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any intocmation, oppsratua, method, or process dtsclosed In th is report m a y  not infringe 

privately owned rights; or 
8.  Asaumea any l iabi l i t ies w i th  respect t o  t h e  use of, or for damoges reiwlting from the use of 
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I. INTRODUCTION 

l ' he  f'o r th e om :i. rig exper i m . e  n t  a 1 program t;o be (2 o ridii c t  e d at -t;h e To we r 

Shie ld ing  F'acil-i ty (TSF) us ing  a mocli.fied. S1?TAI.'-10Pi r e a c t o r ,  the  TSF-SNAP, 

has as one of i t s  requirements measurements that can be r e l a t e d  t o  the 

f 'as t -nevtron dose a t  t h e  dose plane of a n  i.nstrwnent,ed SNAP system, as i t  

would exist i n  f l i g h t .  These data carmot, of' course, be obl;ai.ncd di.rect1.y 

on earth because of s t r u c  Lure arid ground. scattm-i ng . 
t,iion:; i nd ica t ed  that ,  it would be f e a s i b l e  t o  perform t h e  measux.e!nent,s 

with a col1imat;ed d e t e c t o r  arid a. c o l l a r  surrcjunding t h e  SNAP LiH shield 

Pre l iminary  ra1eul.a- 

1 

t o  block t,lie a i r -s  c a t t e r e d  neut,roris . F G ~  the measurement i;o be obtairied 

wi th  high accuracy, the  collar should  be des-i.gned s o  as t o  gi.ve rn in imi im 

per turha t i -on  to  the ideal. measurement,, and whatever per!;urbation does 

exist shou1.d be krmwn with Mgh accuracy.  The am-ount of the p e r t u r b s t i o c  

IIIZIS I;, of course,  be obta ined  by c a l c u l a t i o n .  

An experiment* vas cond.ucted a t  t h e  T'SF with beans r a d i a t i o n  f'rotn 

t he  TSH-I1 and a SPJM-2 LiH s h i e l d ,  with t h e  fol lowing o?)JeCtiv?s: 

1. t o  determine whether cracks e x i s t e d  i n  the c a s t  Li.11 shield. ,  

2 .  t o  determihe experimental ly ,  i n s o f a r  as possible, t he  re! atfive 

e f f ec t iveness  of d i f f e r e n t  col.lar conf ' igurati  ons, 

3 .  Lo provi.de d a t a  -bo v e r i f y  Monte Carlo calcula- t ions,  which were to 

be used t o  determine t h e  f i n a l  c o l l a r  desi.gn and t o  determine 

+,;tie c o l l a r  p e r t u r b a t i o n .  

T h i s  r e p o r t  describes t h e  tracsformati.om of the experfmen-tal data to 

a f o r r  s u i t a b l e  f o r  comparison, t h e  calcu.lati.onal~ techniques used, and 

couiparison of the c a l c u l a t e d  arid experimental  d a t a .  
hlARTlN MAnlflTk tlrEiiGY SYSTEMS LlaHAh'ltS 

3 4 4 5 b  0 2 5 1 2 6 3  7 



2 Severa l  manipulations of t h e  r a w  daLa were requi red  t o  permit e ~ s y  

comparisnIi with Chc> Monte Carlo c a l c u l a i i o n s .  The first s t e p  was t c  sub-  

t r a c  L background; from foregrounds f o r  a I1 modified Long counter  ( M I X )  

results. The MLC count r a t e s  were iiieri norinali zed s3 as t o  ngrec with the 

f a s t - n e u i r  1-1 clos imeter (FND) r e s u l t s  

p l y i n t  t h e  MLL! count rates by the  mcan r a t i o  of FND dose i -esul ts  t o  MLC 

count r a t e s  (l.% x lo-=' ergs -gm-'-hr /cpm w i t l i  a s ta i idard deviat ior l  of 

about 0.028 x Differences of these equiva len t  FND da ta  were then  

The normalizat iqn was done by multi- 

-I 

taken t o  ob ta in  t h e  neu'cron dose a t  the  d e t e c t o r  diie on ly  t o  neutrons 

leav ing  the JILY s h i e l d  svrYace, and due only i o  neutrons leavinp; t he  collar 

s h i e l d  s i i ~ f a c z .  The former i s  obtained by s u b t r a c t i n g  r e s u l t s  obtained 

wiiii R 12- in .  polyethylenc s h i e l d  behind the  L iH s h i e l d  (subtendiriq only 

  he LiH s h i e l d  su r face ,  as s ~ e n  fr,om the  d e t e c t o r )  from t h e  r z s u l t s  with 

no shadow s h i e l d .  The l a t t e r  quan t i ty  is obtained by subtract , ing r e s u l i s  

obtainpd with a 1.9-in. water t a n k  covering both t he  J,iH afid c o l l a r  s h i e l d s  

frorn the resuLts obta iacd  with t h e  l ? - i n .  polyethylcne s h i e l d .  The r c s u l t -  

ing  da t a  a r e  presented  i n  Table I (der ived  from the  daLa i n  Tables I, 3, 

11, and 5 111 ref. 2). 

