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Reaulto of SN and Monte Carlo one-dimeneionnl

G. E. tkmler

SCIENTIFIC LAlK2!L4TORY

87545

neutron ffimmma-ray trannport celcu-

lationa for conceptual d?signn of Lhe INES(XIltIGGATRON,a Tokamok device u~ing ohmic

heating to induce fusion, are detailed. Using varlcua planma, coil, and blank.!” con-

figuratlone, a comparnLive LInnlynis of cross-mcction gets la fir~t”performed. ScLp-

ing calcu;ationa 0[ tritlum brerding ratios, abmrption~, Iaakogca, and neutron/

gama-ray heating arc detailed u~ing both ❑ultigroup diacrute-ordinatas sad Mnte

Carlo techniques. Rcsult~ of this analyaim not only menu to provide preliminary

design paramotcra, hut alno indicate relutivo degram of conai~tency among vnrioun

croan-section aeta. Conaimtency between SN and Monte Carlo tcchniquem im oimilarly

demonstrated. Results of thto one-dimensional compilation alno twggeBt a tvo-

dimensioual R1OGATRONmodel for rulatad study.

INT’RDDUGTIOhm

We hava undertaken a aeriea of one- and two-

dimeneional neutron/8nma-rny Kranopcmt calcula-

tion for the INIXCO KMGATRON, e small Tokamak

device employing high fiald, ohmic henting to in-

duce dauteriumrtritium fwion. AS neen in Fig. 1P

the RIGGATkONconsi~ta of a am~ll, offcentor, O-T

plasma zone uurroundad by enacntially concentric

void, copper coil, lithium blankat, end grnphite

reflector reEiuna. Of conceptual design intorcst

are the blnnkct tritium breading raLion~ [i.e. 9
6
Li(n,t) , 7Li(n,ntt) ] leakasea, ~buorption~,

and neutron/gammn haatinR in varlnuu reEiona and

materiala. In this report, wo EivI~ only thu ro-

●ults of a comparative ono-dimension,al mtudy of

the RICCATRONfor varioua plnnma, coil, blanket,

end reflector conflgurntions. ‘fwo-dlnwnaionnl

calr.ulationa rnre undar way nnd will, bc ruported

laror, Yho one-dimenaionul r.nlculatinn~ VLIL-Q

perfomsd with tha diffusion HynLhuLk, SN uode,

ONETRM-DA,l and tha corrwpnldinl: two-dinwnnion-

al calculation with thu trinngul.nr nmh, SN cnrlc,

llIIWNT-CTRs2

-. —.—. .-—

One tank contiiatcd of evaluation of vnrioua

coupled neutronl~amma-ray cro~a-eection setm and

choice of an adcquato file from among them to be

I- ti

f-Aib

FIE. 1,

*
Work pcrformd under the nunpicm o: the U. Il. Ikpnrtnwnt. of

L6[0

Two-dimumsionul RIMATRoN (dimenmlone in
cm).

Energy.

1 ,, .,

.: ..! !,, , ,., , ,,
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“&d. in “Wllhncqucnt ime- ond tw-alm(mtilon:ll Lrnllv-,.,
Qort c~lcula~ions, Llbrnrles tc~t!’d lnclu.l(vl tl]u

:WL-SANII (30 X 12)3 sut, tha ~R (1OI. x 21.)4 Srt

[collapsed from the VITA!41N-C (171 x 36)5 tilrl,

the LASGNJOY (30 x 12)6 Get, and khe naw tlhTXS

(30x 12)7 ;et. Choice of the MATXSset wrm rvcn-

tually ❑ade following overlapping calculurlons

with other aeta.

Ihe actual one-dlmenuional models of the RIG-

‘GATRONInveatiguted vatted in plasma, coil, and

blauket thickness, Mditionally, effect~ of neu-

tron multiplication (n,2n reaction) in n mxtlybde-

num liner and conlnnt e[Icute (7% N2CIand D20 in

,gopper and molybdenum) on the breeding ratios,

Ie&kngca, and abmorptlons were alao noted. In

further extension, a graphite reilector waa added

and a void introduced between the coil nnd the

blanket to enhance tritium breeding and reduco

nav.tron leakage. Neutron and gamma-ray heating

calculations were performed in tho laLtcr design

cesaa. IIIall caac~: an isotropic 14-MeV source

of neutrons was assigned to the plasma void re-

gion. An S8 quadrature not und P3 crcnn-section

expsnaion were retained conaiatently for the one-

dimennionnl cylindrical computnti’mc. Vncuum

boundary conditions were ac~iwcd to the blaukct

or reflector edgm and the usual refloctivc (sym-

metrical) conditions were applied at the origin.

