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Heterogeneous Effects on Shielding Characteristics

In Fusion Reactor Neutronics Calculations

Satoshi SATO', Koichi MAKI*!, Yasushi SEKT*
Hideyuki TAKATSU, Toshimasa KUROPA*Z and Sergei ZIMIN™®
Department of ITER Project
Naka Fusion Research Establishment
Japan Atomic Energy Research Institute

Naka-machi, Naka-gun, Ibaraki-ken

(Received June 2, 1992)

Heterogeneous effects in shielding calculations were evaluated in
terms of shielding characteristics of a blanket/shield structure to
superconducting magnets (SCM) of a fusion reactor. A wide range of
parameters was examined such as thicknesses of individual steel/water
layers composing shield region and thicknesses of shield and blanket
regions and the following results were obtained.

With a constant thickness of a shield region of 70 cm, the
heterogeneous effects increased with the thickness of individual
steel/water layers in shield region. In the case the thicknesses of
individual steel/water layers were smaller than 2cm/5mm, the heteroge-
neous effects both in the coil case and in the winding pack of SCM were
less than 3 %Z. In the case the thicknesses of steel/water layers were
12em/3cm, the heterogeneous effects in the winding pack and in the coil
case were 20 % and 9 7%, respectively.

The heterogeneous effects both in the coil case and in the winding
pack increased with the total thickness of the shield region, and

saturated at 18 % and 13 %, respectively, under the constant thickness
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of individual steel/water layers in the shield region of 8cm/2cm. The
heterogeneous effects showed a negligible dependence on the thickness
of the blanket region and on addition of supplemental shield such as
boron carbide and lead layers.

The heterogeneous effects were examined for the inboard blanket
of an International Thermonuclear Experimental Reactor (ITER) based on
its conceptual design. The heterogeneous effects of nuclear heating
rates in the coil case and in the winding pack were found to be 27 %
and 29 %, respectively, and to be within a safety factor of 30 % for

an error of modeling assumed in the conceptual design of the ITER.

Keywords: Shielding, Fusion Reactor, Neutronics Calculation,

Heterogeneous Effects, Superconducting Magnet, Blanket
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1.

N T BRSSPI EWT, 4 vE- FEREORES IBRERBICKENEREEA S, 774
HH, 4 v E— FEBREOEEH 10 cm BNTHIE, HEOEFFIIEE 10cm BEMKT 5,
PE-T, BEARULO VTR 2 2 FOBKEBINA 2800 641 v F - FEREKOES:2TS
BZROETECEDBNEEERN, T A FERECENTHLOHENESIT 2, 2040,
BEE T A VERICHT SRERBET 7 b F— FERIAICRAR T D, HEOR VM
BHFHmAERE NS,

CHET, M/ EERMAFCBY 2BEREORSTTR ELLTGIREOBRES,S, &<
OB E S ER A EE L T ANICEEE L2 P v TEM L T - TE Y . EEHE
MBS ERT (ITER : International Thermonuclear Experimental Reactor) k&%
BV Th, FEOBES LHSRHBE TS 3LV HIIL HEREEBELHMIEEF
VEELTHEOE - TERPY, UL, SERTHFEItsh o0 T, HEOE VIR
BHESEAERENIGOEELLNS, COLHSUER,S, BEEFVEROVIES &Y
BEF AR OES S OBREHOHE (ThERRETIRIENENR SR, ERRKEIR
T, ) AHEL, BEREEEORE 77 5 —~OBEERFTIEBUETH S,

EHEOEHE, 4 v FE— FEREENRE LT, BHRAEIBHEEERL T2 2T Y LA
SS316 EX%EK (BIF, #hEh, S8, H.O &Lid) 2&MEE ML FFBEETVE,
HEOERM ARG L TESLL TEF VLT 2BEEEFVIIOWT, BEEHhofFrafn
ot d A A BB L, FEEURAFMT Z L TH S, £, THHDFERICESVT,
HEEF VARV IESOBRE~NOBELIEET A ETH S, a6ic, RAMICIEREE
Fic T BEBEOIESEMBEADHEIC OV T ORI 2T - 7o RAFKTIE, 24 Mkt 58
WAt & LT, oA VERROBHEICES 2IPHTHRRUY V<8R, thokiEo&a
A VR THRET SRRBBENGEE U, FFECELTI, 1 v&- FEREKICET5, HkK
(FEEEA O S8, H,0 DEBOE SR UERARKLEEOES, 757 v MABORE, B.C
RUPL Bl OB EL Y5 x — 5 & Ui, Bk, ITER OHEEHRET (CDA) KBLTRE
EhfoA v — FREEICH T 2IEEMRE R, ERSRTCBIAKL7 77 7 -~OEER
ﬂﬁttoit,cné@%ﬁw%jzﬂvvnﬁ%ﬁ®%ﬁ%%tﬁﬁﬁﬁﬁé&ébbbﬁ
L7, _