The l .ast  necessary quan t i ty  der ived  f r m  t h e  experimental  daka -das t h e  

toLal. dose incident on the  L 4 i H  s h i e l d .  This was obta ined  by numerically 

i n t e g r a t i n g  the  r e s u l t s  of t h e  d i r ec t -bea~~1  mappiiig ('Table I, ref. 2 )  by  

die FltD i n  i r s  a i r - s c a t i e r e d  s h i e l d .  This result was ~68.6 er*g.gm-l-!ir-l 
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11. TECErNIQUFS 

The Monte Car l o  c a l c u l a t i o n s  were made 

I +  neutron t r a n s p o r t  code, and ACTZFK, a gene ra l  arialysis code f o r  O>R.  

Supplied t o  OSR wi th  each c n l r u l a t i o n  were t h e  geometry of the shield and 

one of three possi-ble geometries f o r  t h e  c o l l a r :  a source dksur ip t ion ,  

the r eac t ions  t ak ing  p l ace  i n  the system, and s p e c i a l  b i a s i n g  paranc1,ers 

t o  be used i n  track leng-th s e l e c t i o n .  

F igure  1 shows a cross s e c t i o n  of' the  geometric model. used  to & s c r i b e  

t h e  S W - 2  L iH shield.  surrounded by a 20-in.  - t h i ck  oil-I"1 ].led coll.ar . The 

LiH s h i e l d  i s  bourided by the  z = 0 plane,  an e l l i p s o i d  approxirnat iw t h e  

artl18L t o r o i d ,  labelled as su r face  l i n  Fig. 1 a c3ne ( l a b e l l e d  8:: z), 

arid a sphere ( l a b e l l e d  as 3 ) .  

are:  

The equat ions of t h e  lat-ter three  sur faces  

2 2 
1. x + y2 -t 6.04386(z - 10.346b-)2 - (29.786) = o 

2 2 2. x + y2 - O.O21424(z + 189.325'7) = 0 

3 .  x2 + y2 f z2 - (63.5)* = 0. 

The c o l l a r  i t s e l f  is bounded by planes a t  x = +6O.96, y ::: &6O.96, I, = 3, 

z = 59.8 and the  corle desc r jb ing  the  s i d e  of the LiI-I s h i e l d .  F i g s .  2 and 

3 show cross s e c t i o n s  of the  models used. t o  desc r ibe  t h e  other two c o l l a r s  

used i n  t h e  c a l c u l a t i o n s .  The c o l l a r  shown i n  F i g .  2 has 13 in. of i r o n  

followed by 10  i n .  of t ransformer o i l  The c o l l a r  shown i n  F i g .  3 1ia.s 

4 j.n. i ron ,  1 i n .  o i l ,  3 i n .  i.ron, 2 i.n. o i l ,  2 i n .  i ron ,  3 i n .  o i l ,  1 i n .  

i ron ,  and 4 i n .  o i l ,  s t a r t i n g  a t  the side nearer  t h e  source .  

Mensirrements of f a s t -neu t ron  close as a func t ion  ~f ri istance along t h e  

beam c e n t e r l i n e  ind ica t ed  t h a t  t h e  be<m could. be descr ibed  fairly w e l l  by 

a poin t  source emi t t i ng  p a r t i c l e s  w i t h  a. speei-f i e d .  angular  d i s t r i b u t i o n .  
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The measurements along t h e  ce:rii;erl:i.ne were used tn  l oca t e  t h e  p o i n t  trorn 

which {;'he 40s L: va:ried as ]./I" . Traverse:; ~ , c r ~ s  s t;hc beam were t h e n  11s ed. 

t o  determine an sngu1.ar di.strj.buti.on for the point source (Tablc-3 8, r e f .  2). 

