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ABSTRACT 

An I n t e g r a l e x p e r i m e n t h a s b e e n p e r f o r m e d f o r 

v e r i f i c a t i o n of r a d i a t i o n t ranspor t methods and nuclear data 

used in the des ign of t h e r a d i a l s h i e l d f o r t h e proposed 

g a s - c o o l e d f a s t b r e e d e r r e a c t o r demonstrat ion p l a n t . The 

e x p e r i m e n t was c o n d u c t e d a t t h e ORNL Tower S h i e l d i n g 

F a c i l i t y and consisted of In tegra l and spect ra l measurements 

of the neut ron and gamma-ray f l u x t r a n s m i t t e d through slabs 

of m a t e r i a l s which modeled a GCFR-type r a d i a l b lanket and 

r a d i a l s h i e l d . Both UO2 and Th(>2 b lankets were Invest igated 

as w e l l as s e v e r a l s h i e l d des igns c o m p r i s i n g s t a i n l e s s 

s t e e l , g r a p h i t e , and boronated g r a p h i t e . 

The a n a l y s i s was per formed us ing e x i s t i n g d l s c r e i e -

ordlnates methods and cross sect ion data which are c u r r e n t l y 

used f o r f a s t r e a c t o r s h i e l d des ign . Neutron transmission 

t h r o u g h t h e b l a n k e t s was p r e d i c t e d w i t h i n 2 0 - 3 0 * w h i l e 

gamma-ray h e a t i n g between t h e b l a n k e t rows was pred ic ted 

w i t h i n 1 0 * . ENDF/B-V t h o r i u m da ta appeared b e t t e r than 

ENDF/B-IV f o r p r e d i c t i n g neutron transmission and gamma-ray 

h e a t i n g . Neutron a t t e n u a t i o n in the s h i e l d assemblies was 

g e n e r a l l y p r e d i c t e d w i t h i n 15* which corresponds t o the 

e s t i m a t e d e x p e r i m e n t a l and a n a l y t i c a l u n c e r t a i n t i e s . 

S e v e r a l o t h e r c o n c l u s i o n * r e g a r d i n g t h e per formance of 

laminated sh ie lds were obta ined . 

v 
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1 . INTRODUCTION 

D e s i g n i n g a r e a c t o r s h i e l d I s a complex e f f o r t 

I n v o l v i n g I n t i m a t e r e l a t i o n s h i p s b e t w e e n r a d i a t i o n 

t r a n s p o r t , t h e r m a l - m e c h a n i c a l f o r c e s , mater ia l p r o p e r t i e s , 

and e c o n o m i c s . The s h i e l d d e s i g n e r is c h a l l e n g e d w i t h 

d e s i g n i n g an a d e q u a t e s h i e l d which s a t i s f i e s l i c e n s i n g 

r e q u i r e m e n t s , b u t w h i c h a l s o m i n i m i z e s c o s t l y des ign 

c o n s e r v a t i s m s . Severa l a n a l y t i c t o o l s have been developed 

wh ich a i d t h e s h i e l d d e s i g n e r in a c h i e v i n g the optimum 

compromise of these c o n s i d e r a t i o n s . However, v e r i f i c a t i o n 

of these des ign methods and t h e r e l e v a n t nuc lea r data Is 

e s s e n t i a l , e s p e c i a l l y fo r ad /anced r e a c t o r s s ince l i t t l e 

o p e r a t i n g e x p e r i e n c e Is a v a i l a b l e . I n t e g r a l experiments 

p r o v i d e the means f o r t h i s v e r i f i c a t i o n by ( 1 ) prov id ing 

measured data a g a i n s t which a n a l y t i c pred ic t ions based on 

s p e c i f i c methods and n u c l e a r da ta can be j u d g e d , and (2 ) 

p r o v i d i n g a d i r e c t measurement of the e f fec t iveness of the 

f i n a l s h i e l d design. 

An I n t e g r a l e x p e r i m e n t was designed and executed for 

the v e r i f i c a t i o n of r a d i a t i o n t r a n s p o r t methods and r u c ' e a r 

d a t a used f o r t h e d e s i g n of t h e r a d i a l s h i e l d f o r t h e 

p r o p o s e d 3 0 0 M M ( e ) g a s - c o o l e d f a s t b r e e d e r r e a c t o r 

( G C F R ) . 1 The exper iment was p a r t of a f i v e - y e a r I n t e g r a l 

t e s t i n g program? which was d e s i g n e d t o s y s t e m a t i c a l l y 
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i d e n t i f y and r e s o l v e s i g n i f i c a n t q u e s t i o n s r e g a r d i n g the 

adequacy of the GCFR s h i e l d d e s i g n . Whereas most of the 

e x p e r i m e n t s d e a l t w l t n problems r e s u l t i n g from neut ron 

s t reaming in the myriad of open coolant channels and sh ie ld 

h e t e r o g e n e i t i e s , the Rad ia l B l a n k e t and Shie ld Experiment 

a d d r e s s e d p o t e n t i a l d i f f i c u l t i e s In c a l c u l a t i n g deep 

p e n e t r a t i o n of neut rons and gamma rays through the th ick 

l amina ted r a d i a l s h i e l d . A l s o , t h e e x p e r i m e n t addressed 

u n c e r t a i n t i e s a s s o c i a t e d wi th the r a d i a l b lanket since the 

p a r t i c u l a r design or the b l a n k e t a f f e c t s t h e source term 

i n c i d e n t on the r a d i a l sh ie ld and hence a f f e c t s the o v e r a l l 

a t t enua t ion c h a r a c t e r i s t i c s of the s h i e l d . 

The need f o r such an e x p e r i m e n t was prov ided by the 

GCFR s h i e l d d e s i g n e r . General Atomic Company (GAC), In a 

document' which d e s c r i b e d t h e r e a c t o r sh ie ld concept, the 

d e s i g n c r i t e r i a , t h e t y p e s of d a t a d e s i r e d f rom t h e 

e x p e r i m e n t , and s p e c i f i c t e s t requirements. In accordance 

N i t o t h o s e g o a l s and r e q u i r e m e n t s , t h e exper iment was 

d e s i g n e d and p r e a n a l y z e d 4 a t ORNL w i t h t h e a c t i v e 

cooperation of GAC. 

The e x p e r i m e n t was conducted In 1979 at the ORNL Tower 

S h i e l d i n g F a c i l i t y (TSF) and c o n s i s t e d of I n t e g r a l and 

s p e c t r a ! measurements of the neut ron and gamma-ray f l u x 

t r a n s m i t t e d t h r o u g h s labs of m a t e r i a l s which modeled a 

G C F R - t y p e r a d i a l b l a n k e t and r a d i a l s h i e l d . Both 
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uranl um-oxl de and thor I urn-oxide blankets were Investigated 

as well as several shield designs comprising stainless 

steel, graphite, and boronated graphite. The measurements, 5 

combined with the subsequent analysis described herein, 

provide significant Information regarding the adequacy of 

the Important nuclear data and provide valuable Insight Into 

the performance characteristics of not only the reference 

shield design but also alternate design concepts. 

The demise of the GCFR program in the United States 

places an apparent handicap on the usefulness of results and 

conclusions gained from the Radial Blanket and Shield 

Experiment. This handicap is primarily manifested in the 

fact that the experiment was not a parametric study of 

blanket and shield materials, but was Instead directed 

toward determining the characteristics of specific shield 

designs employed in the GCFR. Nevertheless, much of the 

data has value Independent of the GCFR. Specifically, 

comparisons of the UO2 and Th(>2 blanket mockups and the 

resulting conclusions regarding the adeqiacy of thorium 

nuclear data are of generic interest. Also, the thorough 

investigation of laminated shields containing graphite, 

boronated graphite, and steel has considerable potential 

value for LMFBR concepts which permit such materials in the 

shield design. Finally, the difficulties encountered in 

obtaining certain types of data in even this geometrically 

simple experiment provide significant guidance for future 

experiments desiring these types of data. 
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2 . GCFR SHIELD DESIGN REQUIREMENTS 

2 .1 Shie ld Design and Exposure U n i t s 

At t h e t i m e t h a t t h e R a d i a l B l a n k e t and S h i e l d 

Experiment was designed and executed, the GCFR demonstration 

p l a n t design I n c o r p o r a t e d a downward coolant flow through 

the gr I d - p i a te -suspended fue l and blanket assemblies. The 

core and b l a n k e t s were surrounded r a d i a l l y by two rows of 

ax t a I I y-segmented removable shie lds fol lowed by a permanent 

o u t e r r a d i a l s h i e l d . The c o m p l e t e s h i e l d d e s i g n was 

d e s i g n a t e d "Conceptual Shie ld ing Conf igurat ion I " (CSC-1 ) 6 

and I s p i c t u r e d In F i g . 1 . The composition and dimensions 

of the sh ie ld design a t the ax ia l level of the core midplane 

are g iven In T a b l e 1 . As shown In Table 1 , the removable 

I n n e r s h i e l d c o n s i s t e d of a row of s t e e l - c l a d boronated 

g r a p h i t e and a row of s o l i d s t a i n l e s s s t e e l . The laminated 

o u t e r s h i e l d contained a large graphi te layer surrounded by 

a t h i n b o r o n a t e d g r a p h i t e l a y e r and an o u t e r l eyer of 

s ta in less s t e e l . 

I r r a d i a t i o n exposure l i m i t s , which l a r g e l y determined 

the s h i e l d d e s i g n , were based on an Inadequate I r r a d i a t i o n 

e f f e c t s data base and wi th minimal guidance on how to apply 

e x i s t i n g d a t a I n t o s t r u c t u r a l des ign c r i t e r i a . ^ As a 

c o n s e q u e n c e , c r i t e r i a were g e n e r a l l y based on exposure 

l i m i t s which were c o n s i d e r e d h i g h l y c o n s e r v a t i v e . The 
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Table 1. Geometry and Materials for Conceptual Shielding 
Configuration I at the Core Midplane Level 

Region and Material 
Inner Radius 

(cm) 
Outer Radius 

(cm) 
Thickness 

(cm) 

Core: Enrichment Zone 1 0.0 77.9 77.9 

Enrichment Zone 2 77.9 96.9 19.0 

Enrichment Zone 3 96.9 115.6 18.7 

Radial Blanket: Row 1 115.6 134.1 18.5 

Row 2 134.1 152.6 18.5 

Row 3 152.6 171.0 18.4 

Helijm Gap 171.0 194.0 23.0 

Inner Shield 1 : SS-316 194.0 195.0 1.0 

C + B„C* 195.0 207.7 12.7 

SS-316 207.7 209. C 1.3 

Helium Gap 209.0 214.1 5.1 

Inner Shield 2 : SS-316 214.1 229.1 15.0 

Helium Gap 229.1 234.2 5.1 

Outer Shield: SS-316 234.2 239.3 5.1 

C + Bi,C* 239.3 244.4 5.1 

Graphi te 244.4 26^.0 22.6 

C + 6i»C* 267.0 272.1 5.1 

SS-316 272.1 277.2 5.1 

Kelium Gap 277.2 312.9 35.7 

PCRV Liner: Fe 312.9 314.7 1.8 

PCRV 314.7 

*25 weight-% boron mixture of graphite and B̂ C at 1.6 g/ml bulk density. 
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r a d i a l s h i e l d s In t h e CSC-l des ign were coo led by o u t l e t 

h e l i u m , and hence were s u b j e c t t o c r i t e r i a for components 

which might exceed 550°C temperatures. These c r i t e r i a were 

t h a t the t o t a l f ' f e t i n i e f luence could not exceed 1 0 ^ cm~2 

and the he l ium c o n c e n t r a t i o n in s t e e l c o u l d n o t exceed 1 

appm ( a t o m i c p a r t per m i l l i o n ) . In a d d i t i o n , t h e t o t a l 

l i f e t i m e f l u e n c e a t any p o i n t In t h e prestressed concrete 

r e a c t o r vesse l (PCRV) or the PCRV l i n e r cou ld not exceed 

10*9 cm"* . 