W2ETR, BRITFEEOVTHRND, HIHETIR, SSH.0B, EBEWEE 777 v
MEROE £ DS BT ER LB EOIFEVROE{ LI VTR RE, FLETR, FEr
BNSERGEANO—HEIBSER S LIORSOMRERE L, BT TR, ITER &R TO
WHRLER SRR - B 2 IEENR, FAHEHENRARGET IR A » v 2 HEHOEE IS
TG, L EOHER» SIEFEHREDOLL 7 7 7 § —~OEBIT > \WTHEN 5,
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2. BEFELIEET NV

—fic, HEAREERL TV AIFGEEAZRLAAEFTMCIOHELILET, T0&R%E
HEEFVTHELCYERIC. VL THESEDREMIET 2B4ICE, " GHEHEEFVicE
BFHEME) S HEEFVCLBHERE) T OEEEEGEDRE LTHIET 5. L L, iR
TR, JEHEEFVICLATEEREBEERML, “HELLOTH " HH0iE, " HEEIXT
ZIREE" EEL, BIHOPTVRD, ROXHSUEEFHEDRE L TEET S,

FHOMU - FHETERO (2 1)

IEHEIR ¢ =
TCT, Fuo:BHBEFNCE-TELNLHER
Fremao | IEEVBEEFNICE » TR SN 12 EIR
TH5,
TAbb, EHEEFNVICL->TEONLHEBELEEMELT, ‘BGHTFVIIE-TELN
TATEEOREERMD & OHER” ZIFEMRE LTHHET %,

FEa—Fik, 1RTEEHE 2 — F ANISN® %, BEEMETHT 1258 ET v <H 08
THRRINM TV AR ERRES Y F FUSION-J3® 2R L, £, #ekt
FOBEMEEONY » v FUVBROA ~FIcoWTIR PS5, EROAESEO4 -5 1358 %
FA Vi, ANISN ZHWTHE L BT RS H v <H, RUChoic FUSION—J 3 A%
BEHM KERMA 54 75 1 =% THZ SN ARAEHEEUTEONABREEEDOHER
VR TRICIE APPLE— 3 I — FP 2fH L1,

A THEA LIGETEEF V%, Fig. 2110583, Fig. 218377 b - FRIOEEEED»
A vE—FROEEBR oA FLaAVETOHERE LRG3 22 FALTEFTMMELEE
THBEVY, Ny 2%y ) v IEEEST DS, T FFE-FHOEEERETEEEIC
ANTOD, 4 v K= FEOE B 5T 7 b #— FOBERIK LT AR TERT 22T
sFcBLTHEE L, SRITEETICA ¥ K — FEROMNPEE GERARER, 75 v o v b
HEE) OEFLVEBEHER L,

HECHH L REOFETFHERE S, Table 2. 112777, Table. 2. 1 TR LIEEZHNWT,
SHIRE O % Table. 2.2 IR T LS IR L1,

ITER #1ERE TRES L OMW,/m’ OF—BETAY, TFBRETRFEHLEMW, m*
OE-BOUTANTOBENFESNLTVWEY , TR TR, SEMETHEFILFGEON
NEOLEE RS, 75 AvhoohETHEEE, $-ROEHMETEMNE 1MW, m* &
LTIROEHSREB LIz, AL, 73 v oAmEodbtETHE 1, 13,

