface of the roof.
Dose rate distribution outside surface of the reactor room side wall is
represented as shown in Fig.9.7. The maximum dose rate is 10-Smrem/h (10~
4uSv/h).

From these results, it can be undoubtedly seen that radiation workers
are impossible to enter into the reactor room. The dose rate outside the
reactor room wall and roof are, respectively, sufficiently and barely less than
the criteria.

9.3 Summary

1) Gamma-ray dose rate in the reactor room in maintenance is 107 -108
mrem/h ( 105-106mSv/h) extraordinary higher than the biological criteria for
radiation workers of 2.5mrem/h (25uSv/h).

2) The dose rate outside the reactor room wall is 10-5Smrem/h (10-4uSv/h)
sufficiently less than the criteria.

3) The dose rate outside the reactor roof is 0.8 mrem/h (8uSv/h) barely less
than the criteria.
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Fig.9.5 Gamma-ray dose rate distribution along the Z-axis during maintenance.
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10. DOSE RATE AT THE SITE BOUNDARY DUE TO
ONE ACTIVATED MODULE IN MAINTENANCE

In maintenance one activated module is pulled out from a reactor core
and hung in a reactor room. The first wall has an activity of about 50Ci/cm3
in a week after shutdown of reactor operated by the first wall neutron fluence
IMWa/mZ2. When the maintenance takes much time such as two or three
months, dose rate at a site boundary is influenced considerably by gamma-ray
from the hung module.

In the present report, dose rate at the site boundary is estimated by
taking account of skyshine during the maintenance .

10.1 Calculational Model and Method

The configurations from reactor room to the site boundary is
represented in Fig.10.1. The two dimensional cylindrical skyshine model is
adopted to the space. The model has a cylindrical form of 1000m radius and
1000m height with the bottom of 1m thick ground. Figure 10.2 shows the
gamma-ray flux distribution of R-direction outside the surface of the reactor
room roof. The gamma-ray source of this calculation is computed by
integrating the gamma-ray flux of Fig.10.2 over the roof surface. Two
dimensional transport code 'DOT3.515)" is adopted to gamma-ray transport
calculation and dose rate estimation, and the gamma-ray transport cross
section set GROUPIN(gamma-54g)17) is used. |

Calculational conditions are as follows. The reactor room wall and roof
are composed of normal concrete. Results of roof surface gamma-ray
calculation in the hung reactor one module core during maintenance is adopted
to the gamma-ray source intensity on the roof surface. Legendre polynomial
order in scattering cross sections is applied P3. The number of angle dividing
in space is used the isotropic division of S16.

10.2 Results and Discussions

Gamma-ray dose rate contour in the space due to one activated module
in a week after reactor shutdown are obtained as shown in Fig.10.3. From
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this figure, the dose rate less than the public exposure criteria of
1mrem/y=1.14x10'4 mrem/h is obtained far from the reactor room of
distance more than 200m in R-direction and more than 500m in Z-direction.
The dose rate distributions of 1m height and 41.6m height of reactor room
roof height in R-direction are represented as shown in Figs.10.4 and 10.5,
respectively. The area of the dose rate less than the criteria is the outer area
of distance 200m far from the reactor room considering these Figs.10.4 and
10.5. Even if calculational uncertainty is one order, dose rate at the distance
of 400m far from the room can be seen reduced less than the criteria of
1mrem/y=1.14x10-4 mrem/h.

10.3 Summary

1) The gamma-ray dose are at the distance of 200m far from the reactor room
is less than the criteria of public exposure criteria of 1mrem/y.

2) Even if calculational uncertainty is one order, dose rate at the distance of
400m far from the room can be seen reduced less than the criteria of Imrem/y.
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11. SAFETY FACTOR CONSIDERATIONS AND SHIELD
EXPERIMENT / ANALYSIS ISSUES FOR ITER DESIGN

11.1 Contribution Factors to Shield Design Safety Factor
11.1.1 Inboard shield for SCM

[1] Uncertainty in gap streaming

Uncertainties in gap streaming are caused by numerical method and
calculational models. In a certain shielding medium with gap, 14MeV neutron
flux peaking factor with DOT3.5 are underestimated by 3 times of those with
MORSE. From these results, the uncertainty factor is reasonably supposed as
factor 2-3.