Design c a l c u l a t i o n s performed at ORNL and a t GAC showed 

t h a t t h e r a d i a l s h i e l d s In CSC-1 were a d e q u a t e f o r 

s a t i s f y i n g t h e des ign c r i t e r i a I f t h e I n n e r - m o s t row of 

sh ie ld were replaced every three years and the second row of 

s h i e l d e v e r y s i x y e a r s . B e s i d e s t h e o b v i o u s cost of 

f r e q u e n t l y r e p l a c i n g t h e large bulk of sh ie ld m a t e r i a l , an 

e n o r m o u s l y long r e a c t o r down t ime would be r e q u i r e d t o 

per form the s h i e l d r e p l a c e m e n t . T h e r e f o r e , c o n s i d e r a b l e 

e c o n o m i c m o t i v a t i o n e x i s t e d t o v e r i f y t h e d e s i g n 

c a l c u l a t i o n s and t o d e f i n e r e l e v a n t u n c e r t a i n t i e s which 

might subsequently help to reduce the design conservat isms. 

2.2 Qfii±£n Uncertainties 

The most o b v i o u s u n c e r t a i n t y In t h e r a d i a l s h i e l d 

design was the design I t s e l f . Although the CSC-l design and 

c o r r e s p o n d i n g r e a c t o r core and b l a n k e t c o n f i g u r a t i o n were 

s p e c i f i e d In considerable d e t a i l , assessment s tud ies were In 
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progress at the time of the experiment to determine the 

desirability of using TI1O2 rather than UO2 blankets, and the 

Implications of directing the helium coolant upward through 

the core rather than downward. Additionally, a lateral core 

restraint system was being considered which would require 

some radial shielding to be suspended from (or rested upon) 

the core support grid plate. 

Other than design, the largest source of uncertainties 

was felt to be the nuclear data used In the design 

calculations. Extreme attenuations through Iron, sodium, 

and stainless steel have been Investigated In previous TSF 

experiments; however, the GCFR shields employed substantial 

amounts of graphite and boronated graphite laminated *fth 

stainless steel yielding overall attenuations on the order 

of : 0 5 . Uncertainties In the blanket data, especially for 

thorium were also of concern since the blanket determines 

the source term for the radial shield. 

Therefore, the objectives of the Radial Blanket and 

Shield Experiment were to (a) verify the accuracy of nuclear 

data used In design calculations for the GCFR radial shield, 

(b) define experimental and analytic uncertainties In terms 

of their Implications to design calculations and design 

criteria, and (c) provfde experimental comparisons of the 

relative effectiveness of alternate shield concep+s. All of 

the objectives were satisfied by the measurements and 

subsequent analysis. 
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3 . EXPERIMENTAL CONFIGURATIONS AND MEASUREMENTS 

The 6CFR R a d i a l B l a n k e t and S h i e l d Exper iment was 

p e r f o r m e d In 1979 c t t h e ORNL Tower S h i e l d i n g F a c i l i t y 

( T S F ) . A complete d e s c r i p t i o n c f t h e e x p e r i m e n t and the 

measurements I s g lvsn in O R N L / T M - 7 2 3 7 ; 5 hove e r , a b r i e f 

d e s c r i p t i o n w i l l be g i v e n h e r e f o r c o m p l e t e n e s s . The 

d e t a i l e d exper iment program p l a n I s given In App. A which 

s p e c i f i e s each c o n f i g u r a t i o n and m e a s u r e m e n t . T h i s 

informat ion Is summarized In Table 2 . 

T y p i c a l c o n f i g u r a t i o n s a r e shown s c h e m a t i c a l l y In 

F i g s . 2 - 5 . A l l c o n f i g u r a t i o n s consisted of 1.5-m by 1 .5-m 

s l a t s p laced c o n t i g u o u s l y along the beam center l i n e of the 

TSF reactor source. The mockups were preceded by a spectrum 

m o d i f i e r which was designed t o produce a source spectrum 

t y p i c a l of a f a s t r e a c t o r c o r e . The s l a b s were a l l 

surrounded by a concrete sh ie ld which was requi red to reduce 

background r a d i a t i o n at the detector l o c a t i o n s . A layer of 

I I t h i a t e d p a r n f f In be tween t h e s l a b s and t h e c o n c r e t e 

m in imized the c o n t r i b u t i o n of neuirons which were r e f l e c t e d 

from the c o n c r e t e back In to the t e s t assembl ies. r l g u r e 2 

shows a t h r e e - r o w Th(>2 b l a n k e t mockup, whi le F i g . 3 shows 

t h e a d d i t i o n of t h e r e f e r e n c e I n n e r s h i e l d mockup 

(cor responds t o C S C - I ) . Figure 4 shows a UO2 b lanket plus 

an a l t e r n a t e inner shie ld mockup. F i n a l l y * F i g . 5 shows the 

l a rges t con f igura t ion Invest igated - a Th(>2 b lanket plus the 
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Table ?.. Sunnary of Configurations and Neasurements for GCFR 
Radial Blanket and Shield Experiment 

Configuration Description Measurements 

I.A 
I.B 
I.C 
I.D 
I.E 
I.F 

II.A 
II.B 

III.A 
III -B 
IV.A 
IV.B 
IV.C 
IV.D 
IV.E 
V.A 
V.B 
V.C 
V.D 
V.E 

VI.A 
VLB 
VI. C 
VI.C 

Spectrum modifier only BB,S 
1/2 Th02 blanket row BB 
1 Th02 blanket row BB 
2 Th02 blanket rows BB,S,TLD 
3 Th02 blanket rows BB.S.TLD 
Conf. I.E + Fe reflector TLD 
3 U02 blanket rows BB.S.TLD 
Conf. I I .A + reference inner shield BB,S 
Conf. I.E + boronated graphite BB.S 
Conf. I I I . A + stainless steel BB,S 
Conf. I I I . 8 + 1/3 reference outer shield BB 
Conf. I I I . B + 2/3 reference outer shield BB 
Conf. I I I . B + reference outer shield BB.S 
Conf. IV.C + Fe + concrete BB.TLD 
Reference inner and outer shields BB.S 
Conf. 11.A (repeat) BB 
Conf. V.A + graphite BB.S 
Ccnf. V.B + boronated graphite + steel BB.S.TLD 
Conf. V.C + steel BB,TLD 
Conf. V.A + boronated graphite + steel BB.TLD 
Lead only S 
Lead + spectrum modifier S 
U02 only S 
UC2 •*• spectrum modifier BB,S 

'Reference shields refer to "Conceptual Shielding Configuration I . " 
B̂B • Bonner ba l l ; S = spectrometers; TLD • thermoluminescent dosimeter. 
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Fig. 5. Mockup of spectrum modifier, Th02 radial blanket, Inner 
radial shield, full outer radial shield (item IV-BJ IV-C), and PCRV 
(Items IV-D) surrounded by llthlated paraffin and concrete. 
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r e f e r e n c e inner and o u t e r r a d i a l s h i e l d s . A mockup of the 

PCRV and l i n e r was a lso Included in the c o n f i g u r a t i o n . 

Both I n t e g r a l and spectra l d$ta for neutrons and gamma 

rays were measured. I n t e g r a l neu t ron data were obtained 

us ing Bonner b a l l d e t e c t o r s wi th nominal outs ide diameters 

c f 3 , 6 , and 10 I n c h e s . N e u t r o n e n e r g y s p e c t r a were 

measured above 40 keV u s i n g a 5-cm c y l i n d r i c a l NE-213 

s c i n t i l l a t o r ( f rom 1 to 20 MeV) and 5-cm spher ica l hydrogen 

p r o p o r t i o n a l c o u n t e r s ( f rom 40 t o 1500 k e V ) . The NE-213 

d e t e c t o r was a lso used t o measure gamma-ray spectra above 1 

MeV. The NE-213 da ta were u n f o l d e d using the FERO code 7 

w h i l e the hydrogen data were u n f o l d e d using SPEC-4.® The 

Bonner b a l l and spectra measurements were always located on 

the reactor beam c e n t e r l I n e "behind" the t e s t c o n f i g u r a t i o n , 

i . e . , on the s i d e o p p o s i t e the TSF r e a c t o r . In a d d i t i o n , 

gamma-ray heat ing data were obtained from thermoluminescent 

dos imete rs (TLDs) located between the t e s t slabs but always 

on the beam c e n t e r l h ie . 
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4 . ANALYSIS PROCEDURES 

4.1 Analytic Methods and Model* 

A n a l y s i s of the R a d i a l B l a n k e t and Shie ld Experiment 

was based s o l e l y upon d i s c r e t e - o r d i n a t e s t r a n s p o r t methods. 

Neutron and gamma-ray t r a n s p o r t through the conf igura t ions 

was c a l c u l a t e d us ing p r i m a r i l y t h e DOT-IV two-dIme r i iona l 

code** ( v e r s i o n 4 . 3 ) which p r o v i d e d an absolute comparison 

w i t h t h e measured d a t a . A l s o , some o n e - d i m e n s i o n a l 

c a l c u l a t i o n s were performed us ing t h e ANiSN c o d e 1 0 which 

p r o v i d e d an Inexpensive way to I n v e s t i g a t e small v a r i a t i o n s 

In the c o m p u t a t i o n a l parameters . Other codes u t i l i z e d for 

t h e a n a l y s i s I n c l u d e AMPX 1 ' and A X M I X 1 2 for p r e p a r i n g 

macroscopic cross sec t ions , FALSTF 1 ' for computing the f l u x 

a t d e t e c t o r l o c a t i o n s o u t s i d e t h e c o n f i g u r a t i o n s , and 

s e v e r a l of t h e DOGS c o d e s ' * f o r c a l c u l a t i n g d e t e c t o r 

a c t i v i t i e s and graphical output of the da ta . Table 3 l i s t s 

a l l the codes used In t h i s a n a l y s i s . 

The bulk of the computa t iona l e f f o r t was expended In 

c a l c u l a t i n g the r a d i a t i o n t ranspor t through two-dimensional 

( 2 D ) mode ls of t h e b l a n k e t and s h i e l d mockups . The 

c a l c u l a t i o n s were run In R-Z c y l i n d r i c a l geometry and used 

an e x t e r n a l boundary a n g u l a r f l u x ( a l w a y s a t the top 

boundary) as the f i x e d source . The b l a n k e t c a l c u l a t i o n s 

i n c l u d e d m u l t i p l e source I t e r a t i o n s to account for f iss ions 

w i t h i n t h e b l a n k e t s l a b s , and t h e l a r g e r s h i e l d 
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Table 3. Computer Codes Used i n Analysis o f Radial Blanket 
and Shield Experiment 

Code Function 

ACTUAL - DOG code to ca lcu la te a c t i v i t i e s from DOT f luxes 
ANISN - Perfot.i ID radiation transport calculations 
ASPECT - DOGS coo* to p l o t I D o r 2D energy spectra 
AXMIX - N ix ANISN-fonnatted cross sect ions 
BONANI - AHPX code t o perform energy s e l f - s h i e l d i n g o f cross sec t ions 
CHOX - AHPX code t o couple neutron and gamma-ray l i b r a r i e s 
DOT 4 . 3 - Perform 2D rad ia t ion t ransport ca lculat ions 
E6AD - DOGS code to p l o t 2D geometries 
FACT - Change spat ia l mesh on boundary angular source 
FALSTF - Calculate detector responses outside 2D geometries 
ISOPL0T4 - DOGS code to p l o t 2D i s o f l u x contours 
MALOCS - AHPX code t o co l l apse cross sect ions 
NITAWL - AMPX code to reformat cross sect ions 
ROSIE - In terpo la te 76-group scale factors to 207 groups 
XSPECT - Extended version o f ASPECT to p lo t measured spectra 

c o n f i g u r a t i o n s were "boots t rapped" using In te rna l boundary 

a n g u l a r f l u x e s . A l l c a l c u l a t i o n s used an SJQ symmetr ic 

angular quadrature (70 a n g l e s ) . A l i s t i n g of the quadrature 

ang les and weights is given in App. B along with an e d i t of 

t h e I n p u t p a r a m e t e r s f o r a t y p i c a l DOT-IV c a s e . A *ew 

s i g n i f i c a n t parameters f o r a i l of the 2D c a l c u l a t i o n s are 

summarized In Table 4 . 

As s e e n In T a b l e 4 , t h e s p a t i a l meshes f o r t h e 

c o m p u t a t i o n a l models ranged from 2600 t o 5800 i n t e r v a l s . 