1MW, 'm?
f, = = 4,445 X 10"n mis = 4,445 X 10"n,"cm’s

14. 06 MeV X 1,6 X 107%
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Table 2.1 Atomic number densities of composing materials
(10%¢cm™3
N o Material Element |Number Density
1 Plasma 1H 1.0 x 10-10
2 Carbon C 8.023 X 1072
3 SS Fe 5.727 X102
Cr 1.575 X102
N i 9.848 x1073
Mo 1.255 X103
Mn 1.819 x 1073
4 H,0 H §.700 %1077
0 3.350 x 1072
5 Pb Pb 3.348 %1072
6 Cu Cu 8.493 x1077
7 Insulator H 2.033 X 1072
C 1.792 X102
o) 7.551 x10°2
N 1.6§50 x 1073
S i 6.884 x1073
Al 7.158 %1073
a 2.300 x10°3
8 Liq. He 4H e 1,837 x10-2
g B4C 10 2,197 x1072
i1p 8.787 x10°2
C 2.748 x 1072
10 Li0 L i 5,118 x1073
(Natural) 7L §.385 x10°2
0 7.4484 x 1072
11 Be B e 1.236 x10°1
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Table 2.2 Material volume fractions of each region

(10%cm™¥

No Material Composing Volume
material fraction
12 SCM SS 0.316
Cu 0. 353
Insulater 0.118
Liq. He 0.211
13 SS SS 0.2
14 S S+HR0 S$S 0.
H;0 0.3
15 S S +H,0 S S 0.8
HoO 0.2
16 SS+HL0 S$S .9
H,0O .5
17 S S+ HL0 SS 0.
H;0 0.
18 Breeder Lio0 0.1181
Zone S S 0.0379
H-0 0. 0904
Be 0. 3543
19 S S+H,0 S S 0.7778
Hs0 0.2222
20 SS+H>-0 SS 0.7959
H-0O 0.2041
21 SS+HL0 SSs 0. 75605
H-0O 0.2395
22 $S+H-,0 58S 0.8714
Ho0 0.1286
23 SS+H-L0 S S 0.8071
H-0 0.1929
24 SS+H-L0 SS 0.8392
H420 0. 1608
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3. FMEYBLHATEA vF- FHBREREs OHR

ITER OSSR BV TR S N v — FEREOBIRE, SHROTFRcBVTE
b DTREED S B, 1, MRD T ETHEH, ITERLIAD M~ 7 Blgmad (PRS-
1S OERIFCE I EIERT 2) O v E— FERFEOBRS, EESEP7 5 /79 b
s EREOBIIFRSIL-T, SRTBEIRONDISDLEZDRETHS, TCT,
£ v E— FEREABRLTVAEROES & LTR, BAESOHESNE, -7, &
REEOEX 2EZ 560, FECERAEEEEET 7 VTEML T & - 2584, JF
HEDRATHOIBLTHL T &, SROBRETCBVTERATS S, i, JHREEE
X et 2 EMBEDEOKFELIEET 5 T &3, FBRHNOERAOHERS S VRESIXNT S
EEGRARETEX 20T, SHROERNHCBOTRICILDEEL S,

DT, b—5 XOFEEOEEEAE 1 RCAEEFV (1T —FAEFN) 2H
W, 4 vF— FEREOBHK (H.0) RUSSB, EBSHER 757 v MEKROZAD
B 2% ARG, 12 B.CRU P OMBEBEREEL RN L B 0IHIENRERN T 5.