[2] Uncertainty in bulk shielding

Uncertainties in bulk shielding design are caused mainly by nuclear data
uncertainties, especially gamma-ray production cross sections in inboard
shield for SCM. The uncertainty factor is considered as several tens per cent
due to homogeneous medium experiment and analysis.

[3] Uncertainty in heterogeneity including voids
This uncertainty is caused by calculational models such as mesh width,

energy group and number of angle effects, etc. The uncertainty factor is
guessed as several tens per cent due to void effect calculation. '

When the peaking factor generated by gaps is considered in shielding
design, the design safety factor of 2-3 can be adopted. While averaged
shielding medium is treated without considering local peaking by gaps, the
design safety factor 10 should be adopted due to the peaking factor more than
5.

11.1.2 Biological shield including outboard

[1] Uncertainty in port/duct streaming
Uncertainties in port/duct streaming are caused by limits of numerical
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method and modeling real structure configurations for calculation. The
uncertainty factor is roughly estimated as more than factor ten, considering
discrete ordinate transport codes such as DOT3.5 available in shielding design.

[2] Uncertainty in gap streaming

Uncertainties in gap streaming are caused by numerical method and
calculational models same as inboard shield. The uncertainty factor is
reasonably supposed -as factor 2-3 due to same reason described in case of
inboard shield.

[3] Uncertainty in bulk shielding

Uncertainties in bulk shielding design are caused mainly by nuclear data
uncertainties, especially gamma-ray production cross sections, activation cross
sections and gamma-ray transport cross sections. The uncertainty factor is
probably considered more than several tens per cent due to homogeneous
medium experiment and analysis such as gamma-ray heating distribution.

[4] Uncertainty in heterogeneity including voids

This uncertainty is caused by calculational models such as mesh width,
energy group and number of angle effects, etc. The uncertainty factor is
guessed as several tens per cent due to void effect calculation same as in case
of the inboard shield.

[5] Uncertainty in skyshine

This uncertainty is caused by limits of numerical method and
calculational models such as mesh width, energy group and number of angle
effects, and gamma-ray production cross section uncertainties, etc. The
uncertainty factor is roughly estimated as more than factor ten, considering
differences among results by calculational models or methods for example
cylinder or slab models by DOT3.5.

In shielding design without ports/ducts, the design safety factor of 2-3
times can be adopted due to consider the peaking factor generated by gaps.
“While averaged shielding medium is treated without considering local peaking
by gaps, the design safety factor of ten should be adopted due to the peaking
factor more than 5 same as inboard shield.

In case of shielding design with port/duct streaming, the design safety
factor of more than ten times should be assumed due to discussion in
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Paragraph {1].

In biological shielding design for reducing public exposure, the design
safety factor more than ten times should be adopted due to representing in
Paragraph [5].

11.2 Shield Experiment / Analysis Issues

From the discussions in Chapters 4 and 5, gap streaming experiments
and analyses, and gamma-ray flux and spectrum observations are the most
important subjects in inboard shielding design. Following important subjects
are heterogeneity and void effects experiments and analyses.

Port/duct streaming experiment and analysis, and gamma-ray flux and
spectrum observations are the most important subjects in biological shielding
design. Following important subjects are activation experiments and analyses.
In addition to these, skyshine experiment and analysis are one of the most
important subjects in shielding design for reducing public exposure. |

These shielding experiment and analysis issues are shown in Table 11.1.