Tha neutron avurce in the plasma waa nnrmnlized

to unity.

b a cro~o chock on tha SN nppronrh, n corre-

“mpondlng Monte Carlo calculation waa completed

for a eet of planme, coil, and blankrt pnramclera.

Agreement between one-dimcnsirwml Mnnte Carlo and

SN predictions of breeding and lenkagr iu good,

within four percent for the cnuen connidcrcxl.

While onc-dlmcnaionul cylindrical cnlcuLnt.jon~

provide good rclntive estimates of brcodlng, llcat-

ing, lcnkn~c, etc., they rmnnot axprc~~ly account

for turoidal Rcomctric effccta and nfiymmctry in

blnnku~ aid coil dcnign. Fnr thrne ronuone. a

followup two-climennirtnnl toroidal

tion iti prcncntly undur way uning

lar mel~h :orlc, TRIDllNT-Cl’1{,2 Thr

(r*z) cnlculu-

tllu s ~ tri4mj3u-

two-dimcnaionnl.

modLIl ttr thr NIGC,II’KONIH showjl in Pin. 1. ““me~~
,.

[If n trllml]~,ui;lr mesh Rmntl.y facillcatca contour-~ :

Ing or miltc~i~l und dt~vlco boundarica. Our one- ~“

dimcnslunal study doca indicate Seaeible breeding”

ration In cxcmm of one, ao that two-dlmenmional:~

reflnrmcnts are addilionnlly wnrranted.

CROSS-SECTrON COMPARISONS—.. .—
Ccupled neutron/gamna-rny cross sectiont? were

avail~la from the LASL-SAND (30 x 12),3 CTR (101

x 21);4 LASL-NJOY (30 X 12),6 and FLWXS (30 x 12)7

libraries. The LASL-SAND (30 x 12) aet is a nuw

bcr of ycara older than the other three and ie

based prf.marily on ENDF/R-11 and EN’DF/B-II_f data.

The other threa IIbrariea were processed amre re-

cently, pr’imnrily from ENDF/B-IV data. Becauae

of the importance of tritfum breeding In both 6LI

and 7Li, it wns thought thht the latest processed

croae acctio~u baead on ENDF/B-IV evsluationa

wuld probably be mst dcairable, particularly for

the lithium. Since the extent of diffcrcncca in

the above libraries was not immediately known, we

performed grnup~ of overl~pping calculations for

fixed RIIXATRONparametcra in an attcrnpt to

evaluate overall library conaiutency.

In these compariaone, we fixed tlie plaRma ra-

dius ~t 22.5 cm, coil th~cknesa at 10 cm, and

blanket (natural lithium) thickncaa at eithar 100

cm or O cm (no blaokct). Full dense and cooled

(7% 1120) coppe; coils ara also ~reqted. Tnbla 1

lists 6Li and Li breeding ratlo~ (T6 and T,),

neutron laakngu (L), and copper absorption (ACU) :

computed wilh the lASL-SAND (30 x 12), LASL-NJOY

(30 x 12), and CTR (101 x 21) coupled oats. Cloac

ngreamcnc iH nuen in the predictions of the LASL-

NJOY (30 x 1,2) and CTN (101 x 21) acts. Rolntivc

conni~trnry hctwoen the threa l.ibrarlen is p.oud,
6

with mout diffcrcnres occurring ill the Li breed-

in8 ratio, T6. Al~carption duc to the wntcr pro-

ducrn nhouL n 20% tc?rlllction in t~e Hum rtf hrredlnR

plus lcakm}:e (T +- L) for nll netn.

A accond compnriuon of the CTR (101. x 21),

LASL+4JOY (30 x 12) nnd MATXS (30 x 12) croHn-

ncctfrtn nl)t~ wns medo wilh tke aemu RIGC4TIU?N

pnrnmcters uncd in Tahlc 1, bnth for full. dcn~u

..!,.,

,,

:,- i,-.:,
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0.587

‘0.714

0.643

0.801

0.640

0.760

~-

0.128

0.110

o* 3.35

0.126

0.138

0.120
,-

~%omparatlva pure ebeorption croeu aectiona were not

T’
0.715

0.032

O; 778

0.927

0.778

o.88a

.

i

and 1120 cooled copper. The entriee have been ra-

~arransed to permit cloaar comparison. The over-

;all connimtancy, ae exhibited in Table 2, LO ox-

‘cellcnt, with agreamnt within 5% for all casee.