3.1 EBREROSHIKERY SSBOEZDOME

ITER B&3stic B 24 v — FERAOHRK X, Fig 3. LITRT & 51 SS &imElKHB2Z
HiiBIhTV3Y , S8 of SV VT 2 BROEREEEZSA 5 SS LKOHM
Btz 80 ~85% & 20~ 16 % THHEP LY, FERUBIETHRITLLL2TOEF VIS
VT, 4 v H— FERED SSBE H.O BOWRLE 0.8:0.2 & Uiz, KEITIE, ik
RUTS5 vy MEROES A —FEL, EEBTEFMCBOTERBEREHERT 5 SSBK
U H.0 BORBOES 2 LA He0, JFENRICOVTRIT 5, S TORITICERL
FEEE F % Fig, 3,2 1WRT, @13, 1 ¥ & — FERkASEEE, 58 & H.0 0HREHER
ELEBEBEFATE S, FOFIORT DO I, SS & H.0 2R ThEBEICIE LIS
BEFNTHB, WIFhd SS: H.0 OBRIELIEIHBEEFVERL0.8:0.2&E LTWAY, (b
T3 SSBOEE%8cm &L, H,OBOEE% 2cm, (€ TRSS, H:ODERBOEEEZTH
FR11.2em B2 8cm & L, #27L, CO245—ADAHTIEL, SS & H.0 Okt %:
70 cm OERAKLEIFET—F (0.8:0.2) WRBANS, BBOEIAELHE (SS/H.0=
2em./ 5mm, dem/ lem) OWTHEELE, HEEFVEFEHEEFMCBWT, B
RO OHBRRUESELERES BEALTH 5, £, KENBORITLEDIRITEET S
FRTOEFMEBNWT, Av Va2 DBICLEBEERI TROBTEETVEEFEFNVDA v
2 EEF U D E Lz, Fig, 3.2 DHEOXRBLED # o ¥ a3 207, 1 v F—FEDA »
v 22 130 TH B,

Fig. 3.2 1R LTz, MEEFNVEHOIEEF VIOV TH SN 14 MeV OHRHTH,
0.1 MeV PLEO#ETH, £h#THE, ROV v <@HONH%E, £hEFh Fig.3.3, Fig.3.4

*77
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Fig. 3.5 X" Te CCTHHIE b — 5 AP0 S DHBETH D, R = 287 ~ 357 cm DFEERASA
vHE— FERE R=385~815cm 75 X=fHETH 5. OBl 14 MeV o T8, AHI
12 0.1 MeV P2 b+, CJHRAhHTER, XHRT Y <8#RERT, £/, PHEFCX
BREFEE, N BRICLDEHEE, ERBROETRETNOSNmE, HEEFVRUTZO0D
JFHEEFNVITOVWTEFNENFig. 3.6, Fig.3.7, Fig.3.81XR¥, Fig. 3.3~ Fig. 3.8 O
B o, JEHHEFVEREREBICBLTE, THTERUPHTICL 2%HBER, SSBIC
BOTHDLTOWBDIX LT, H.OBTIRIGEEILMNERY 2,

5SS,/ H:Q DEBOEE%28cm, 2cm & LIEAERU 1. 2em2.8cm & LIZEED, BE
B4 NVERRUERTICB T 30HETHE, Vo <HHE, SRBEINT 2IEEDRE Table
3.11TRT, Table 3. 126, M4MeVHMEFRICEALTR, BEEFVEEHBEEFVICLS
BOSEEA SR CESH 5,

SS & H.O Okt % 0.8 : 0. 2 R UBERAHEROLES 70 cm TR BAM 6, BRk{FRIE I
BIT5SKRY HODEBOEE A LR L& — 2 LEMRICE A HBEOHTEN RS Fig. 3.9
IR Y, Ml SSBOES, RUH.OBOExERL, flhy (2.1 RTERLHEHED
B (LF, FETRBIGHIESDREES, ) OETH L. @HIZ T A VESZICE T 5 2%FEH
O E— 7{EICT ZIFEEDE LMNERRCE T 2 28EB3EO Y~/ Eiodd 2 3E9H
ShRAERT, SRR EFHYTRUET V< IC L 2EHRBEDRTH 5, Fig. 3.9ITRE
NBREIT, a4 VR, HBETOVWTFRICEWTS, WEEFVEIEEE T F LV ER TR
e/ NHnT AEENCH D, IEEVRIEBAENS, t0EBEHRUTORIEZ LGNS,

H. O hO/RERT (H) ik 28ERIGE SSHoBET (Fe) ok 3RIKIEN, HE
FUOBERIARC 305, IEHEEFVOBEEILbEOh—HRRBESNS, BERES L
CRIBREGEL ShtEEENSE, H.O0H20WESSoLbohdBRNTEREFD T £
VFE —FEIIC & - TIREELS 2 W RRKIGRINES {20, 07 HEEURIE & B EA
HRI SBPHITEANT, ERIERIPNEL LS, - THEEZVOREY, DT ORGEL « B
DHEENEL L5, TOER, o4 v (RUEREORTER Ed 2 hdTHEEEE 7L
LB EFNLTHE LIRS, HEEFVOAEMSNSKEZOT, HEEF VOB L8N
THREBRLBFRT 2 bDEFELON S,