Some considerations of shielding design safety factors was presented to
the ITER 1990 winter specialist meeting by Nakamura as shown in
APPENDIX 2. Relating with design safety factors, shielding experiment
results were also summarized and presented to the meeting by Nakamura as
shown in APPENDIX 3.
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12. CONCLUSION

Shielding design for superconducting magnets and personal exposure
were performed in ITER nuclear design. Inboard shield benchmark
calculation, bulk inboard shielding analysis, inboard heterogeneity effect on
shielding property analysis, gap streaming analysis were discussed on shielding
properties for superconducting magnets. In addition to these, transport and
Monte Carlo analyses in neutral beam injector duct for biological shielding
were investigated with relation to the concept of cryostat. Further biological
shielding investigations were to estimate dose rates in reactor room and site
boundary during maintenance of hanging one activated module from the
ceiling. The outlines of the discussions in every chapter are as follows.

(1) Neutron spectra by FUSION-J3 approximately agree with those by
VITAMIN-C, while gamma ray spectra by FUSION-J3 has discrepancies to
those by VITAMIN-C in the energy range from 3MeV to 200 keV in the first
wall and in the winding pack. In recently improved FUSION-J3, however,
these discrepancies are vanished. Therefore, FUSION-J3 becomes sufficiently
adoptable to nuclear calculation for fusion reactors.

(2) Total nuclear heat of TFC can narrowly satisfy the design range of less
than 50kW in both cases of the vacuum vessel types. And copper radiation
damages for 1MWa/m2 neutron first wall fluence can barely satisfy the design
range of less than 10-3 dpa, while those for 3MWa/m?2 fluence cannot satisfy
the design range.

(3) Peakings of nuclear heating rates, insulator dose and copper radiation
damage can be estimated as 1.3 in the winding pack in case of 2 cm gap and
slit between vacuum vessel and shield II, and between removal blanket/shield
modules. :

(4) The local peaking in case of outboard shield with straight gap has a factor
of approximately 2-orders, while that in case of outboard shield with 3 step
gap is a factor of 2. In order to reduce local peaking factor, it is important to
establish a few steps in gaps for biological outboard shields.

(5) Required thicknesses of the water rich duct are 190 cm and 130 cm just
outside the cryostat and just inside the reactor room, respectively, to protect
radiation workers from personal exposure less than biological criteria of 2.5
mrem/h (25uSv/h) in a week after reactor shutdown.

(6) Comparing results from Monte Carlo calculation by MCNP with those
from 2-dimensional RZ cylinder model by DOT3.5, neutron fluxes by
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DOT3.5 and by MCNP agree precisely at a point 7m apart from the duct
entrance, and both gamma-ray fluxes agree precisely, a point far away 15m
from the duct entrance. While the flux by DOT3.5 is 50 % larger than that by
MCNP a point of 15m from the entrance. |

(7) In case of the hollow type cryostat, 3.5cm SS double wall cryostat of ITER
reference design, dose rate in the reactor room after reactor shutdown 1is
impossible to be reduced less than 25 pSv/h. Therefore, we recommend the
160 cm thick concrete cryostat concept.

(8) Gamma-ray dose rate in the reactor room by one activated module hung
from the ceiling in maintenance becomes 107 -108 mrem/h ( 105-106mSv/h )
extraordinary higher than the biological criteria for radiation workers of
2.5mrem/h (251Sv/h).

(9) The gamma-ray dose are at the distance of 200m from the reactor room is
less than the criteria of public exposure criteria of 10uSv/h (1mrem/y) by one
activated module hung from the ceiling during maintenance. Even if
calculational uncertainty is one order, dose rate at the distance of 400m far
from the room can be seen reduced less than the criteria of 10uSv/h (Imrem/y).
(10) One of considerations of design safety factors is shown and shielding
design issues are clarified.
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less than the criteria of public exposure criteria of 10uSv/h (1mrem/y) by one
activated module hung from the ceiling during maintenance. Even if
calculational uncertainty is one order, dose rate at the distance of 400m far
from the room can be seen reduced less than the criteria of 10uSv/h (Imrem/y).
(10) One of considerations of design safety factors is shown and shielding
design issues are clarified.
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APPENDIX 1
Improved Gamma-Ray Group Constant in Revised FUSION-J3

In revised FUSION-J3, gamma-ray transport cross sections were
procedured by the gamma-ray processing code "NJOY". While the cross
sections in old versionr FUSION-J3 had been done by "RADHEAT-V4".
Difference between those processing codes is procedure of pair creation cross
sections as follows.