8inca these librariea all represent recent

‘aveluetiona, agrccmant la reasonably expected.

The larger C2R (101 x 21) file would afford

maximum resolution for theee calculation, but

‘this advantage comes at the expense of threa to

four times increame in ●ctual computing time.

\llae of theCTR (101 x 21) aet in a two-dimensional

r calculation would ba prohibitive. Becauae of ac- f

,camaibility, timelineae und overall degree of con-

●iatcncy with aarli.ar evaluation, we raly tmatly

~upon the HATX8 (30 x 12) neutron/gaunne-ray aet

; for the bulk of’tho one- and two-dimensional
,
: calrulationa. II

IQNIWTUAL mlmt mmARmm I

~ Fbr initial ●nalymie, six cylindrical RIG- ;

~OATROl!configuratirma conniating of a central D-T

‘plaame, watat coolod (7%) copper coil, and molyb-

denum liner (neutron ~ltiplicr) and naturaL liih-

Ium (92.5X 7LL + 705% 6Li) blnnkct wore chonen.
,. ..,,, . . . . .. ... . . ,,.., ,,. .’

., ”...’

eval.lable.

L
0.146

0.191

0.182

0.252

0.182

0.257

0.917

1.110

0.8S4

1.081

0.932

1.119

T+L %-
0.861

1.023

0.960

1.177

0.060

1.145

.

a

a

●

●

0.507

0.325

a

a

a

8

0.402

0,231

@olent

7Z H*O

none

7% Fi20

none

7% H20

none

7Z U20

none

7% H20

none

7% IIzo

non9

,

E!?E&
SAND

(30X12)

wiloY

(30%12)”

CTR

(100 x 21)

SAND

(30 X12)

MJW

(30 X12)

CTR

(1OOX 21)

An isotropic eource of 14-?4eV neutronm, ~ormalized

to unity, wan placed in the plaame. Vacuum bound-

ary condition were aeaigned at tha blanket and

reflecting boundary conditlona at the origin. An

S8 quadrature and P3 croBn-nection expaneion were

employed in the calculation, Tha lARL-SAND (30

x 12) coupled ncutronfgaumna-rny eet waa uned in

this ecoping compilation, nhown in Table 3, because

it vaa moat readily available at the time. The

negative abeorptione in molybdenum result from nec

neutron multiplication via the (n,2n) reactiau.

The corresponding croae mectiona, of course, are

not pure nbmorption eroea aectione.

Although the -Iybdenum afforda net neut~on

multiplication, it ie clear from Table 3 that cor-

responding increaaem. in copper and molyhdcnum ab-

“sorptiou tend to nffaat both tritium breeding and

leak~~e, particularly an the thickncOe of tho

mlyhdenum liner Incraaeca. The abeorptionB In ‘

both cnppar and molybdenum increaae with t.hicknesa.

From ‘rahlc 1, onc cxpectH the breadinR ration Riven

in Table 3 tc be mom.+at low. Noncthelema, Tahl.e

3 still provjdaa n baae line.
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‘“~-c,.- TA8LE 2, Crcms-Sccttin G.wqmr!.non of CTR (101 x 21), LASL-NJOY (30 x 12),
.“; ...”
:;$;;””- ..: and 14ATXS(30 x 12) Sets””

::[~
.,

‘r (il”aarne} Ar (CU) At (Li)” T
(cm) A* A... —‘7 T L T+L ‘Cu.HmE%

HR
22.5a 10.0 ML o 0.640 0.139 0.778” 0.182 0.960 0.507 (101x 21)

,. Mm
0.637 0.132 0.769 0.182 0.951 a (30% 12)

fiJOY
,0. 63R o.135 G.773 0.182 0.955 a (30 x 12)

C1’R
22.5 10.0 0.932 - 0.402 (101 x 21)

MATXB
.. 0.914 - a (30 x 12)

WJOY
0.884 - a (30 x 12)

.+. <.7

;<

,;, .

!.

,1;
\ ..

. .;

.,

coolant ‘

7Z IIzo

cOii

22;5 10.0 100.0

22.5 10.0 -
. .

aCompRrative pure absorption

0.760 0.128

0.757 0.123

0.801 0.126

0.808 0.257

0. B80 0.249

0.927 0.252

1.119

- 1.096

1.081

?roaa aectlonu were not available.