04 VRS, I SSKUH.O ORBOREEREL T2 It >N TIHHHEDRINEL
120, Fig, 39D oRDEIBIENDr S, Hib, SSBOESH4em (OBE H.0BD
BEdlem) &LABACRIBYESRB-5~-6%, SSEBOEXH2em (H:0BOES
B5mm) & LAcB&ICIEEMER - 2 WiEFICR 5, SSRU H.0 0EZ@OES i F
WK CEEL OEEEHTE (FEFVoEE, HIBVWTIR 7.5 mm, FeitBWTIRE 7 em)
FDELEAHICE-T, IEERRIINELEZLDEELIOCNS, ZOHEBEIEZ, PHEFIHE
RORZBAMBLERT AR I EORIESEI B E 51Ty, SSHE0WEH.0 oEoB
WTRIEDHEC 677, HBIKE - TEHL TGP A6 TH S, —Ric, FEHEDEMK
<503, FHERORIHPHERTRIAEEICLLETS 3,

Fig. .94 5, SSBOESM4em (H.OBOESEH 1em) PDToBE, SSKEU H.0D
BEORES & o4 VEREEHSICE Y 2ERBMEOIFNESROMIRRZBER L TH B T &8

M_S_
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Hib, LHL, SSBOESH4cm (H.OBOESH lem) M EDOKE, SSEU H.0 OB
BahELBIcONT, 34 VERICE T AIREDREML T Qi l, ERERICE
i 2B HRERNMLGI TS, TOERESSEBOESS 11.2cm (H.OBOE 2.8
cm) DG, TANVERICETAIEEBEIRZ-IGBBETHLOKH LT, ERKICBT2
IR — 20 % BBEIKZ 5,

ZOMERIZ H.O IHT ARIGOBEAL U TORICEL SN TV, Fig, 3.2 1TR LIk,
Yo LR IR ORIC 0 4 VERSTET 30T, EEETIGET AT, 24 VERIOE
T HPHET ERANT, ERERRCFEL T ohtas VEREER L cPETTH 5,
BT, T4 VEBTORRMES T AT L8NT, BEHICHE LERBCECTFST
BT, EERAERTRI I AF—OFVHHT TH B, THFICWT 5 H OBELEEHR
2, ~20keV £ T2 20 barn T—ETH B, 20 keV LI LI 2 LEFEEHAERBED L, 200 keV
= 10 barn, 1MeV Tdbarn, 10MeV T 1barn l2it s, T OFEAMTE X EHRKMIL
B RHEBIT 20T, dHETOI 2B B3I -T, Hickd 5hiToTHal
FREELN S, ZEFNCET 5 Hicnd 2htEFoEBEBTER, 20barn T7.5mm,
10barn T 1.5cm, 4barn T3, Tem &785%, #ic, SBEWTOKRMCFE T LTI,
T4 VEBTOBRRMCES T 2 ICEANT, BEREHERK BV TEEBRTEOR VT
F&i B, H,O BoEs S TFORAEHTEREVES L2 EHEGHAPRIIRE(L S, 2
A NVEETE, H.OBOEIHNEL KB >h THYESHRIIHMML T 2 8REIciamL T
W3, chiz, PHTFOFEEETERLY HLOBOES 2 FESCELE-Tn 5%, HHHE
SHRZ O ERELBSR WL ETEH S,

—%, BEHOFLENRE, HOBOEISHEL K-> THRMTIFEHML TS,
Zhiz, HEETOMRMCES S AT, ERAERICBWT, 34 VEETOMENIC
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Table 3.1 Heterogeneous Effect
OThickness of 88/H0 : 8c.m/2cm
Peak Value Total Value
Coil Case ¥inding Pack Coil Case Winding Pack

Neutron flux

14MeV ~0.87% -0.74% -0.68% -0.47%

Above 0. IMeY -2T% -20% -23% ~17%

Total -18% -23% -5 -21%
Total gamma ray flux -9.0% -13% -4.0% -17%
Nuclear heating rate