NJOY;
Total cross section: Ot = Cincoh + Ocoh + Opp + Ope »
Absorption cross section: Gz = Ope,

scattering cross section: Os= Oincoh + Ocoh + Opp X2 .

RADHEAT-V4;

Total cross section: Ot = Gincoh + Ocoh + Opp + Ope »

Absorption cross section: Ga= Opp + Ope »

scattering cross section: Os = Oincoh + Ocoh -
Therefore, total gamma ray fluxes by revised FUSION-J3 become slightly
larger than those by VITAMIN-C in all regions as shown in Table Al.L.
Consequently, gamma ray heating by the FUSION-J3 is slightly larger than
those by VITAMIN-C in all regions as also shown in Table Al.l. Gamma ray
spectra by the FUSION-J3 and those by VITAMIN-C approximately agree
with each other as shown in Fig.Al.l. Gamma ray heating rates calculated
with 2-dimensional slab model with both group constant sets. Revised
FUSION-J3, old version FUSION-J3 and VITAMIN-C are represented in
Fig.A1.2 together with the experimental values by FNS. From this figure, the
values with revised FUSION-J3 and VITAMIN-C are approximately in
agreement with the experimental ones in almost region except farther than
70cm from the surface. From these results, the revised FUSION-J3 is
adoptable to nuclear calculations for shieldings.
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Fig.A1.2 Comparison of calculated gamma-ray heating rates by various
nuclear group constant sets with experimental values.
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APPENDIX 2

Feb. 16, 1990
To:  Blanket/Shield Design Unit
Participants of Shield Experiment Specialist Meeting

From: T. Nakamura, Japanese delegation
Safety Factor for Shield Design and Shield Experiments
The following is a memo by Japanese delegation to clarify
what a safety factor for the ghield design means and relationship

between the safety factor and required shield experiments.

A safety factor for shield design, as discussed in the Shield
Experiment Specialists' Meeting, assumes the following correction

factors (CFs).

Table A2.1 Correction factors

Correction Factor Local Integral
Uncertainty in cross section data* 1.4 1.3
Uncertainty in 1-D modeling 3 2

Gap effect#®* 1.6 1.2

This categorization is practically appropriate, but there would be
a somewhat different sequence of corrections as shown in Fig. A2.1.
The marks * and ** in Table A2.l correspond to those in Fig. AZ.l,
respectively. .

CF for uncertainty in cross section data as well as calculation
method and modeling can be estimated by comparison between bulk shield
experiments and their analyses. But the number of experiments for this
purpose is rather limited yet and composition or geometry is not nec—
‘essarily satisfactory. Further efforts should be continued, both in the
experiment and in the analysis, to minimize it.

CF for gap effect is specific to the design and the figures in
Table A2.1 was determined by previous analysis. These figures should be

verified to minimize by gap streaming experiments, which represent the
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design configuration as faithfully as practical, and related analyses.

CF for uncertainty in modeling is assumed temporarily; 2 for local
effect and 3 for integral effect. These figures are apparently large in
comparison with the other two CFs. When this CF is large, it nullifies
the value of evaluation on the other CFs by integral experiments, since
the final safety factor is governed by this factor. In addition, there
is a good reason to think the CFs assigned for modeling are large.
Therefore, these figures should.be minimized to be less than the other
two CFs, by further analysis such as comparison between 1-D and 3-D cal-
culations. It is practically difficult to verify this CF by shield
experiments directly.