Table 4. Summary of DOT-IV Calculations 

Case Configuration 
Mesh Size 

(R.Z) 
Source 

Iterations 
Total Flux 
Iterations 

Time 
(m1n/cpu) 

Boundary Source 
Location 

l * I.A 59,62 i 76 45/91 TSF Collimator 

Z° 1.0 50,54 3 
3 

713 
522 

143/91 
112/91 

Spectrum Modifier 

3° I.E 50,69 3 
2 

741 
473 

186/91 
118/91 

Spectrum Modifier 

4 I I .A 59,52 3 1030 220/91 Spectrum Modifier 

5 I I . B 48,69 3 986 219/91 Second U02 Slab 

6° I I I .A 50,90 3 
2 

744 
473 

Z47/91 
156/91 

Spectrum Modifier 

7 I I I .B 50,62 2 627 134/91 Third Th02 Slab 

8 IV.C 50,97 1 581 174/91 Blanket/Shield Interface 

9 IV.E 50,115 1 588 208/33 Spectrum Modifier 

10 a V.B 48,65 2 
1 

708 
202 

171/91 
63/91 

Spectrum Modifier 

11 V C 48,66 3 999 210/91 Second U02 Slab 

^Machine execution time on either an IBM 360/91 (/91) or an IBM 370/3033 (/33) 
Case originally run at Argonne National Laboratory; restarted at ORNL. 

^Case restarted to correct mistake in macroscopic cross sections. 
"Case restarted to correct premature termination. 

03 
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B e c a u s e of t h e s i m p l e d e s i g n of t h e e x p e r i m e n t , t h e 

c o n f i g u r a t i o n s were modeled a l m o s t e x a c t l y ; t h e on ly 

s i g n i f i c a n t a p p r o x i m a t i o n was due t o t h e c y l i n d r i c a l 

r e p r e s e n t a t i o n of t h e square s l a b s . I t Is f e l t , however, 

thaT the l a r g e l a t e r a l dimensions of the slabs permit such 

an approx imat ion without s i g n i f i c a n t l y a f f e e l i n g r e s u l t s on 

t h e beam c e n t e r l l n e . Axia l dimensions were taken d i r e c t l y 

from Ref. 5 . Two representa t ive models are gfv>n In F i g s , f 

and 7 which show t h e ThO£ b l a n k e t mockup ( F i g . 6) and the 

UO2 b l a n k e t wi th an a l t e r n a t e inner s h i e l d mockup ( F i g . 7 ) . 

The boundary source at the top of the geometry in F i g . 7 had 

been de te rmined from a prev ious c a l c u l a t i o n which spanned 

t h e r e g i o n from ihe spectrum m o d i f i e r t h r o u g h t h e 15 -cn 

g raph i te s e c t i o n . 

A f t e r p e r f o r m i n g t h e DOT c a l c u l a t i o n w i t h i n t h e 

boundar ies of the c o n f i g u r a t i o n , a FALSTF c a l c u l a t i o n was 

then performed which used the space-energy s c a t t e r i n g source 

c a l c u l a t e d by DOT to de te rmine t h e neut ron and gamma-ray 

f l u x a t e x t e r n a l d e t e c t o r l o c a t i o n s . The l a s t - f l i g h t f l u x 

es t imat ion a lso included the soace-dependent f i s s i o n source, 

and employed a c o l l i m a t o r o p t i o n which def ined a detector 

s o l i d ang le c o r r e s p o n d i n g to the experimental arrangement. 

Appendix B inc ludes an e d i t of the input parameters for a 

t y p i c a l FALSTF cas" . 
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Fig. 6. Two-dimensional R-Z model for Th02 blanket mockup (Con­
figuration I .E) . 
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Fig. 7. Two-dimensional R-Z model for U02 blanket with an alternate 
shield mockup (Configuration V.C). 
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B e f o r e compar ing t h e FALSTF f l u x e s t o t h e u n f o l d e d 

neutron and gamma-ray energy spec t ra , the c a l c u l a t e d spectra 

were smoothed w i t h a Gaussian f u n c t i o n t o s i m u l a t e t h e 

e n e r g y r e s o l u t i o n I n h e r e n t In t h e d e t e c t o r sys tem. The 

f l u x e s were a l s o f o l d e d w i t h energy -dependent response 

funct ions for comparison wi th the measured Bonner b a l l d a t a . 

S i m i l a r l y , t h e c a l c u l a t e d DOT f l u x e s were f o l d e d w i t h 

energy-dependent response funct ions fo r comparison wi th the 

l a £.1111 TLD d a t a . The Bonner ba l I and TLD r e s p o n s e 

funct ions are given In Sec. 4 . 3 . 

The f u l l a n a l y t i c approach Is diagrammed In F i g . 8 . In 

a d d i t i o n t o the normal OOT/FALSTF sequence, ANISN was used 

t o p e r f o r m 1D c a l c u l a t i o n s f o r the purpose of comparing 

d i f f e r e n t c r o s s - s e c t i o n d a t a . The ID slab geometries used 

In the ANISN c a l c u l a t i o n s represented the ax ia l dimension In 

t h e c o r r e s p o n d i n g 2D c a l c u l a t i o n s and used the same TSF 

s o u r c e s p e c t r u m as a l e f t b o u n d a r y c o n d i t i o n . 

U n f o r t u n a t e l y , t h e e c o n o m i c a d v a n t a g e of u s i n g ID 

c a l c u l a t i o n s Is ba lanced by t h e loss of an a b s o l u t e f fux 

n o r m a l i z a t i o n due to the I n a b i l i t y of a ID slab geometry to 

account fo r g e o m e t r i c a t t e n u a t i o n of the TSF source . This 

l i m i t a t i o n was circumvented through the use of 2D s c a l i n g . 

The concept of s c a l i n g ^ assumes t h a t 

ANISN(B) 
DOT(B) • DOT(A) x « SF(A) x ANISN(B) 

ANISN(A) 
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F i g . 8 . Diagram o f procedure used t o analyze Radial B lanket and Sh ie ld Experiment. 
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where A and B r e p r e s e n t v a r i a t i o n s o f t h e c o m p u t a t i o n a l 

p a r a m e t e r s . T h e r e f o r e , the 2D r e s u l t for parameter set B 

c a n be a p p r o x i m a t e d by a p r o p e r l y s c a l e d ID r e s u l t . 

S p e c i f i c a l l y , E N D F / B - I V and - V d a t a f o r t h o r i u m were 

compared a t a f i n e - g r o u p l e v e l ( 2 0 7 energy groups) using 

s c a l e f a c t o r s t h a t were determined from 7 6 - g r o u p DOT and 

ANISN c a l c u l a t i o n s . As Indicated In F i g . 8 , the 76-group 2D 

f l u x e s were d iv ided by the corresponding ID f l u x e s t o y i e l d 

76-group sca l ing f a c t o r s which were then I n t e r p o l a t e d t o the 

207 -group s t r u c t u r e . The f i n e - g r o u p sca l ing fac to rs were 

then folded wi th the d i f f e r e n t ID r e s u l t s and compared on an 

absolute basis with the measured d a t a . 

4 .2 Cross Section QflJta 

The 2D t r a n s p o r t c a l c u l a t i o n s were a l l performed using 

a coupled mult lgroup cross-sect ion set conta in ing 51 neutron 

g r o u p s and 25 gamma- r ry g r o u p s . The P3 m i c r o s c o p i c 

c r o s s - s e c t lor. l i b r a r y was der ived p r i m a r i l y from ENDF/B-IV 

da ta , and has been used ex tens ive ly a t ORNL for f a s t reactor 

a n a l y s e s . 1 6 Because ENDF/B-IV does not contain secondary 

gamme-ray production data for thor ium, a specia l 2 3 2 j n c r o s s 

s e c t i o n s e t was g e n e r a t e d w h i c h c o n t a i n s gamma-ray 

p r o d u c t i o n data t h a t was e s t i m a t e d from the corresponding 

238u d a t a . Macroscopic cross s e c t i o n s were prepared from 

t h e m i c r o s c o p i c l i b r a r y u s i n g t h e AXMIX code and t h e 

m a t e r i a l number d e n s i t i e s g iven In T a b l e 5 . The number 
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Table 5. Composition of Materials (Atoms'barn-1*cm*1) 

Bor'd Graph Bor'd Graph 
Concrete : w Aluminum Boral C. Steel L1-P*ra*f1n L1-Hydride Graphite (IS em) (5 cm) VO, Slabs Th02 Slabs 0 

H-l 7.30(-3)* - - - - - - — S.930(-2) 5.610(-2) - • - • - - - - - -
Li-6 - - — — - - - - 5.565(-4) 4.163(-3) - - - - - - *• • • 

Li-7 - - — — — -- 6.940(-3) 5.194(-2) - - - - - - - - - -
B-10 — — - - 5.i28(-3) - - — • - 4.017(-3) 4.237(-3) - - - -
8-11 - - — - - 2.077<-2) - - — -- 1.627(-2) 1.716(-2) - • - -
C 1.07(-2) — -- 6.45(-3) 9.185(-4) 3.420(-2) 8.675(-2) S.1SK-2) S.02K-Z) - - - • 
C 4.47(-2) — - - - - - - 1.125(-2) - - - • 2.95(-2) 3.30(-2) 
Na - - - - — - - -- - - - - - - 5.10{-3) - -
Al - - - - 6.0S(-2) 3.65(-2) - - - - - - - - 7.05(-3) - -
Si 3.80(-3) - - - - - - - - - - - • - - — • • 

Ca 1.22(-2) — — — — - - - - - - - - -
Cr - - 1.69(-2) - - — — - - - - •• " -• 
Nn - - 1.20(-3) - - - - 5.150(-4) - - — — " " 
Fe — 5.94{-2) 6.00(-4) 7.70(-4) 8.372{-2) -- •• - - — • • 

N1 - - 7.90(-3) — - - - - - - " • - •' •• 
Th-232 - - - - — -- - - - - — - - •- l . « ( - 2 ) 
U-235 - - — -- - - - - — — - - 1.08(-4) - -
U-383 - - — - - - - - - - - '• " 1.469(-2) --

N 

'Composition *s for an average slab density of 7.24 g/cm3. Actual densities of 7.10, 7,33, 7.37, and 7.14 g/cm3 were used In the calculations, 
:Read as 7.3 » 10- J. 
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d e n s i t i e s were c a l c u l t t e d based on Informat ion repor ted In 

Ref. 5 . 

In a d d i t i o n t o t h e 5 1 - 2 5 - g r o u p c a l c u l a t i o n s , some ID 

c a l c u l a t i o n s w e r e p e r f o r m e d u s i n g t h e I 7 1 - n e u t r o n , 

36-gamma-ray group Vitamin C c ross -sec t ion l i b r a r y . * 7 These 

cross s e c t i o n s were processed using the AMPX code sys tem' ' 

t o g e n e r a t e a coupled macroscopic l i b r a r y In the requi red 

ANISN format . Also, a separate f ine -group cross-sect ion set 

was prepared f o r t h o r i u m using data der ived from ENOF/B-V. 

The procedure f o r p rocess ing t h e V i tamin C cross sect ions 

and t h e ENDF/B-V* based thor ium data Is o u t l i n e d in t h e 

l e f t -hand por t ion of F i g . 8 . 

4 .3 I £ £ Source ami Detector Response. Functions 

The neutron source fo r the experiment was provided by 

t h e TSF r e a c t o r and l a r g e beam c o l l i m a t o r . The angle and 

energy d i s t r i b u t i o n frcm the surface of the reactor has been 

p r e v i o u s l y d e t e r m i n e d , ' 8 a n ( j a computer code was developed 

t o c o n v e r t t h e s p h e r i c a l leakage source to a disk boundary 

s o u r c e s u i t a b l e f o r use w i th R-Z g e o m e t r i e s . ' ^ I t was 

n e c e s s a r y , h o w e v e r , t o p e r f o r m a 2D c a l c u l a t i o n which 

Inc luded the d isk source and a mockup of the r e a c t o r and 

beam c o l l i m a t o r In order to g e n e r a t e a boundary source a t 

the s u r f a c e of the spectrum m o d i f i e r . The geometry for the 

DOT- IV c a l c u l a t i o n fs shown In F i g . 9 . The spectrum 
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RADIUS (cm) 

Fig 9. Two-dimensional R-Z model of TSF reactor, beam collimator, 
and spectrum modifier (Configuration I .A . ) . 

m o d i f i e r and p e r i p h e r a l s h i e l d i n g were Inc luded in t h e 

c a l c u l a t i o n so t h a t t h e r e s u l t i n g boundary source could be 

used as an ex te rna l source for subsequent c a l c u l a t i o n s . 