The  d i s  t r i b u t  ion  which was u.s ed ,  i n  terms of the cimiila.tive ?I.s 1;rihutiori 

function, is shown i n  Table XI - 
R il'te nuc lear  r eac t ions  which were al.lowed i n  the  C i H  were H, Li., arid 

Li. el.ac t i c  s tattering, and. ~ i . ( n ,  n '  ), Li( n, n' ), ' Li.( n,dn), and ' Li( n,-t;n) 

i n e l a s t i c  s c a t t e r i n g ,  nie :reaeti.ons account;ed. for i n  t h e  col-1.a.r s h i e l d s  

were H, l a c ,  and '"Fe e l a s t i c  sca t te r i .ng ,  and 12C!(n,ii') and 56E'e(n,n ' )  

1nelas tic s c a t t e r i n g .  The atomic: d e n s i t i e s  of t h e  above nuc l ides  a r e  

gi-ven i n  Table 111. 

111. BIASING 

In ord-er to reduce the samlple vari-ance i n  t h e  c a l c u l a t i o n ? ,  s e v e r a l  

types of bias ing were used. The s imples t  of -these was b ias ing  of t h e  

sou rce  energy. The b i a s  i.ng parameters used, which were d.etermiiied through 

ti-i.a.1 and eTror,* are given i.n Tab1.e ITV. I n  each of t he  energy rarges  

shown, t he  dens i ty  was obtained from- p r i o r  measurements of the  neut,rori 

spee t run  i n  the beam. 

I r i  addition, track l ength  s e l e c t i o n  was b iased  by use of a n  exponen- 

5 

'c-ial transl-o:m$ of t,he form 7 

II- 

*Subsequent wo1-k. has shown -that much be t te r  values  fo r  t,hes e parameters 
can he ohtni.n.ed. f'rm approximate calcu1a.t ions of t h e  value nine-Lion * 
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Table 11. Angular D i s  t r i b u t i o i i  IJs cd in 
t h e  Source Descr ip t ion  For A l l  Cases 

Cosine Angle From ihe 
Besm Centerline 

Cumu Iktive 
Dis”sibut ion  Funct ion  

.7’! 53729 
-95 03089 
.9550641 

* 9596285 
.9639925 
.96O 146 7 
.3720821 

-975 1895 
.9[Y?603 
.9821.865 
.9854601 
.9881738 
,9906212 

.992‘7955 

.7746917 

-9963047 
-99 743 03 
.9984649 

.999’163 

.99985 14 
1.0 

0.0 

.005280u( 
.0108y,gi 

. a1674334 

.o2y+h893 

.0363870h 

.04 37 5811 11 

-05 153353 
.05980282 
.04901a63 
.08050752 
.io023 5 18 
.14:27605 

. ?? 55770 

.36177644 

.’( 1968062 

.87104(01 

-9671-955 7 

.0229?)k5 1 

.53696470 

1.0 



Tablc 111. A t n n i i c  Densities of the Nuclides 
LJsed i n  LiH and C o l l a  Shn”.elds. - 

Media Nuclides Atomi.c: Dens i:t;ies 

Fe 5 9 e  

.0408 x 10 24 

.OS16 x LO 24 

24 .081+1.3 x 1.0 

Table IV. Biasing Used With the 
Tower Beam Ericrgy Spectrwn 

Energy Range Percentage of PJeutrQlzs 
MeV S e l  e c k d  i r i  Energjr Range 

.% - 3.0 3 O$ 

3.0 - 6.0 3 5% 

3@ 6.0 - 9.0 
‘3.0 - 5% 
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xt -- t o t a l  macroscopic cross s e c t i o n ,  

A = psth lenstl-1, 

1 B -z -- 
I - w w  ' 

v = b ias ing  parameter,  0 5 v < 1, 

w = d i r e c t i o n  cos ine  of ihe neutron v e l o c i t y ,  r e l a t i v e  to  a 

spcci i ' i  ed p re fe r r ed  di r e c i i o n .  

T h i s  forrn of t i is  exponent ia l  transl'orin assumes that, t he  imporxance func t i  on 

v a r i e s  cxpoiieii t ial ly along I he p re fe r r e?  d i r c c i i o n .  F'rm this it ran be 

shown t ha t  t h c  proper value of  ihe b i a s i n g  para,aetcr v is given by t h e  

I of t h e  slo_ic. of i he  irnporiance €unct ion t o  t he  macroscopic c ross  

sec t io i i .  The b i a s i n g  parameters were given as a func t ion  of s p a i i a l  

regions,  shown i n  F ig .  11, and of broad energy groups.  The prefer red  

d i r e c t  iqn was toward +Z for regiofiq 1, 2, and 6 through 9 and was normal 

t o  L'ne s p h e r i c a l  boundaries of regions 3, 4, aiid 5 .  I'ke values which 

wcre used are given i n  Tablc V. They wcrz obtained by adjoi  tit S c n l c L -  

I a t i o n s  performed with the  ANISM code. 

n 
8 9 

'We tiaack length  s e l e c t i o n  w a s  a l s o  b iased  t o  not  allow leakage from 

30 th -  systcrri f o r  f l i g h t s  with a p o s i t i v e  L-d i rec t ion  cos ine .  