Relationship between CFs and shield experiments required to verify
and minimize them is shown in Fig. A2.2. CFs for uncertainties in cross
section data and for gap effect can be minimized through comparison
between shield experiments and analyses. However, CF for modeling

cannot be verified or minimized by experiments directly but evaluated by

analysis.
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Fig.A2.1 Logical sequence of corrections from 1-D caleulation to 3-D model.
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Fig.A2.2 Relationship between correction factors and required shield
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APPENDIX 3

Summary of Experiments Performed and Reported at the Meeting

T. Nakamura

Inboard shield for protecting the SCM and port/duct arrangement for
divertor, NBI etc. are crucial issues in the shield design of ITER. The
safety factors assigned in the current design work need to be verified
utilizing the experimental data. In this context, presentations were
made from each party on the existent experimental data and their
analysis.

Presented and discussed were:

a) the bulk shield and streaming experiments at ORNL, US,

b) the bulk shield and streaming experiments at JAERI; and the
transmission, streaming and skyshine experiments by
Universities in Japan,

¢) the bulk shield experiments at Kurchatov IAE, USSR, and

d) bulk shield experiment of Cadarache research center in EC.

The a), b), c) were by accelerator-based 14 MeV neutron sources, while
d) was conducted at a fast fission reactor.

The major items of the experiments and related analysis are summa-
rized in the Table A3.1, A3.2 including C/E and uncertainty assessment.
Integral experiments range from basic experiment of single composition
and simple geometry to mock up experiment with faithful repreéentation
of complex configuration of reactor in 3-dimensions. The experiments
reported in this meeting are basically benchmark-type ones with no close
relevance to the reactor désign. Yet, the experiments and their analysis
can provide a general recognition on the accuracies of nuclear data and
calculation metheds.

The C/E values listed in the Table are only for a measure to grasp
the general trend, and should not be treated too vigorously. It is to
‘be noted that, within an experiment, the C/E varies with various para-
meters: energy, space location, type of detector in experiment, data and
methods adopted in the analysis, and hardly be expressed by a single
figure. Many of the C/E values in the Table were determined rather

arbitrarily; hence not always consistent with each other. It is recom-—
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mended that, when a detailed discussion is needed, one should come back
to the original data.

Assessment of uncertainties is in similar situation. The recogni-
tion of the natures of E or C values is also important in a rigorous
treatment, since they often give different values depending on the
definitions as explained in the following paragraph.

A detector in an experiment system gives perturbation, more or less,
to the system by its non-negligible size, different meutron absorption
property or inevitable opening to allow cable connection. This situa-
tion is more distinctive in shielding experiments where flux gradient is
large. This first-hand experimental data are for a perturbed system,
while calculation is made usually in a unperturbed system, in other
words good geometry. Hence, care must be taken to have consistent C/E

comparison as explained in the figure below.

E
Eobserved (E) corrected
’ —> to good geometry
corrections
Cog , , ele
—— corrective modeling T
Eog - . GG
(C)
calculation calculation
in exact as-built model in good geometry

Within the restriction of the above-mentioned conditions, it can be
concluded from the Table that current calculations mostly predict the
experimental values within a factor of 2, or 0.5 < C/E < 2, as a general

observation, in the case the experimental configuration is fairly simple.
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Table A3.1 Summary of shielding experimental configurations in each party.