Neutron -11% -13% -10% -12%

Gamma Ray -1. 7% ~14% ~-8. 3% -18%

Total -7.8% ~14% -8. 3% -17%
OThickness of S8,/H30 11. 2cm,/ 2. 8cm

Peak Value Total Vaiue
Coil Case ¥inding Pack. Coil Case ¥Winding Pack

Neutron flux

14Me¥ -0, 79% ~0.59% -0.60% -0, 45%

Above 0. IMe¥ -35% -28% -32% -24%

Total -27% -32% -30% -29%
Totz] gamma ray flux -11% -18% -12% -24%
Nuclear heating rate

Neutron -15% -18% -15% -17%

Gamma Ray -8. 7% -20% -11% -25%

Total -§. 8% -20% -11% -25%
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Table 3.2 Heterogeneous effect of inboard shield without additional
B4C and Pb layer on neutron and gamma fluxes, and nuclear
heating rates in coil case and winding pack

Peak Value Total Value
Caoil Case Winding Pack Coil Case ¥inding Pack

Neutron flux

14MeV -0.73% -0.65% -0.57% -0, 39%

Above 0. LMeV -12% -8.6% ~-10% -7.2%

Total -7. 4% -9.5% -8.4% -3. 8%
Total gamma ray flux -5 1% -5, 4% -£.5% -5. 8%
Nuclear heating rate

Neutron -4 4% -5, 3% -4.2% -4.7%

Gamma Ray -5.2% -5. 8% ~4. 6% -7.3%

Total -5. 2% -5. 8% -4.6% -1.2%

Table 3.3 Heterogeneous effect of inboard shield with additional
ByC and Pb layer on neutron and gamma fluxes, and nuclear
heating rates in coil case and winding pack

Peak Value Total Value
Coil Case finding Pack Coil Case Winding Pack

Neutron flux

14MeV -0, 49% ~0.55% -0, 47% -0, 3%

Above 0. 1MeV ~8.3% ~-7.0% ~§. 0% ~5. 4%

Total -7. 8% -§. 3% ~8. 0% ~1. %%
Total gamma ray flux -3. 7% -5.8% -4, 3% -6. 7%
Nuclear heating rate

Neutron -3.6% -4, 6% -3.7% -4. 2%

Gamma Ray 4. 4% -6.5% -5. 0% -1.2%

Total -4.3% -6.4% -4. 9% -1.0%
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Fig. 3.12 Homogeneous model of the inboard shield with various

thickness of blanket region
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Table 5.1 Heterogeneous Effect in ITER Inboard Region
Peak Value Total Value
Coil Case ¥inding Pack Coll Case Winding Pack
ldMeV Neutren flux -0. 17% -0, 12% -0.091% -0.031%
Nuclear heating rate
Neutron -13% -16% -13% -14%
Ganma Ray -23% -30% -28% -28%
Total ~29% -29% -27% -27%
Table 5.2 Heterogeneous Effect in Fig. 5.6 Model
Peak Value Total Value
Coil Case Kinding Pack Coil Case Winding Pack
14Me¥ Neutpon flux -0.33% -0.27% -0, 24% -0. 18%
Nuclear heating rate
Neutron -8. 5% -11% -9.0% -9. 8%
Gamma Ray -19% ~21% -19% -20%
Total -18% ~20% -19% -20%

i4],
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Table 5.3 Heterogeneous Effect in Fig. 5.7 Model

Peak Value Total Value
Coil Case ¥inding Pack Coil Case Winding Pack
liMe¥ Neutron flux -{, 35% -0. 30% -0, 27% -0.21%
Nuclear heating rate
Neutron -5. 9% ~1. 7% -6.2% -6. 9%
Gamma Ray ~-14% -15% -14% -15%
§
Total -13% -15% -13% - 4%

Table 5.4 Heterogeneous Effect in Fig. 5.8 Model

Peak Value Total Value
Coil Case ¥inding Pack Coil Case Winding Pack
14Me¥ Neutron flux -0.25% -0. 24% -0.21% -0.1%%
Nuclear heating rate
Neutron -5.8% -6. 8% ~5.0% -5.9%
Ganma Ray -8, 5% -14% -11% -13%
Total ~8. 2% -13% -11% -13%
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