1.145 0.325

1.129 a

1.179 a

0.231

a

a

(1OIX 21)

UATX8
(30 x 12)

tIJOY
(30 x 12)

nona
CT’R
(101x 21)

HATXS
(30 x 12)

NJOY
(30% 12)

Table 3. Comparative Breeding, Lcnkage, and Abaorptinn for RIGGATWN

(7% 1120 coolant)

r (Planma)
j (cm~

;22*5

:22.5

,22.5

22.s

15.0

15.0

.,.. .

,,
,. ,.. ,

Ar (MO) Ar (Cu) kr (Li)

-f.@_ A A%]. —.. .— .— .— —.‘6 ‘7 T L T+L

10.0

2.0 10.0

4.!l 10.0

4.0 15.0

2*O 7,0

2.0 10.0

,,
., :., ,, .,,

100.0 0.587 0.128 0.715 0.146 0.861

1.00.0 0.550 0.094 0.644 0.127 0.771

100.0 0.483 0.070 0.553 0.1.05 0.658

10000 0.240 0.025 0.265 (). 060 0.325

100.0 0.690 0.159 0,849 0.185 1.034

100.0 0.569 0.09R 0,667 0. 13R 0.805

%0 ‘m— .. .

().J(J8

-0.075 0.343

-CI.032 0.195

-0.015 0.GI.9

-0.109 0.166

-0.090 0.326

. -.

,.. ,

(.



an:-alternative to H20 n% cwlant, D20 ab-

%wer neutrons, @antitatively, Table 4

Ze Ehe coaparatlve effects of using }i20,

~=jn~fl, and no coolant in the copper coil iind molyb-

F:n-&qa;~liner. As expected, significant decreases#,..-:-

.“..in absorption and increases in biankct brt’eding

‘ (10%-15%) are effected by sub~tituting D20 for

1120Ss coolant.

lntroducclon of a void between the toil and

blanket conceivably enhances the blanket.reab-

aorptiionprobability for neutrons initially back-
.-

scat,teredfrom the blanket. Without a streaming

void, a larger percentage uf backscattered neu-

trons would be absorbed in the copper coil. To

demonstrate this effect, a void of 300 cm is in-

troduced between coil and blanket. Table 5 list.;

the corresponding predictions. Gains in the trit-

Ium breeding ratios and 10SSCS in leakage are ap-

parent. An overall gain of approximately 15% in

the sum of breeding plus leakage is noted in both

cases (7% H O coolant, no coolant).
2

Lastly, we conai.derthe effects of a graphite

reflector outside tileblanket. The central plasma

io now taken to be 22.5 cm, the copper coil 7 cm

and 10 cm thick, the void 200 cm thick, tl]eblan-

ket 100 cm thick, and the graphite reflector 25

cm thick. The S8 quadrature and 1’3cross sections

arc again used from the MATXS file. ‘Table6 givcw

the results, assuming 5% ])20coolant in the cop-

per. Neutron (n) and gamma (y) heating in the

copper, lithlum and carbon i}r~ also Mstwl in the

last six columns (MN), Fairly large (greater

than 1.10) breeding ratios are seen. The bu’- of

the neutron hcatlng occurs in che blanke$, while

most of the Ci-immn-rayheating takes place in the

copper coil. The neutron/gmma-ruy kerma factors

account for both neutron/gamma-ray energy deposi-

tion. Effectively, in the two cases seen, graphite

enhances breeding by reduction of leakage.

This one-dimensional,study indicates possible

trirlum breeding ratios in the neighborhood of

1.1.O,realistically using 1)20as coolant. Intro-

duction of a void space between the coil and blan-

ket, and a graphite reflector, considerably en-

hances computed breeding ratios. The calculations

sre eensitive to the thickness of the copper coil,

presence or nonpresence of H20 or D20 coolant, and

thickness of molybdenum multiplier. Plasma radii

ranged from 15 cm to 22.5 cm, copper coil thicknesses

irom 7 cm to 15 cm, molybdenum liners from 2’cm to

4 cm, and coil-bl~nket VOICISfrom 200 cm to 300 cm.

The blanket thickness was fixed at 100 cm and the

reflector thiclcnessat 25 cm.