Experiment Party n Experimental System Quantities Measured 1
Type Source
Bulk shieldin 17 Materials (Fe. Ni. Cr, Cu, etc) Leakage Currcﬁt Spectra
Experiment JPN A sphere; ~ 60 cm @ ng+y
5 Materizals (SS, Hz20, PE, Conc)
JPN A |Slab : different thichness 0 cm Leakage nf
50 cm
+ Simple JPN B Fe Cylinder ngspectra
Configuration Mm@ x9 ecm L ARR: 10 kinds
v heating: TLD, NE213
USSR C |Fe Siab ARR: 12 kiads
120 cm0Ox 43 cm L SSTR
Transmitted ng spectra
R B R R il it ittt e ittt it
Concrete Cylinder ngspectra
JPN B S0em @ x 60 cm L- ARR: 8 kinds
EC D B4C/SS Five Layers I ARR: 5 kinds
25 cm L different B4C locaiion
........ [ e e L T R
us E S5 304 + BPE + (53 304 + W alloy) Leakage nyp spectra
30 cm 5cm S5em 5 cm v spectra
Composite us E (Fo) + LiH Leakage ‘nyspecira
Configuration Scm  30cm v spectra
Mulii Layers
.................................................. e
USSR ¢  |Fe + Pb + Po/PE/PS + BPE ARR: 7 kinds
20 ¢m 10 em 8 em 33 em Fission Rates, SSTR
Multi-Layers 120 cm O Transmitted nyspectra
JPN B 335316L surrounded by concrete ngspecira
45/50 em @ x 120 cm L
Sireaming Us E 304 Duct in Concrete npspectra
Experiment L/D: 3, 5, 15, 38 v spectra
- Straight IPN B 304 Duct in Concrete ngspectra
Duct L/D: 3 42cm @ ng response’ distribution
+ complex Fe. PE, Conc. ng specua, y
Duct JPN A |Bent Duct, Bent Siit, Offser Slit Fission Rates, Low n
Mulii Holes, Straight Slit
Cavity Enclosure ny spectra
+ Cavity JPN B Concrete lined with steel
96 cm (w) x 96 c¢m (i) x 1560 cm (H)| Fission Rales
kyshin JPN A |Quifield Air an dese, spectra
) 0 - 600 m from the source v dose, spectra
Reacior us F |TFTR Structure nyspectra
Relevant Five Source Locations
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‘Table A3.2 Summary of comparison of calculated values with measured ones
by various shielding experiments.

Transport Coedes & Nuclear Data Calcutared/Measured Experimental ITER Remarks
] uncertainties { Relevance
ANISN ENDF/B4 ' TOF
NITRAN JENDL-3T Basic Benchmark
MCNP
ANMNISN ENDF/B4 - TOF l
NITRAN JENDL-3T Basic Benchmark
DOT 3.5
I A v S I
DOT 3.5 ENDF/B4 n: 0.4 - 1.4 n5-10%
GRTUNCL JENDL -3 PR 1 v heating: 0.5 - 1.1 v heating: 0
- 3T ~30 %
RADUGA : ENDL-78
DOT 3.5 : YITAMIN-C 0.85 - 1L.15 ~10% 0
MCU : ENDL-72
DOT 3.5 ENDF/B4 )
GRTUNCL JENDL - 2 0.8 -12 5-10 %
-3T
BISTRO() : PROPANE DO 0.8 - i.1 jason Experiment
not 14 MeV n.s.
DOT 4.3 VITAMIN -C n: 0.85 - 1.1
MCNP v: 08 - 15 0
SAM-CE TwW) 15-51
COT 4.3 VITAMIN -C n: 0.35 - L.}
v 0.80 - L.
BLANK ENDL files 045 ~ 08 10 %
MCONP
DOT-3.5 ENDF/B-3 5-10% 0
4 0.85.M2a%z
BERMUDA : JENDL 3PRIL (at far back)
1
DOT -4.3 n:322-13
MOCNP v: 075 - 1.25 0
........................................................... r.-
DOT-35 . ENDF/B-3 0.8 - 1.2, 10 - 20%
-4 down to 0.3 at far
frpm the beam
TRISTAN (3D} ;
Simplified Albedo Model 0.5 - 2.0 0 Basic Benchmark
DOT - 3.5 . ENDF/B-4
BERMUDA -2 DN : JENDL - 2 0.6 - 2.0 0
MCNP -3
T
DOT ANISN DOT max )5
NIMSAC .
SKYSHINE - 2 l MECNP 0.7 - 1.3 s}
MMCR -2 |
MORSE ~3 | 0 Poor Staistics
‘ |
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Neutron Sources used for the Experiments

Al OKTAVIAN, Osaka University, Japan lOlln/s, 3 x 10*% n/s
B: FNS, JAERI, Japan 3 x 10' n/s, 5 x 102 n/s
C: 14 MeV n.s, Kurchatov IAE, USSR ~10" n/s