IV. RES-UZITS 

Twelve of the  conf iEurat ions measured experimental ly  were used i n  

the calculat ior is  . The source r iescr ip t i  3 ~ s  and rezu1.1;s f o r  -these tw-elvc 

cases aye given i n  'l 'able VI. The first .  Lwo da ta  cohmns g ive  Lhe unco1.- 

!~i ded and unshiei.ded ( the answer t h a  I; wc8uld. be obbained w i  inout the s h i e l d  

p r e s e n t )  f l u x  (n/cm ) and dose (Prgs/gm). 

f o r  a vaci.nm repk ic ins  t h e  collar. 'Yhe next  colufiii? gives resuJ-Is f o r  the 

2 The next column gives  r c s u i t s  
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Table V. Energy and Region Dependent P r e f e r r e d  
Track  Direc Lion Bias i-ng Factors  

.I.-- 

Re,.' ~ J I O l l  

No. 

Energy 
(Speed- 
Squared \, 
Un i t,s ) '\ 1 2 3 4 5 6 

\ ___. _ _  
L :I 

16 
1 7  

17 
18 
1-8 

18 
18 
18 
18 
18 
18 
18 

18 
1-8 
18 
1.8 
18 

19 

6.41. x 10 

2.87 x io 
2.12 x 10 

~-( .8 x 10 
1-.16 x 1.0 
1.r4 x 10 

2.12 x 10 

2.58 x io 
3.16 x io 
3.86 x 10 
4.'71. x 10 
5.76 x 10 
7.04 x 10- 
8.61.. x 10 
1.05 x 10 

1.28 x 10 

1.56 x 13- 
1.91 x 10 
2.33 x 10 

. lc82 
-590 
.820 

v983 
-955 
- 965 
-951 
.936 
-91-9 
.go2 

.889 

-873 
.862 
.855 
.@A 
.836 
.819 

- 790 
.7 11-4 

.482 

* 531 
.828 
.972 
.94l 
.94h 

- 927 
-909 
.889 
.87 0 

.855 

.837 

.825 

.815 

.805 

-792 
-772 
.738 
.688 

.482 

- 593 
.827 

-351 
.911 

-303 
.88o 
.8 48 
.834 
.812 
. '794 
,774 
-759 
.746 

,731 
. '7 1% 

.%;I95 

.644 

.584 

.481 .4['3 

* 599 .6~1 
.82h .812 

-919 .872 
.867 .Bo2 

.846 .7GC7 

.817 * 732 
-790 .7oo 
. '163 .669 
.738 .64o 

.69k 589 

.675 .566 

.656 - 539 

.63'1 * 509 

.716 .614 

.608 .471 

- >71 ,421 
* 51-9 -355 
.447 .266 

.465 

.G85 

.647 

* 557 
.419 

-337 
.281 
.231 

.188 

.148 

.io5 

.068 

.023 

0.0 

0.0 

0.0 

0.0 

3.0 

0.0 



Table V I .  Source Descriptions and Resul ts  of 05R Calculations 

Angle 
P e t w e n  %am 

Flux (above) and Dose (below) for 10,009 Source P a r t i c l e s  

Center l i n e  Point Ssurce HTrizontal Due t o  Neutrons Due t o  Reeutrors Due t o  Neutrons 
and Shie ld  b c a t i o n  Distance Never Leaving Leaving Lih Leaving Coilar  

C o l l a r  Descr ipt ion Center l ine  (x ,Y,z)  cm ( inches)  Uncoliided Unshielded LIH S h i e l d  Shield Surface Shield Surface 

All Oil O0 (-15.24,O. 0, -147.32) 

(-3O.'i8,0.3,-1h7.32) 

( - 15.24,O. 0, - 147 .32) 4-in. Fe, 1- in .  O i l  
3 - i n .  Fe, 2-in.  Oil 

i - i n .  Fe, 4-in. O i l  
13-in. Fe, i o - i n .  O i l  0" 

Go 

2 - i n .  Fe, 3 - h .  Oil (-30.48,0.0, -147.32) 