MONTE CARLO CONPAW.SONS

As an additional check on tl)ecross ~ect{ons as

well as the discrete-ordinates cOlculationnl model,

a conti:luousenergy Monte Carlo calculation (NCMP
8

code) was performed. This Monte Carlo ca?.culation

duplicetud the one-dimensional discrete-ordinatea

calculation for a 22.5-(.mrudius plasma, 7-cm-thick

TABLE 4. Comparative Brec,ding,Letika~c,-—.—— rindAbsorption for RICGATRON

(7% H20, 1120,and NO Coolunt; MATXSLibrary)

r (Plasma) Ar (No) Ar (Cu) Ar (1.i)

~. .&!!l_ (cm)_ (c,m~ (cm) __-,_‘6

22.5 10.0 100.0 0.587

0.658

0.714

22.5 2.0 10.0 100,0 0.550

().649

0,734

15*O 2*O 7.0 100,0 0.690

0.773

(),~~R

‘7—.

0.128

0.1.28

0.118

0.094

0.095

0.087

0,159

0.160

0,151.)

,,1 L-....— —..-

0.715 0.146

0.786 0.172

0.832 0.1,91

0.644 0.127

0.744 (),158

0.821 0.184

00849 0.185

0.933 0.216

0.978 0.2:16

T+L

0.861

0.958

1.023

0.771

0,902

1.005

1.034

1.149

1 2J.4

%0

-0.075

-o.1:!7

-0,.169

-n.109

-0.159

-0.159

A
Cu

0.208

0.097

0.012

0.343

0.243

0.166

0.154

0.086

9,038

Conlnnt—.

7% 1120

7X 1)20

ncme

7% t120

7X D20

nollc

77 1120

72 1)20

nnnn

1 ,.

‘*, ;., ,, , ,, ,,



-., . .-:- .--..1---, F.-

.
●

TAN Jt ‘i.*
Void

r (Plasm) Ar (@ii) Ar (Void) Ar (li]unhol)
(cm)

T6
Jc,m) (cm) ((!1,1) ‘7 T L T+L Cnolnnt—...—.— —z — ——— .—-- .— ———

22.5 10.0 100.0 o,ljf,~0.135 0.778 0.182 0.960

100.0 100.0 0.739 0.139 0.878 0.i59 1.037 7% H20

0.914
—

22.5 10.0 ion. o

300.0 100.0

copper coil, and a Imthick natural Li hlankct.

All calculation~ of tritium brecdi~~g and neutron

lenkage were performed to a relative standard de-

viation of 1%. Table 7 shown resulto of cnmp~mi-

ens among vnrlous cros.v-aectlon sets, where the

MATXSlibrary was processed from E??D~-IV. Here

we have a dlrcct comparison of the MATXS library

with a Cnlcu].atfnhushg iLR pro~enit.orENDF-lV

poi.ntwi~c library. The comparison inc]udcs errors

0.757 0.123 0.880 0.248 1.129

0.874 0.129 1.003 0.205 1.200 none’

1.096

due to more than just cro~a-section proccasing,

such as those fnhercnt in the discrete ordinatea

approximation, and the atatisticnl error in the

?40nLeCarlo resulto. However, the mt readt in

all ca~em ngrecs to within 4% for both triLium

brecdine and lcaka~e. Wc thus adopted the 30 x

12-grcwp FWTXS library for tillfurther multigroup

analyniu.

TAIIl,E6. Comparative Breeding, Jmakagc, Absorption, and l!cat~ngfor RIGGATRON

with Void ond Reflector (7% D20 Crmlnnt; MAI!XSIAhrnry)

r (Plnaum) Ar(tiil) flr (Void) Ar [Blanket) Ar (Cramhitv)
_f~mJ_ J@_ -@E)— —.— – —------–_-– –_._ —(cm) (cm) ‘6 ‘7 T L T+L—— —— —

, 22.5 7.0 ?00.o 100.0 25,0 1.C81. 0.2?9 1.310 0.004 1.314

22.5 10.0 200.0 100,0 25.0 0.969 O.IYJ ~.loa 0.003 I.111

Q:u Q:,, Q;,-_ Q:, Q: Q:—-. _&- . - — -.. —-. — < _

1.09 6.11 7.69 1.03 0.03 0.16

1.36 0.55 6.22 0.75 0.(-)2 0.13
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?“ j“ WBLE 7. Comparison of Hontc Carlo Rcsult~ wllh Dlscrclc!-flrdinotcsCnlculatlnns

~.’::””’. for 7-cm Coil (72 D20) and l-m Ulankct ‘Ll)
:, .:

:.,
% Differcncc % Dlffcrcncc

Ca~culnttinal %thud Crosn-S{mction Set T from }!l,ntc Cnrlo
—— — .--—— &f@W& ~=!~”tc “rlo ——- ——
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