As ment ioned In Sec 4 . 1 , t h e c a l c u l a t e d neut ron and 

gamma-ray f l u x e s were folded with energy-dependewt response 

f u n c t i o n s f o r comparison with measured Bonner b a l l and TLD 

d a t a . Three Bonner b a l l s were used: the 3" b a l ) which 

measures p r i m a r i l y low energy neutron f l u x , the 6" b a l l 

which r e p r e s e n t s a t o t a l f l u x d e t e c t o r , and t h e 10" b a l l 

which measures p r i m a r i l y the fast neutron f l u x . The Bonner 
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b a l l response f u n c t i o n s which were o r i g i n a l l y c a l c u l a t e d 

s e v e r a l y e a r s ago^O have been used e x t e n s i v e l y f o r TSF 

ana lyses w i t h on ly Minor c o r r e c t i o n s . * 5 For completeness, 

these responses In the 51-group energy s t r u c t u r e are I I s t e d 

in Table 6 and p l o t t e d In F i g . 1 0 . 

The C a F 2 : H n TLD g a m a - r a y h e a t i n g r e s p o n s e and 

c o r r e s p o n d i n g n e u t r o n s e n s i t i v i t y have a l s o been used In 

p r e v i o u s a n a l y s e s . 1 5 Table 7 l i s t s the TLD response whi le 

F i g . 11 compares t h e response t o t h e gamma-ray h e a t i n g 

response f o r t y p e - 3 1 6 s t a i n l e s s s t e e l . Although type-304L 

s t e e l was used In t h e e x p e r i m e n t , I t s h e a t i n g response 

s h o u l d be q u i t e s i m i l a r to t h a t of t y p e - 3 1 6 s t e e l . The 

neutron s e n s i t i v i t y of t h e CaF2 TI.D Is l i s t e d In Table 8 . 

The t o t a l TLO response was c a l c u l a t e d as merely the sum of 

the gamma-ray response and the neutron s e n s i t i v i t y , and then 

compared to the measured TLD d a t a . For most c o n f i g u r a t i o n s , 

the neut ron s e n s i t i v i t y was approximately \0$ of th& rota l 

response. 
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Table 6. Response Functions for the Bonner Balls 
in Counts per Neutron/an2 

Grcup 3- in . 88 6-in. B8 IC-in. B8 

1 
2 
j 
4 
5 

3-4403)' 
4-37(-3) 
5.5K-3) 
6.66(-3) 
9.25(-3) 

2.29(-l) 
2-93(-l) 
3-7K-1) 
4.55(-l) 
5-5K-1) 

S.7«,(-l) 
7.01(-I) 
8.40(-l) 
9.47{-l) 
1.05(0) 

6 
7 
8 
9 

10 

l.I0{-2) 
1.35(-2) 
1.69(-2) 
2.1K-2) 
2.6K-2) 

6.16(-I) 
7.03(-l) 
7-96{-l) 
9.04(-l) 
1.01(0) 

1.11(0) 
1.12(0) 
1.14(0) 
1-19(0) 
1.21(0) 

11 
12 
13 
14 
15 

3.20(-2) 
3.88(-2) 
4.67{-2) 
5.58{-2) 
6.60(-2) 

1.11(0) 
1.19(0) 
1.26(0) 
1.32(0) 
1.36(0) 

1.19(0) 
1.13(0) 
1.06(0) 
9.77(-l) 
8.90(-l) 

16 
17 
IB 
19 
?0 

7721-2] 
8.94(-2) 
l .03(-l) 
1.16{-1) 
l.30(-l) 

1.39(0) 
1.40(0) 
1.40(0) 
1.40(0) 
1.38(0) 

8.04(-l) 
7.22(-l) 
6.47(-l) 
5.80(-l) 
5-23(-l) 

21 
22 
23 
24 
25 

l.45(-l) 
l-59{-I) 
1.73(-1) 
l.88(-l) 
2.05(-l) 

137(0) 
1.34(0) 
1.32(0) 
1.29(0) 
1.27(0) 

4.72(-D 
4.30(-l) 
3.94(-l) 
3.64(-l) 
3.35(-l' 

26 
27 
28 
29 
30 

2.36{-l) 
2.60{-l) 
2.77(-l) 
2.93(-l) 
3.10(-1) 

1.22(0) 
1.18(0) 
1.17(0) 
1-15(0) 
1.14(0) 

2.94(-l) 
2.69(-l) 
2.57(-l) 
2.47(-l) 
2.38(-l) 

31 
32 
33 
34 
35 

3.26(-I) 
3.6K-1) 
4.07(-l) 
4.37<-l) 
4.59(-l) 

1-13(0) 
1.11(0) 
109(0) 
1.08(0) 
1.08(0) 

2.30(-l) 
2J8(-1) 
2.05(-l) 
1.98(-1) 
1.94(-1) 

36 
37 
38 
39 
4f> 

4.81i-l) 
5.05(-l) 
5.30{-1) 
S.55C-1) 
6.07(-l) 

1.07(0) 
1.07(0) 
1.06(0) 
1.05(0) 
1.03(0) 

1.90(-1) 
l.86(-l) 
: .«3(- l) 
1.79(-1) 
1.70(-1) 

41 
42 
43 
44 
45 

6.98(-l) 
7.76(-l) 
7.03{-l) 
8.19(-1) 
9.40(-l) 

1.00(0) 
9.44(-l) 
8.96(-l) 
8.77(-l) 
8.38(-l) 

1.60(-1) 
1.45(-1) 
1.54(-1) 
1.47(-1) 
1.38(-1) 

46 
17 
48 
49 
50 
51 

1.04(0) 
1.14(0) 
1.18(0) 
<J.67(-1) 

0 
0 

7.74H) 
6.97(-l) 
5 .97H) 
3.53(-l) 

0 
0 

1.25(-1) 
1.12(-1) 
9-49(-2) 
5.58(-2) 

0 
0 

'Read as 3.44 - 10* J . 
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Fig. 10. Response functions for 3", 6", and 10" Bonner balls. 
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Table 7. Gama-Ray Heating Response Function for CaF-:Mn TLD 
in Units of MeV Gran per Photon/CB2 

Upper 
Group Energy Response 

52 13.0 MeV 0.270 
53 10.197 0.202 
54 7.998 0.153 
55 6.274 0.118 
56 4.921 0.0924 

57 3.860 0.0737 
58 3.028 0.0599 
59 2.375 0.0492 
60 1.863 0.0408 
61 1.461 0.0339 

62 1.146 0.0281 
63 0.8990 0.0229 
64 0.7051 0.0184 
65 0.5531 0.0148 
66 0.4338 0.0117 

67 0.3403 0.00896 
68 0.2669 0.00712 
69 0.2094 0.00606 
70 0.1642 0.00593 
71 0.1288 0.00630 

72 C. 1010 0.00797 
73 0.07925 0.0118 
74 0.06216 0.0181 
75 0.04876 0.0296 
76 0.03825 

0.030 
0.0468 
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Fig. 11. Response function for CaF2 TLD compared to gamma-ray 
heating response of stainless steel-316. 
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Table 8. TLD Neutron Sensitivity Function in Units of MeV/Gram 
Per Keutron/cm* for CaF2:Hn 

Group 
Upper 
Energy Response Group 

Upper 
Energy Response 

1 14.92 MeV 5.95( -2) T 26 86.52 keV 1.04{-4) 
2 12.21 6.18(-2) 27 52.48 2.13(-4) 
3 10.00 5.84(-2) 28 40.87 6.74(-5) 
4 8.187 5.23(-2) 29 31.83 2.50(-4) 
5 6.703 4.26(-2) 30 24.79 7.58(-5) 

6 5.488 2.66(-2) 31 19.31 5.17(-4) 
7 4.493 1.61(-2) 32 15.03 6.0l(-5) 
8 3.679 8.87(-3) 33 7.102 2.13(-5) 
9 3.012 4.03(-3) 34 4.307 1.88(-5) 

10 2.466 1.93(-3) 35 3.355 4.29(-5) 

11 2.019 1.22(-3) 36 2.613 1.57(-4) 
*i2 1.653 9.2K-4) 37 1.035 5.52(-5) 
13 1.353 8.26(-4) 38 1.585 4.33(-5) 

5.06(-4) 14 1.108 6.57(-4) 39 1.234 
4.33(-5) 
5.06(-4) 

15 0.9072 5.56(-4) 40 961.1 eV 6.07(-5) 

16 0.7427 4.38(-4) 41 454.0 8.43(-4) 
17 0.6081 4.66(-4) 42 214.5 1.70(-O 
18 0.4979 4.89(-4) 43 101.3 1.25(-4) 
19 0.4076 5.17(-4) 44 47.85 1.43(-4) 
20 0.3337 4.83(-4) 45 22.60 1.87(-4) 

21 0.2732 3.60(-4) 46 10.68 2.58(-4) 
22 0.2237 2.36(-4) 47 5.043 3.61(-4) 
23 0.1832 1.89(-4) 48 2.382 5.23(-4) 
24 0.1500 1.64{-4) 49 1.125 7.92(-4) 
25 0.1228 3.l5(-4) 50 0.4140 1.40(-3) 

51 0,1000 2.90(-3) 
+Read as 5.95 x TO"2 # 

0,1000 
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5. COMPARISON OF CALCULATIONS AND MEASUREMENTS 

T h i s s e c t i o n I s d e v o t e d t o t h e p r e s e n t a t i o n of 

c o m p a r i s o n s b e t w e e n a n a l y t i c c a l c u l a t i o n s and t h e 

c o r r e s p o n d i n g m e a s u r e m e n t s . C o n c l u s i o n s r e g a r d i n g 

I n d i v i d u a l c o n f i g u r a t i o n s and s p e c i f i c d i s c r e p a n c i e s are 

d i s c u s s e d ; however, genera l comments and c o n c l u s i o n s are 

p r e s e n t e d In Sec. 6 . The Bonner b a l l , s p e c t r a l , and TLD 

da ta a re compared In the f i r s t t h r e e s u b s e c t i o n s for the 

s p e c t r u m m o d i f i e r , the b l a n k e t c o n f i g u r a t i o n s , and t h e 

s h i e l d c o n f i g u r a t i o n s , r e s p e c t i v e l y . The f o u r t h subsection 

d e s c r i b e s t h e r e s u l t s from an I n v e s t i g a t i o n of t h e 

s u b s t a n t i a l d isagreement observed between the measured and 

c a l c u l a t e d gamma-ray s p e c t r a . Unless otherwise noted, a l l 

o f t h e c a l c u l a t e d r e s u l t s were d e t e r m i n e d u s i n g t h e 

procedures described In Sec. 4 . 

5 .1 Spectrum Modi f le r 

As m e n t i o n e d e a r l i e r , a spectrum m o d i f i e r (SM) was 

p laced In t h e TSF neutron beam to provide a source spectrum 

t h a t was more t y p i c a l of tne leakage spectrum from a f a s t 

r e a c t o r c o r e t h a n was t h e b a r e TSF r e a c t o r ( T S R - I I ) . 

M e a s u r e m e n t s and c a l c u l a t i o n s were made f o r t h e SM 

c o n f i g u r a t i o n In o r d e r t o c o n f i r m our knowledge of the 

modif ied source spectrum. The r e s u l t i n g comparisons for the 

t h r e e Bonner b a l l s loca ted at several distances behind the 

SM are given In Table 9 . 
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Table 9. Calculation-To-Experiment Ratios for Bonner Ball Detector., 
Behind Spectrum Modifier Configuration ( I .A) 

C/E 
Distance 

(cm) 3" BB 6" BB 10" BB Uncoilided Flux* 

30.5 1.06 1.07 1.01 FALSTF 
304.8 0.94 0.93 0.93 FALSTF 
396.9 1.00 0.95 0.93 FALSTF 
396.9 1.06 1.04 1.07 Point TSF Source 
396.9 1.02 0.99 1.01 Shell TSF Source 

flAll calculations included the last - f l ight flux calculated by rALSTF. 