( 0. , 0 . 0, - 147.32) 
(-15.24,0.0,-147.32) 

(-3Q. @,3.0, -147 .32)  

2'5O (-62. ;&,o.o, -133.518) 

( - 47. G2,O. 3, - 13.5 l8 

(-31.78,3.0,-133.518) 

6 

12 

6 

12 

0 

6 

12 

3 

6 

12 

( -88.93,O. 3, - 104 * 17 1) 6 

1.01 (-6) 7.50 2.50 (-6) 2.87 (-6) 

2.45 (-6) 7.00 (-I) 1.68 (-6) 2.90 ( - 6 )  
4.18 (-11) 7.61 ( - 6 )  2.36 (-11) 4.12 (-11) 

9.75 ( - 7 )  7.54 (-1) 1-96 (-6) 2.40 (-6) 
1.68 (-11) 8.22 (-6) 2.70 (-11) 3.16 (-11) 

4.34 (-11) 7.63 (-6) 2.35 (-11) 3.21 (-11) 

1.75 (-11) 8.17 3.24 (-11) 3.67 (-11) 

2.54 ( - 6 )  6.98 (-1) 1.40 (-6) 2.20 (-6) 

9.43 (-7) 7.50 (-1) 1.83 ( - 6 )  2.16 (-6) 
1.b5 (-11) 8.25 (-6) 2.47 (-11) 2.94 (-11) 
1.05 (-6) 7,117 (-1) 2.57 (-6) 2.76 (-E) 

+.26 (-11) 7.61 (-6) 1.72 (-11) 2.77 (-11) 

1.84 (-11) 8.17 (-6) 3.46 (-11) 3.71 (-11) 
2.50 (-6) 6.q (-1) 1.25 ( - 6 )  2.03 ( -6)  

1.27 (-6) 1-39 (-6) 

1.33 (-11) L.72 (-I*) 

3.77 ( - 7 )  7.87 (-7) 

1.65 (-11) 1.8; (-11) 
7.68 ( - 7 )  1.46 (-6) 

4.83 (-12) 1.04 (-11) 

4.14 (-7) 4.68 (-7) 
4.93 (-12) 5.63 (-12) 
2-27 1-7) 3.2& ( - 7 )  
3.m (-12) 4.39 (-12) 

1.58 (-6) 

4.98 (-6) 
6.9: (-11) 

5.79 ( - 7 )  
6.84 (-12) 
2.12 (-6) 
2.36 (-11) P 

;.39 {-c; 

2.04 (-11) 

4 
1.9'7 (-7) 
6.13 (-Ll) 

1.8b (-11) 

6.73 (-6) 
6.81 (-11) 

1.34 (-11) 
1.04 (-6) 

i.3L (-6) 
l.& (-11) 

1.50 (-6) 
2.2L (-11) 

5.63 (-7) 
E . B o  (-12) 

2.3; (2) 
2.7G (-11) 
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case  of t he  c o l l a r  p re sen t  and assuming p e r f e c t  &t,Pctor co l l imat ion  5 3  

t h a t  only the p a r t i c l e s  leav ing  t h e  L i H  s h i e l d  s i i r face a r c  de i ec t ed .  The 

last  column gives  f l u x  and dose due t o  t h e  p a r t i c l e s  leaving t h e  c o l l a r  

s h i e l d  su r face .  

Comparison of experimental  and ca l cu la t ed  r e s u l t s  a r e  Siven i n  

Table V T I .  All r e s u l t s  are dose a t  t h e  d e t e c t o r  per  u n i t  dose inc iden t  

on the s h i e l d .  The experi-mental resu1.l;~ were taken  from Table I and were 

d iv ided  by t h e  168.6 erg-gm -1 -I - .hr .w l*crn* inciden-t; on %he shi-eld ( u n i t s  

-1 -1 of Table 1 a r e  erg.grn-'.hr .w ) .  The ca lcu la tPd  r e s u l t s  i n  Table V i  

were divided by t h e  10 source neutrons and the dose pe r  s c t r c e  neutron: 

1.039 x erg-gni .source neutron . 
11 

- I  -1 

The comparison of ca l cu la t ed  and experimental r e s u l t s  can be seen  t o  

be q i n j  te good i n  most ca ses .  For f i f t e e n  of the tuenty- four  cases ,  t h e  

measurement can be seen t o  be wi th in  1 s tandard  dev ia t ion  ( s t a t i s t i c a l  

dev ia t ion  i n  t he  ca l cu la t ions  ) of t h e  corresponding c a l c u l a t i o n .  
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