D: HARMONIE (fast reactor), Cadarache, France

E: 14 MeV n.s. ORNL US (stopped Operation) ~ 10" n

Key for the Abbreviation in the Table

ne . fast neutron (> ~ 1 MeV)

Y . gamma ray

SS : stainless steel

PE : polyethylene

Conc. : Concrete

ARR : activation reaction rate

TLD : thermoluminescence dosimeter
BPE : borated polyethylene

PS . polystylene

_/D : length to diameter ratio

+ The table was completed with the support of Drs. Sumita, Santoro, Markovskij.

« A summary Table of Previous shield experiment editted by
Watanale and Youssef served to check the present Table.
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Reference
Summary of C/E Values - ORNL Integral Experiment Program
Prepared by R. Santere

A . Shield Experiment

1. $SS-304 + Borated Polyethylene Shield Assemblies
R.T. Santoro, et, al.,, Nucl. Sci. Engr. 18, 259 (1981)

0.90 <(C/E)y < 1.10 - Sy Method
0.90 <(C/E)y< 1.15 - Sy Method

2. SS. 304 + Borated Polyethylene + Hevimet Shield Assemblies
R.T. Santoro et. al., Nucl. Sci. Engr, 78, 259 (1981)

0.85 <(C/E)N < 1.05- Sy Method
1.50 <(C/E)y< 5 - Sy Method

3. LIW + Pb Shield Assemblies
R. T. Santoro et. al., Journal of Fusion Energy, Vol 2, No 3,
p. 237 (1982)

0.85 <(C/E)n < 1.10 - Sy Method
0.80 <(C/E)y< 1.10 - Sy Method

4. 80-CM Thick SS-304 + Borated Polyethylene shield
Assembly.
R.T. Santoro et. al., Journal of Fusion Energy, Vol. 2, No 3,
p. 237 (1982)
0.80 <(C/E)n ¢ 0.95 Sy Method
B. Streaming Experiments

1. DUCT - L/D = 2.83

R.T. Santoro et. al..Nucl. Science Eng._80, 586 (1982)
R.T. Santoro et. al., Nucl. Science Eng. 84, 260 (1983)

Sy Method MCNP
0.90 < (C/E)y < 1.15 0.90 < (C/E)n < 1.15
0.85 < (C/E)y< 1.25 0.75 < (C/E)y < 1.10

— 162 —



JAERI—M 61046

2. Duct - L/D =46

R.T. Santoro et. al., Nucl. Sci. Eng. 92, 584 (1986)

Sy Method MC Method
0.96 < (C/E)ny < 1.33 0.96 < (C/E)ny < 1.09

Integral gamma-ray. data not available.

3. Duct IL/D = 14.8

R.T.Santoro et. al., Nucl. Instruments and Methods in
Physics Resarch, A250, 557 (1987)

Sy Method MC Methed
0.22 < (C/E)y < 0.71 0.50 ¢« (C/E)Ny < 0.90

4. Duct I/D = 382

R.T.Santore et. al.,, Nucl. Instruments and Methods in
Physics Resarch, A250, 557 (1987)

Sy Method MC Method
SN results 0.62 ¢« (C/E)Ny < 0.62 0.66< (C/E)y < 0.91
are suspect

Note: Gamma-ray data not available for L/D = 14,8 & 38.2 duct
experiments. For all streaming and shielding experiments the
experimental uncertainties are of the order of 10%,.

All of the data reported here were obtained from plotted
results in the cited papers. Data were obtained by eye, so (C/E)
values may be somewhat optimistic. The values given above
are the ranges of (C/E) data to a variety of configurations
within the serves of measurements performed in each study.
Specific C/E values must be assessed for the shield/duct of
interest, detector location, etc. :

Note:

(C/E)n = Calculated-to-experimental Integral Neutron Flux
above 1- MeV

(C/E)y= Calculated-to-experimental Integral Neutron Flux
above 2 MeV

- 163 —