U n l i k e a l l o t h e r c o n f i g u r a t i o n s I n v e s t i g a t e d , the SM 

assembly was s u f f i c i e n t l y t h i n t o a l l o w a s i g n i f i c a n t 

p o r t i o n of the TSF r e a c t o r beam to be t ransmi t ted through 

t h e assembly w i t h o u t a s i n g l e c o l l i s i o n . T h e r e f o r e , a 

d e t e r m i n a t i o n of the neut ron f l u x a t d e t e c t o r p o s i t i o n s 

behind the SM had t o account f o r the uncoi l Ided f l u x from 

the source as wel l as the s c a t t e r i n g source from wi th in the 

c o n f i g u r a t i o n . FALSTF was used t o perform the uncol I Ided 

f l u x c a l c u l a t i o n ; however, the modera te ly coarse angular 

q u a d r a t u r e r e s u l t e d In a severe u n d e r p r e d l e t Ion of the 

uncol I I d e d f l u x on the ax ia l center l Ine at large d is tances. 

T h i s e f f e c t is a p p a r e n t l y demonstrated In the 10" Bonner 

ba l l resul ts given in Table 9 . Hence, an a l t e r n a t e approach 

was used t o c a l c u l a t e t h e unco l l l deo f l u x a t the most 

d is tan t detector l o c a t i o n . 
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Actually, two similar approaches were tried. The first 
method approximated the TSR-II as a point source and used 
the simple relation: 

*u " 4 ^ ' «P [- (V>Fe - <¥>A1 " (¥>Bowl] 

where <fu Is the uncollided flux, 
S Is the TSR-II source strength, 
R Is the distance from the TSR-II to the detector, 
Ej Is the total macroscopic cross section, 
X Is the slab thickness. 

The uncollided flux was calculated by group and added to the 
FALSTF calculation of the last-flight flux. As shown In 
Table 9, this approach yielded a small overpredictlon of the 
measured count rates. The second approach used the same 
equation given above to calculate the uncollided flux, but 
treated the TSF reactor as a shell source which required an 
Integration over the surface of the reactor. This more 
sophisticated method yielded the best results as Indicated 
In Table 9. 

Figure 12 compares the neutron spectrum measured behind 

t h e SM w i t h t h r e e c a l c u l a t e d s p e c t r a . The c a l c u l a t e d 

spectrum l a b e l e d "Las t F l i g h t Only" was c a l c u l a t e d using 

FALSTF, w h i l e t h e o t h e r two c a l c u l a t i o n s ' n c l u d e d t h e 

a d d i t i o n of t h e u n c o l l i d e d f l u x us ing t h e two methods 

d e s c r i b e d a b o v e . A l t h o u g h s u p p l y i n g more d e t a i l e d 

Information than the Bonner ba l l da ta , the conclusion Is the 

same; the s h e l l source a p p r o x i m a t i o n f o r the -nco l I fded 

f l u x appears t o g i v e the best o v e r a l l comparison wi th the 

measurement. 
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Fig. 12. Measured neutron spectrum behind spectrum modifier compared 
with spectra calculated using different approximations for the uncoilided 
flux. 

5 .2 Blanket Conf igurat ions 

5 . 2 . 1 Two-dimensional ana lys is 

Both UO2 and ThC>2 b lanket irockups were Invest iga ted In 

t h e e x p e r i m e n t . E m p h a s i s was p l a c e d on t h e Th(>2 

measurements because of p a r t i c u l a r I n t e r e s t In a l t e r n a t e 

f u e l c y c l e s and because the u n c e r t a i n t i e s In thorium cross 

s e c t i o n s were e x p e c t e d t c be g r e a t e r than f o r u ran ium. 

A l s o , due t o budget c o n s t r a i n t s , the UO2 blanket mockup was 

assembled from slabs which had been f a b r i c a t e d for previous 

LWFBR e x p e r i m e n t s . T h e r e f o r e , w h i l e the Th(>2 slabs were 



37 

des igned r e l a t i v e l y c l e a n , the UO2 slabs were more complex, 

conta in ing s i g n i f i c a n t amounts of aluminum and sodium. As a 

c o n s e q u e n c e , a r i g o r o u s comparison of t h e UO2 and ThQ2 

r e s u l t s c a n n o t be m a d e ; h o w e v e r , some c o m p a r a t i v e 

Informat ion can be concluded from the d a t a . 

C a l c u l a t l o n - t o - e x p e r i m e n t ( C / E ) r a t i o s for the three 

Bonner b a l l s l o c a t e d behind t h e 30-cm UO2 b lanket and the 

30-cm and 45-cm Th02 blankets are given In Table 19 . A few 

s y s t e m a t i c t r e n d s a r e a p p a r e n t In t h e d a t a : ( a ) t h e 

c a l c u l a t i o n s u n d e r p r e d l c t neutron t ransmission through the 

UO2, ( b ) t h e d e g r e e of u n d e r p r e d l e t Ion I n c r e a s e s w i t h 

e n e r g y , and ( c ) c a l c u l a t e d v a l u e s a t t h e most d i s t a n t 

d e t e c t o r l o c a t i o n b e h i n d t h e T h 0 2 a r e s o m e w h a t 

o v e r p r e d I c t e d . In l i g h t of t h e combined experimental and 

a n a l y t i c a l u n c e r t a i n t i e s , which a r e est imated t o be 7-10% 

f o r the 3" Bonner b a l l , 12-15% for the 6" b a l l , and 15-20% 

f o r t h o 10" b a l l , t h e C/E v a l u e s a r e a l l v e r y g o o d . 

Excep t ions to t h i s a r e the 10" b a l l behind the UO2 and the 

1 3 - i locat ion behind the Th02» 

F i g u r e 13 shows t h e n e u t r o n and gamma-ray s p e c t r a 

measured behind the 30-cm UO2 blanket assembly compared with 

t h e a n a l y t i c p r e d i c t i o n s . The neutron spectra compare v e i l 

w i t h on ly a 20-30% u n d e r p r e d l c t I o n appearing below about 2 

MeV. The gamma-ray spectra show a much grea ter discrepancy 

rang ing from 50% at 1 MeV to a f a c t o r of 5 at 7 MeV. Also, 



38 

Table 10. Calculation-To-Experiment Ratios for Bonner Ball Detectors 
Behind U02 and Th02 Blanket Configurations 

Distance 
Configuration Description*1 (cm) 

C/E 
3" BB 6" BB 10" BB 

0.98 
0.88 
0.88 

0.91 
0.86 
0.84 

0.83 
0.77 
0.77 

0.99 
1.03 
1.28 

0.95 
1.05 
1.26 

0.91 
0.96 
1.12 

1.02 
1.01 
1.27 

1.03 
1.09 
1.36 

0.99 
0.88 
1.20 

II.A 

I.D 

I.E 

30-cm U02 30.5 
285.4 
304.8 

30-cm Th02 30.5 
304.8 

1314.1 

45-cm Th02 30.5 
304.8 

1296.4 
aEach configuration was preceded by spectrum modifier. Dimensions 
represent nominal thickness of slabs. 
Distance between detector and final surface in configuration. 

t h e e n e r g y group s t r u c t u r e of the c a l c u l a t e d gamma-ray 

spectruin Is too broad above 4 MeV to represent the s t ruc ture 

observed In the measured spectrum. 

F i g u r e s 14 and 15 show s i m i l a r comparisons f o r the 

n e u t r o n and gamma-ray s p e c t r a behind t h e 30-cm Th02 and 

45-cm Th02 b l a n k e t s , r e s p e c t i v e l y . The overpred lc t lon of 

t h e n e u t r o n s p e c t r u m below 2 MeV Is a p p a r e n t In both 

c o n f i g u r a t i o n s , although I t Is worse for the th icker blanket 

assembly* The gamma-ray spectra show f a i r agreement below 4 

MeV, but enormous d isc repanc ies above 4 MeV. I t should be 

noted t h a t the cross sect ions used In the c a l c u l a t i o n s shown 

In F i g s . 14 and 15 a re based on ENDF/B- IV d a t a , and the 

gamma-ray p r o d u c t i o n date for thorium was merely estimated 



3Q 

10' 

» 
CO 

^ 10N 

UJ 
<J 

3 io2J 
u. 

UJ 

10' 

i i i 11 1 ! I I I I I 
0RNI-0UG 81-6209 

I i • i i i i i i 

SM + 30 cm UO 

MEASUREMENT 

5*10* 10* 
i I I I i I I I | 

10' 
NEUTRON ENERGY (eV) 

10 ' * 

x 10° 

I M • 

SM + 30 cm UO. 

MEASUREMENT 

0.0 2.0 4.0 6.0 8.0 
GAMMA-RAY ENERGY (eV) 

100 12.0 
*1Cf 
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( s e e Sec . 4 . 2 ) . The r e s u l t i n g gamma-ray spectra behind 1he 

Th02 b lankets should be v lered accord ing ly . 

Comparisons of measured and c a l c u l a t e d TLD d a t a are 

g i v e n I n T a b l e 1 1 . The c a l c u l a t i o n s s i g n i f i c a n t l y 

u n d e r p r e d l c t t h e measured TLD response d i r e c t l y behind the 

s p e c t r u m m o d i f i e r , but t h i s Is due t o t h e absence of a 

gamaa-ray component In t h e TSR- I I source spectrum. Beyond 

the f i r s t b lanket s l a b , the dominant source of gamma rays Is 

from secondary p r o d u c t i o n , so t h a t the absence of the TSR 

gamma-ray source Is no longer s i g n i f i c a n t . The TLO data 

compar ison f o r t h e UO2 case shows t h e c a l c u l a t i o n s to be 

w i t h i n t h e 7 - 1 0 $ u n c e r t a i n t i e s of the experiment w h i l e the 

Th(>2 case shows much l a r g e r d i s c r e p a n c i e s . As mentioned 

a b o v e , however , t h i s Is l i k e l y due t o the n a t u r e of t h e 

gamma-ray p r o d u c t i o n d a t a f o r t h e p a r t i c u l a r t h o r i u m 

cross -sec t ion set used In the c a l c u l a t i o n . 

5 . 2 . 2 Comparison of ENDF/B-IV and -V thorium data 

I t was o r i g i n a l l y Intended to i n v e s t i g a t e the impact of 

t h e r e c e n t l y r e l e a s e d ENDF/B-V data on s e v e r a l of t h e 

b l a n k e t and s h i e l o c o n f i g u r a t i o n s , but changes in the GCFR 

program emphasis did not permit such a s tudy. However, one 

c o n f i g u r a t i o n - the 45-cm ThC>2 b lanket - was analyzed using 

ENDF/B-V -der Ived d a t a . This was accomplished by performing 

a 7 6 - g r o u p ANISN c a l c u l a t i o n which used t h e same c r o s s 

s e c t i o n s and geometry ( a l o n g the a x i a l c e n t e r l I n e ) as the 
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Table 11. TLD Results for U02 and Th02 Blanket Configurations 

Response [MeV/(g«j ;ec-kW)] 

Configuration Description** Meas. Calc-(Y) Calc-(n) C/E 

1KB Spectrum Modifier 
9.60(5)b Vi 9.60(5)b 5.05(5) 4.48(4) 0.57 

10-cm U02 

v 2 

10-cm U02 

1.26(5) 1.02(5) 1.59(4) 0.93 

v 3 

10-cm U02 

4.52(4) 4.17(4) 5.38(3) 1.04 

I.E Spectrum Modifier 
Vi 

15-cm Th02 

9.72(5) 5.00(5) 4.10(4) 0.56 

v 2 

7.5-cm Th02 

7.77(4) 8.92(4) 8.25(3) 1.25 

v 3 

7.5-cm Th02 

4.00(4) 5.08(4) 3.80(3) 1.37 

- 15-cm Th02 

1.88(4) 2.37(4) 1.61(3) 1.34 

aNomir»l thickness of slabs. 
fcRead as 9.60 * 10 5 . 

c o r r e s p o n d i n g DOT c a s e , and then c a l c u l a t i n g scale f ac to rs 

as d e s c r i b e d In Sec. 4 , 1 . These s c a l e f a c t o r s which are 

shown In F i g . 16 were then used t o m u l t i p l y s i m i l a r ID 

c a l c u l a t i o n s which used 207-group cross sect ions from both 

ENDF/B-IV and ENDF/B-V. 

The s c a l e d ID c a l c u l a t i o n s a r e compared w i t h t h e 

measured neutron spectrum In F i g . 17 . The two c a l c u l a t i o n s 

a r e 20 to 40J d i f f e r e n t In the energy range of 0 .1 to 3 MeV 

w i th ENDF/B-V-based data showing the b e t t e r agreement wi th 

the measurement. The d i f f e r e n c e s are e s s e n t i a l l y a d i r e c t 
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r e f l e c t i o n of the d i f f e r e n c e s In th? t o t a l cross sect ion for 

thorium as demonstrated In F i g . 18 . 

The gamma-ray s p e c t r a behind the Th(>2 are compared In 

F i g . 1 9 . The spectrum c a l c u l a t e * ! using ENDF/B-IV thorium 

da ta Is not t o o s u r p r i s i n g s i n c e no gamma-ray product ion 

da ta was Inc luded In t h e f ine -group thorium data s e t . The 

n e w e r E N D F / B - V t h o r i u m d a t a does i n c l u d e gamma-ray 

p r o d u c t i o n which s i g n i f i c a n t l y improves the agreement wi th 

t h e measurement below 4 . 5 MeV, although the c a l c u l a t i o n is 

s t i l l a f ac tor of 2 t o 3 too low. Above 4 .5 MeV, both cross 

s e c t i o n se ts g i v e n e a r l y t h e same r e s u l t which Is about a 

f a c t o r of 50 t o o l o w . I n a d d i t i o n , t h e peak in t h e 

c a l c u l a t e d s p e c t r a appear a t a d i f f e r e n t energy than does 

t h e m e a s u r e m e n t . The l a t t e r problem is not p r e s e n t l y 

u n d e r s t o o d ; however, the former problem associated wi th the 

m a g n i t u d e o f t h e c a l c u l a t e d s p e c t r a Is a d d r e s s e d In 

Sec. 5 . 4 . 

To f u r t h e r I n v e s t i g a t e t h e d i f f e r e n c e s in t h e cross 

s e c t i o n d a t a , t h e sca led 10 f l u x e s presented above were 

f o l d e d w i t h the TLD gamma-ray heat ing response and neutron 

s e n s i t i v i t y and compared t o t h e measured TLD d a t a . The 

r e s u l t s a re presented In Table \2 along with the 20 r e s u l t s 

which were g i v e n in T a b l e 1 1 . Whereas the ENDF/B-IV data 

u n d e r s t a n d a b l y y i e l d e d v e r y low C/E v a l u e s , t h e newer 

E N D F / B - V d a t a y i e l d e d e x c e l l e n t a g r e e m e n t w i t h t h e 
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Table Yi. Comparison of ENDF/B-IV and ENDF/B-V 
Calculation-To-Experiment Ratios for TLD 

Results in Th02 Blanket Nockup 

C/E 

Configuration0 ENDF/B-I V* ENDF/B-IV^ ENDF/B-V^4 

Spectrum Modifier 
0.56 0.48 0.54 

15-cm Th02 

v 2 
1.25 0.36 1.01 

7-5-cm Th02 

v 3 
1.37 0.31 1.08 

7.5-cm Th02 

v., 1.34 0.37 1.08 
15-cm Th02 

aNonrinal thickness of '.labs. 
Two-dimensional 76-group calculation using special ORNL 
thorium data set containing "estimated" gamma-ray pro­
duction cross sections. 

c0ne-dimensional scaled 207-group calculations-
nOnly thorium data was from ENDF/B-V - a l l other materials 
were ENDF/B-IV. 

measurements. The energy dependence of the TLD response Is 

such t h a t , f o r t y p i c a l l o c a t i o n s w i t h i n the Th02 b l a n k e t , 

a p p r o x i m a t e l y 65^ of the t o t a l TLD response Is due to gamma 

rays above 1.5 HeV and 15$ of the response Is due t o gamma 

rays above 4 MeV. T h e r e f o r e , the good agreement between 

measured and ca lcu la ted TLD r e s u l t s Is Inconsistent wi th the 

bad agreement observed In the s p e c t r a l comparisons. This 

suggests t h a t e i t h e r t h e r e was a problem In measuring the 

g a m m a - r a y s p e c t r u m , or t h a t t h e r e was a p r o b l e m In 

p r o j e c t i n g t h e c a l c u l a t e d gamma-ray f luxes to the d i s t a n t 

l o c a t i o n of the NE-213 s p e c t r o m e t e r . The l a t t e r case Is 

discussed more f u l l y In Sec. 5 . 4 , 
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5.3 ShL&lA ConfIguratlons 

5.3.t Inner shield configurations 

Table 13 presents Bonner ball C/E ratios for several 

Inner shield mockups. Configurations II.B and M I . B 

represent ths reference Inner shield (CSC-I shield design) 

preceded by a UO2 blanket and a Th02 blanket, respectively. 

The results are similar to the corresponding blanket-only 

configurations, I.e., the UO2 case Is always underpredIcted 

while the ThC>2 case Is generally overpredlcted. The partial 

shield mockup in configuration III.A shows unusually large 

overpredlctlons of the Bonner ball data, especially at lower 

energies. Configurations V.B and V.C, which consisted of a 

UO2 blanket followed by a partial or a full alternate Inner 

shield mockup, again yield results typical of UO2 cases. 

Hence, It Is difficult to discern from Table 13 exactly how 

well the Individual shield assemblies were calculated 

because of discrepancies Introduced by the preceding blanket 

slabs. This difficulty Is largely eliminated In Sec. 5.3.3 

which compares measured and calculated attenuation factors 

for the various shield mockups. 

Comparisons of measured and calculated neutron and 

gamma-ray spectra are giver. In Fig. 20 for a Th(>2 blanket 

followed by the first row (15-cr. boronated graphite) of the 

reference Inner shield, and In Fig. 21 for the addition of 

the second row (15-cm stainless steel). The calculated 
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Table 13. Calculation-To-Experiment Ratios for Bonner Ball Detectors 
Behind Inner Shield Configurations 

1 3escriptiona 
Distance 

(cm) 

C/E 

Conf. 1 3escriptiona 
Distance 

(cm) 3" BB 6" BB 10" BB 

I I I .A 45-cm 
15-an 

Th02 + 
(C+B..C) 

30.5 
304.8 

1280.6 

1.57 
1.53 
1.83 

1.43 
1.39 
1.70 

1.29 
1.25 
1.52 

I I I .B 45-cm 
15-cm 
15-cm 

Th02 + 
(C+B„C) + 
Stainless Steel 

30.5 
304.8 

1263.0 
1.19 
1.36 

1.09 
1.03 
1.22 

1.00 
0.97 
1.10 

II.B 30-cm 
15-cm 
15-cm 

U02 + 
(C+Bi»C) + 
Stainless Steel 

30.5 
304.8 

1277.2 

0.89 
0.82 
0.97 

0.79 
0.69 
0.83 

0.71 
0.64 
0.73 

V.B 30-cm 
15-cm 

U02 + 
Graphite 

30.5 
304.8 

1294.4 

0.97 
0.94 
1.30 

0.87 
0.84 
1.15 

0.73 
0.72 
0.95 

V.C 30-cm U02 + 
15-cm Graphite + 
15-cm (C+B„C) + 
4.5-cm Stainless Steel 

30.5 
304.8 

1270.0 

0.91 
0.82 
0.91 

0.81 
0.75 
0.84 

0.72 
0.69 
0.73 

aEach configuration was preceded by spectrum modifier. Dimensions 
represent nominal thickness of slabs. 
Distance between detector and final surface in configuration. 

n e u t r o n s p e c t r u m b e h i n d t h e f i r s t row shows t h a t t h e 

s i g n i f i c a n t overpred le t Ion observed In the Bonner b a l l data 

f o r t h i s c o n f i g u r a t i o n I s a p p a r e n t l y due t o a u n i f o r m 

o v e r p r e d I c t I on of the measured spectrum below about 2 MeV. 

This d iscrepancy Is mostly removed when the 15-cm s t a i n l e s s 

steel row was added; however, an underpredlct Ion above 4 MeV 

Is o b s e r v e d . The r e l a t i v e l y broad s t r u c t u r e In the spectra 

appear to be w e l l c a l c u l a t e d In both c a s e s . As wi th the 

b l a n k e t mockups, s u b s t a n t i a l d iscrepancies are observed In 
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Fig. 21. Comparison of measured and calculated spectra for neutrons 
above) and gamma rays (below) behind the reference inner shield mockup 
Configuration III.B). 
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the comparison of gamma-ray spectra, and comments on these 

discrepancies are deferred to Sec. 5.4. 

Figure 22 shows comparisons of measured and calculated 

spectra behind the UO2 blanket followed by the reference 

Inner shield. Both the neutron and gamma-ray results are 

similar to those given In Fig. 21, except that the neutron 

spectrum is more uniformly underpredIcted (although to a 

lesser extent) than In the previous case. 

Neutron and gamma-ray spectra are compared In Fig. 23 

for the case of a UO2 blanket followed by a 15-cm graphite 

shield, and In Fig. 24 for the same configuration with an 

additional 15-cm boronated graphite shield and a 4.5-cm 

stainless steel slab. The steel slab was added to simulate 

the lateral core restraint system (core barrel). Both cases 

show a slight underpredIctI on of the neutron spectra, 

especially near the broad peak at 5 MeV. In general, 

however, the agreement is quite satisfactory. The gamma-ray 

spectra show considerably better agreement than with the 

reference shield cases, although discrepancies on the order 

of 200 to 400* are still present. 

Data for the TLD measurements made within the shield 

confIguatlons are compared to calculated values In Table 14. 

The first two cases listed In Table 14 do not represent 

"clean" comparisons since In both esses, somewhat different 

materials were present behind the last detector position for 
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Fig. 24. Comparison of measured and calculated spectra for neutrons 

(above) and gamma rays (below) behind an alternate inner shield mockup 
(Configuration V.C). 
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Table 14. Goaparison of Measured and Calculated TLD Results 
for Inner Shield Configurations 

Response [NeV/(g-s*kU)] 
Conf. Description Heas. Calc(-r) Calc(n) C/E 

1.03(6)" 9.81(5) 1.06(5) 1.06 

2.06(5) 2.64(5) 1.47(4) 1.34 

II .B 
(V.E) 

Spectrua Modifier 
30-ca U02 

Vi 
15-ca (C+B«,C) 

V * b Stainless Steer 

Spectrua Modifier 
30-ca U02 

Vi 
15-ca (C+B«,C) 

V * b Stainless Steer 

I I I .B 
(IV.D) 

Spectrua Modifier 
45-ca Th02 

Vi 
15-ca (C+B„C) 

Vz 
15-ca Stainless Steel 
Reference Outer Shield^ 

Spectrua Modifier 
45-ca Th02 

Vi 
15-ca (C+B„C) 

Vz 
15-ca Stainless Steel 
Reference Outer Shield^ 

V.C Spectrua Modifier 
30-ca U02 

Vi 
15-ca Graphite 

v 2 

15-ca (C+B^C) 
v 3 

4.5-cn Stainless Steel 

Spectrua Modifier 
30-ca U02 

Vi 
15-ca Graphite 

v 2 

15-ca (C+B^C) 
v 3 

4.5-cn Stainless Steel 

5.60(4) 8.01(4) 2.72(3) 1.48 

8.50(3) 9.77(3) 5.66(2) 1.22 

1.98(6) 1.77(6) 1.94(5) 0.99 

1.02(6) 9.86(5) 6.6(4) 1.03 

1.35(5) 1.43(5) 2.72(3) 1.08 

aRead as 1.03 « 10 6 . 
^Calculation had 15.2-ca stainless steel (Conf. II.B) while measurement 
had only 4.5-cro steel (Conf. V.E). 

^Calculation had nothing beyond 15-cm steel (Conf. I I I .B) while measure­
ment had outer shield and PCRV (Conf. IV.D). 

the Measurement than for the c a l c u l a t i o n . This occurred 

since not a l l conf igurat ions were c a l c u l a t e d , but I t was 

f e l t t h a t s i m i l a r c a s e s c o u l d be s u b s t i t u t e d . 

U n f o r t u n a t e l y , the d i f fe rences did appear to have some 

e f f e c t on the C/E rat ios for the lest TLD posit ion, so that 

the data should be v le r *d accordingly . The t h i r d case 
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l i s t e d In T a b l e 14 ( C o n f i g u r a t i o n V .C) was a c l e a n 

comparison, and the agreement between the measurement and 

calculat ion Is excel lent . 

5 .3 .2 Inner plus outer shield configurations 

Bonner b a l l results for the reference Inner plus outer 

sh ie ld conf igura t ion are given In Table 15. Two separate 

•lockups were ana lyzed - one w i th a 4 5-cm Th(>2 blanket 

p r e c e d i n g t h e s h i e l d and one w i t h no b l a n k e t . The 

n o - b l a n k e t case was Included since the presence of the 

blanket Introduced an a d d i t i o n a l uncertainty in the to ta l 

transmission da ta , and because the overal l attenuation of 

the blanket and shield assembly resulted In an unacceptably 

low detector counting r a t e for the spectrum measurements. 

Both cases y i e l d v e r y good a g r e e m e n t between t h e 

measurements and c a l c u l a t i o n s , except for the 3" and 6" 

bal ls at the most distant detector location. 

Table 15. Calculation-To-Experiment Ratios for Bonner Gall Detectors 
Behind Reference Inner-Outer Shield Configurations 

Description3 
Distance 

(cm) 

C/E 

Conf. Description3 
Distance 

(cm) 3" BB 6" BB 10" BB 

IV.C 

IV.E 

45-cm Th02 + 
Ref. Inner Shield + 
Ref. Outer Shield 

Ref. Inner Shield • 
Ref. Outer Shield 

30,5 
304,8 

1210,5 

30.5 
304.8 

1264.9 

1.08 
1,04 
1.38 

1.15 
1.18 
1.46 

1.06 
1.13 
1.23 

1.01 
1.04 
1.29 

0.98 
1.01 
1.00 

0.93 
0.97 
1.10 

aEach configuration was preceded by a spectrum modifier. The 
"reference" shields refer to CSC-I design. 
Distance between detector and final surface 1n configuration. 
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The measured and c a l c u l a t e d n e u t r o n and gamma-ray 

s p e c t r a behind t h e r e f e r e n c e Inner and outer s h i e l d mockup 

(w i th no b lanke t ) are compared In F i g . 2 5 . An obvious e r ro r 

In a segment of the measured neutron spectrum corresponding 

t o one of t h e three hydrogen counters was l i k e l y due to the 

v e r y low c o u n t i n g r a t e s observed behind t h e f u l l s h i e l d 

a s s e m b l y . D i s c o u n t i n g t h i s p r o b l e m , t h e compar ison is 

r e a s o n a b l y good, except for the underpredict ton above about 

4 MeV. As b e f o r e , t h e gamma-ray spect ra show s i g n i f i c a n t 

d i s c r e p a n c i e s , a l though t h e agreement Is b e t t e r than t h a t 

wi th only the Inner sh ie ld mockup. 

5 . 3 . 3 Shie ld a t tenuat ion fac tors 

T h e B o n n e r b a l l d a t a p r e s e n t e d t h u s f a r h a v e 

r e p r e s e n t e d n e u t r o n t r a n s m i s s i o n t h o u g h e n t i r e 

c o n f i g u r a t i o n s consis t ing of a spectrum m o d i f i e r , a b lanket 

mockup, and /or a s h i e l d mockup. Although provid ing useful 

I n f o r m a t i o n , data for the la rger conf igura t ions are subject 

t o u n c e r t a i n t i e s In t h e t r a n s m i s s i o n through t h e I n i t i a l 

s e c t i o n s of the c o n f i g u r a t i o n which can o f ten dominate the 

t o t a l u n c e r t a i n t y f o r the f u l l assembly. This was seen to 

be the case In many of the Inner sh ie ld c o n f i g u r a t i o n s where 

the magnitude of the C/E values seemed to depend more on the 

t y p e o f b l a n k e t t h a n on t h e p a r t i c u l a r s h i e l d . To 

c i r c u m v e n t t h i s d i f f i c u l t y , another approach was used which 

f o c u s e d on the a t t e r u a t l o n p r o p e r t i e s of t h e I n d i v i d u a l 

s h i e l d assembtles. 
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Fig. 25. Comparison of measured and calculated spectra for neutrons 

(above) and gamma rays (below) behind the full reference inner and outer 
shield mockup (Configuration IV.E). 



60 

The p r e f e r r e d a p p r o a c h t o d e t e r m i n e I n d i v i d u a l 

a t t e n u a t i o n f a c t o r s Is to per fo rm measurements a t a f i x e d 

(and d i s t a n t ) l o c a t i o n f o r each of the In termediate stages 

of the c o n f i g u r a t i o n assembly* and then r a t i o the data for 

c o n s e c u t i v e s tages . This was done fo r some c o n f i g u r a t i o n . ; 

h o w e v e r , d i f f i c u l t i e s In c a l c u l a t i n g f l u x e s a t d i s t a n t 

d e t e c t o r p o s i t i o n s overshadowed any conclusions regarding 

s h i e l d a t t e n u a t i o n s . T h e r e f o r e , an a l t e r n a t e approach was 

used whereby the Bonner b a l I data a t the 30-cm pos i t ion fo r 

c o n s e c u t i v e c o n f i g u r a t i o n s were r a t l o e d . S i n c e t h e 

d e t e c t o r s had t o be moved away from t h e TSF as the next 

s h i e l d s e c t i o n was added In o rder t o m a i n t a i n t h e 30-cm 

s e p a r a t i o n be tween t h e s h i e l d and t h e d e t e c t o r , t h e 

a t t e n u a t i o n f a c t o r s determined In t h i s manner Include both 

geomet r i c a t t e n u a t i o n of the TSF source as wel l as mater ia l 

a t t e n u a t i o n . N e v e r t h e l e s s , t h i s t ype of a n a l y s i s does 

provide useful Ins ight In to our a b i l i t y to c a l c u l a t e neutron 

t ranspor t through the sh ie ld assembl ies. 

The r e s u l t i n g measured and c a l c u l a t e d a t t e n u a t i o n 

fac tors are given in Table 16 for several sh ie ld assemblies. 

One should note t h a t a l t h o u g h c a l c u l a t i o n s u n d e r p r e d l c t 

a t t e n u a t i o n i n t h e 1 5 - c m b o r o n a t e d g r a p h i t e s l a b , 

a t t e n u a t i o n In t h e a d j a c e n t s t a i n l e s s s t e e l s l a b i s 

overpredlcted so t h a t the combined assembly shows reasonably 

qood agreement between c a l c u l a t i o n s and measurements. Good 

a g r e e m e n t is o b s e r v e d fn Case 4 which Is a l s o f o r the 



Table 16. Bonner Ball Attenuation Factors for the Inner 
and Outer Shield Assemblies 

Attenuation Factors and C/E Values8 

3" BB 6" BB 10" BB 

Case ( Shield Configuration Meas. Calc, Meas, Calc. Meas. Calc. 

1. 15-cm Boronated Graphite 
( I . E / I U . A ) 

11.7 7.6 
(0.65) 

11.1 8.0 
(0.72) 

10.2 7.8 
(0.77) 

2. 15-cm Stainless Steel 
( I I I . A / I I I . B ) 

4.3 5,4 
(1.27)° 

4.7 6.1 
(1.31) 

4,7 6.1 
(1.29) 

3. Reference Inner Shield 
( l . E / I I I . B ) 

47.8 40.9 
(0 .86) d 

51.8 48.8 
(0.94) 

48.3 47.9 
(0.99) 

4. Reference Inner Shield 
( I I .A / I I .B ) 

35.2 38.7 
(1.10) 

37.9 43.8 
(1.16) 

34,8 41.0 
(1.18) 

5. 15-cm Graphite 
(V.A/V.B) 

1.3 1.3 
(1.01) 

3.1 3.3 
(1.06) 

3.8 4.4 
(1.13) 

6. 15-cm Boronated Graphite 
+ 4.5-cm Stainless Steel 

(V.B/V.C) 
99.5 106 

(1.06) 
34.4 36.7 

(1.07) 
20.1 20.4 

(1.02) 
7. Reference Outer Shield 

( I I I .B/ IV.C) 
328 373 

(1.14)" 
477 491 

(1.03) 
539 549 

(1.02) 
8. Inner + Outer Shield 

(I .A/IV.E) 
2.68(+3) d 2.46(+3) 

(0.92) 
5.19(+3) 5.5K+3) 

(1.06) 
8.36(+3) 9.09(+3) 

(1.09) 
9. Inner + Outer Shield 

(I .E/IV.C) 
1.63(+4) l,54(+4) 

(0.95) 
2.48(+4) 2.41(+4) 

(0.97) 
2.60(+4) 2.63(+4) 

(1.01) 

"Attenuation factors determined by dividing Bonner ball data 30 cm behind configuration without 
shield assembly by the corresponding data with shield assembly. C/E ratios are given 1n () 's. 
Items in ()'s Indicate which two configurations were used to determine attenuation factors. 

°Due to an error In the 3" Bonner ball data at 30 cm behind configuration I I I .B, the 305-cm data 
was used to calculate attenuation factors for both calculations and measurements. 
R̂ead as 2.68 * 103. 
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b o r o n a t e d g r a p h I t e - s t a i n l e s s s t e e l assembly but w i t h a 

preceding UO2 b l a n k e t . Case 6 , which again consisted of the 

1 5-cm b o r o n a t e d g r a p h i t e s l a b f o l l o w e d by o n l y 4 .5 -cm 

s t a i n l e s s s t e e l , shows e x c e l l e n t a g r e e m e n t b e t w e e n 

c a l c u l a t i o n s and measurements . These combined r e s u l t s 

suggest t h a t the measurements a n d / o r c a l c u l a t i o n s behind 

on ly t h e boronated g r a p h i t e s l a b ( C o n f f g . I I I . A ) may have 

been in e r r o r . 

A n o t h e r o b s e r v a t i o n f r o m T a b l e 16 Is t h a t t h e 

r e l a t i v e l y t h i c k o u t e r s h i e l d and t h e combined Inner and 

o u t e r s h i e l d cases y i e l d v e r y good a g r e e m e n t between 

c a l c u l a t i o n s and measurements. A lso , Cases 8 and 9 , which 

r e p r e s e n t t h e same s h i e l d assembly but preceded by only the 

spectrum m o d i f i e r In one case and by the spectrum modi f ier 

p lus a Th02 b l a n k e t In t h e o t h e r c a s e , y i e l d considerably 

d i f f e r e n t a t t e n u a t i o n f a c t o r s . The d i f f e r e n c e s are even 

more s i g n i f i c a n t since geometric a f tenuat lon of the neutron 

source wou ld , by i t s e l f , cause a l a r g e r t o t a l a t tenua t ion 

fo . - Case 8 . T h e r e f o r e , t h e much l a r g e r a t t e n u a t i o n 

de te rmined fo r the s h i e l d In Case 9 must be due to spectra l 

d i f f e r e n c e s In t h e I n c i d e n t source. For completeness, the 

neut ron spec t ra ca lcu la ted behind the spectrum modi f ier and 

t h e Th02 b l a n k e t a re compared In F i g . 2 6 . A l though t h e 

b l a n k e t s p e c t r u m a p p e a r s o n l y m o d e r a t e l y s o f t e r , t h e 

presence of the boronated g raph i te In the I n i t i a l sect ion of 

t h e s h i e l d y i e l d s a s i g n i f i c a n t l y h i g h e r s h i e l d 

e f f e c t i v e n e s s for the s o f t e r spectrum. 
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Fig. 26. Comparison of spectra incident on the fu l l inner and 
outer shield mockup. 

5.4 Analysts at Gairma-Ray Spectra 

As s t a t e d I n p r e v i o u s s e c t i o n s , c o n s i d e r a b l e 

d isagreement was oDserved between measured and c a l c u l a t e d 

gamma-ray s p e c t r a . Moreover, the large discrepancies were 

I n c o n s i s t e n t w i t h the good agreement t h a t was observed for 

the I n s i t u TLD d a t a . There fo re , the spectra l d iscrepancies 

were a t t r i b u t e d t o e i t h e r p rob lems w i t h t h e spectrum 

measurements or p r o b l e m s w i t h t h e c a l c u l a t i o n of t h e 

gamma-ray f l u x a t the d i s t a n t locat ion of the spectrometer . 

The former explanat ion was, and s t i l l remains, a p o s s i b i l i t y 

s i n c e the NE-213 spectrometer had not been prev ious ly used 
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In a TSF experiment to measure gamma-ray spec t ra . However, 

t h e m o d e s t l y s u c c e s s f u l I n v e s t i g a t i o n d e s c r i b e d below 

I n d i c a t e s t h a t c o m p u t a t i o n a l l i m i t a t i o n s combined with an 

exper iment des ign which was not w e l l su i ted fo r gamma-ray 

m e a s u r e m e n t s a p p e a r s t o a c c o u n t f o r much o f t h e 

dlsagreement. 

Severa l p o s s i b l e e x p l a n a t i o n s f o r t h e d i s c r e p a n c i e s 

w e r e I n v e s t i g a t e d u s i n g p r i m a r i l y o n e - d I mens I o n a I 

c a l c u l a t i o n s . S i n c e p r e a n a l y s i s 4 I n d i c a t e d t h a t t h e 

d o m i n a n t s o u r c e of o b s e r v e d gamma r a y s would be from 

n e u t r o n - I n d u c e d photon p r o d u c t i o n w i t h i n t h e t e s t s labs , 

most of the I n v e s t i g a t i o n s focused on gamma-ray production 

mechanisms. 

In add i t ion to toe search for a comprehensive so!' i t I on , 

c a l c u l a t i o n s were per formed t o q u a n t i f y t h e e f f e c t s of 

c e r t a i n parameters which were not expected t o c o n t r i b u t e 

s i g n i f i c a n t l y t o the p r o b l e m , but were of some I n t e r e s t . 

One such s t u d y d e t e r m i n e d t h e e f f e c t on t h e c a l c u l a t e d 

spectrum due t o neutron-fnduced gamma-ray production In a i r , 

since the NE-213 spectrometer was located approximately 12 m 

behind t h e b l a n k e t and s h i e l d c o n f i g u r a t i o n s . This e f f e c t 

was e a s i l y c o m p u t e d by I n c l u d i n g 12 m of a i r In 1D 

s l a b - g e o m e t r y c a l c u l a t i o n s of two t y p i c a l c o n f i g u r a t i o n s . 

In both c a s e s , the f l u x In most energy groups decreased by 

5-IOJf because a t tenua t ion of the neutron f l u x outweighed the 



65 

gamma-ray p r o d u c t i o n . The gamma-ray f l u x In the 8-10 MeV 

group* however , d i d I n c r e a s e 15-20? wi th the maximum f l u x 

appearing approximately 5 m behind the c o n f i g u r a t i o n . 

Another parametr ic study Inves t iga ted the e f f e c t of the 

a n g u l a r expansion of t h e c ross s e c t i o n s on the c a l c u l a t e d 

s p e c t r u m . To d e t e r m i n e t h i s e f f e c t , C o n f l g . I I . B (UO2 

b l a n k e t f o l l o w e d by t h e r e f e r e n c e I n n e r s h i e l d ) was 

c a l c u l a t e d using a 10 s lab gemometry and using macroscopic 

c r o s s s e c t i o n s e m p l o y i n g a P$ a n g u l a r e x p a n s i o n . The 

r e s u l t i n g g a m m a - r a y s p e c t r u m showed no' s i g n i f i c a n t 

d i f f e r e n c e w i t h respec t to the spectrum c a l c u l a t e d using a 

P3 e x p a n s i o n . Hence* a P3 expansion appears adequate f o r 

c a l c u l a t i n g t h e n e u t r o n and gamma-ray t r a n s p o r t . T h i s 

r e s u l t c o u l d have been p r e d i c t e d , s i n c e most of t h e 

m- I t l g r o u p cross s e c t i o n data used fn t h i s ana lys is assume 

I s o t r o p i c p r o d u c t i o n o f second? ry gamma r a y s . T h i s 

a s s u m p t i o n may n o t oe e n t i r e l y a c c u r a t e , but would not 

l i k e l y be a s i g n i f i c a n t f a c t o r . 

T h e most f r u i t f u l I n v e s t i g a t i o n of t h e o b s e r v e d 

d i s c r e p a n c i e s d e a l ' ' w i t h the col I Imat lon of the gamma-ray 

f i e l d inc ident on the NE-213 d e t e c t o r . The f u l l geometry of 

t h e neu t ron and gamma-ray spectra measurements Is shown In 

F I c . 2 7 . Two l a r g e c o n c r e t e c o l l i m a t o r s were used t o 

r e s t r i c t the angle of view of the spectrometer to the region 

I n c l u d i n g o n l y t h e 1 . 5 - m by 1 . 5 - m t e s t s l a b s and t h e 
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a d j a c e n t l i t h l a t e d p a r a f f i n b u f f e r z o n e . A background 

measurement was made wi th a two-par t shadow s h i e l d placed In 

t h e beam such t h a t on ly t h e r e g i o n of t h e t e s t s labs was 

o b s c u r e d f rom t h e d e t e c t o r ' s v i e w . S u b t r a c t i n g t h e 

background from t h e fo reground then l e f t a ne t spectrum 

which was a t t r i b u t e d t o t h e f l u x emanat ing from only the 

t e s t assembly. 

A s i m i l a r c o l l i m a t i o n of t h e c a l c u l a t e d spectrum was 

per formed In the FALSTF c a l c u l a t i o n s by de f in ing s p e c i f i c 

l i m i t s for the angular I n t e g r a t i o n of the s c a t t e r i n g source. 

The a n a l y t i c c o l l i m a t o r was c i r c u l a r t o correspond wi th the 

2D c y l i n d r i c a l geometry, and subtended an appropr ia te s o l i d 

a n g l e so as t o I n c l u d e o n l y t h e t e s t a s s e m b l y , t h u s 

r e p r e s e n t i n g t h e same c o n d i t i o n s as t h e n e t measured 

spectrum. The e f f e c t of removing the a n a l y t i c c o l l i m a t o r Is 

shown I n F i g s . 28 and 29 f o r t w o s i m i l a r s h i e l d 

c o n f i g u r a t i o n s . In both c a s e s , removing t h e c o l l i m a t o r 

improved the agreement with the measured gamma-ray s p e c t r a , 

but had l i t t l e e f f e c t on the ca lcu l a ted neutron s p e c t r a . In 

a l l the cases c o n s i d e r e d , removing the a n a l y t i c c o l l i m a t o r 

caused the c a l c u l a t e d gamma-ray spectrum to approach the 

measured spectrum but never exceed t h e measurement . I t 

s h o u l d be n o t e d , h o w e v e r , t h a t r e m o v i n g t h e a n a l y t i c 

c o l l i m a t o r g e n e r a l l y worsened t h e agreement between t h e 

spectra l shape of the c a l c u l a t i o n and the measurement. 
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Fig. 28, Measured neutron (above) and gamma-ray (below) spectra 
compared to spectra calculated with and without an analytic collimator 
for the reference shield (Configuration I I .B). 
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Fig. ?9. Measured neutron (above) and gamma-ray (below) spectra 
compared to spectra calculated with and without an analytic collimator for 
U02 plus alternate Inner shield (Configuration V.C). 
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The r e s u l t s shown In F i g s . 28 and 29 suggest t h a t the 

• a t e r i a l r e g i o n s o u t s i d e t h e t e s t s l a b s a u s t c o n t r i b u t e 

s i g n i f i c a n t l y t o t h e observed gamma-ray f l u x . T h i s Is 

f u r t h e r d e m o n s t r a t e d in F i g . 30 which g i v e s an I s o f l u x 

c o n t o u r map f o r t h e gamma-ray f l u x above 1 HeV w i t h i n 

C o n f l g . I I . B . The gamma-ray f l u x appears to be channeled 

th rough t h e I I t h f a t e d p a r a f f i n r e g i o n r e s u l t i n g In a f l u x 

l e v e l a t the e x i t of t h e con f igura t ion which competes wi th 

the f l u x emerging from the t e s t s l a b . The same behavior was 

found to be t r u e for other sh ie ld assemblies. 

Since the angles def ined by the a n a l y t i c c o l l i m a t o r are 

r e l a t i v e l y p r e c i s e , t h e observed diagreements appear t o be 

due t o t h e p r e c i s i o n w i t h which the c o l l i m a t o r angles were 

d e f i n e d In t h e e x p e r i m e n t . A l i g n m e n t of t h e d e t e c t o r 

c o l l i m a t o r s and shadow s h i e l d s was d i f f i c u l t because of 

t h e i r s i z e and we ight and because of the l a r g e d is tances 

i n v o l v e d . F o r t u n a t e l y , t h i s problem d id not a f f e c t t h e 

n e u t r o n s p e c t r u m measurements s i n c e , f o r n e u t r o n s , t h e 

I I thFated p a r a f f i n region appeared r e l a t i v e l y b lack . 

The c o n c r e t e b l o c k h o u s e w h i c h s u r r o u n d e d t h e 

s p e c t r o m e t e r was a l s o cons idered as a p o s s i b l e source of 

n e u t r o n - I nduced gamma r a y s . The i m p o r t a n c e of t h i s 

c o n t r i b u t i o n was e s t i m a t e d by per forming a 10 c a l c u l a t i o n 

w h i c h modeled t h e b l o c k h o u s e as an I n f i n i t e a n n u l a r 

c y l i n d e r . The source for the c a l c u l a t i o n was placed on the 
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a x i a l c e n t e r l l n e and was the neutron f l u x c a l c u l a t e d a t the 

d e t e c t o r p o s i t i o n for Conf ig . I I . B . The c a l c u l a t i o n showed 

t h a t the energy group which contained the 2 . 2 MeV hydrogen 

c a p t u r e gamma ray inc reased 5% a t t h e d e t e c t o r p o s i t i o n , 

whi le most other groups increased less than I f . 

An a d d i t i o n a l c o n t r i b u t i o n of s i m i l a r magni tude was 

d e t e r m i n e d f o r neutron-induced photon production w i t h i n the 

NE-213 detector i t s e l f . In t h i s case. I t was found t h a t the 

1 . 8 - 2 . 3 MeV group I n c r e a s e d by 10-15)1 when d e t e c t o r - b o r n 

gamma r a y s were accounted f o r , w h i l e most o t h e r groups 

i n c r e a s e d by less than 5%. There fore , i t appears t h a t the 

p a r t i c u l a r d e s i g n of t h e e x p e r i m e n t and t h e r e s u l t i n g 

d i f f i c u l t i e s in d e f i n i n g the precise s o l i d angle viewed by 

the detector o f f e r the best explanat ion to the d iscrepancies 

o b s e r v e d be tween t h e measured and c a l c u l a t e d gamma-ray 

s p e c t r a . 
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6 . CONCLUSIONS AND SUMMARY 

N o r m a l l y , t h e f i n a l phase in the analys is of t h i s type 

of I n t e g r a l e x p e r i m e n t Involves expressing the r e s u l t s and 

c o n c l u s i o n s In terms of t h e i r I m p l i c a t i o n s on the reac tor 

s h i e l d d e s i g n . However , p r i o r t o t h e comple t ion of t h i s 

a n a l y s i s , t h e 6CFR program was t e r m i n a t e d In t h e U n i t e d 

S t a t e s . Furthermore, In the f i n a l year of the 6CFR program, 

s e v e r a l d e s i g n c h a n g e s w e r e made r e s u l t i n g I n a 

s i g n i f i c a n t l y d i f f e r e n t s h i e l d arrangement . T h e r e f o r e , a 

r e a l i s t i c I n t e r p r e t a t i o n of the d a t a and a n a l y s i s w i t h 

respect to the 6CFR has only academic v a l u e . 

F o r t u n a t e l y , many conclusions which have generic value 

f o r f a s t r e a c t o r s h i e l d design can be made from the d a t a . 

F i r s t l y , I t was observed t h a t neutron transmission through 

UO2 was g e n e r a l l y u n d e r p r e d I c t e d , but t h a t f o r a t y p i c a l 

b l a n k e t t h i c k n e s s , a maximum b i as f a c t o r of only 1.3 was 

o b s e r v e d . On the o t h e r hand, neutron transmission through 

s i m i l a r a m o u n t s o f ThC>2 was p r e d i c t e d w i t h i n t h e 

e x p e r i m e n t a l u n c e r t a i n t i e s of 5 - 2 0 0 . The s p e c t r a l 

c h a r a c t e r i s t i c s o f t h e t r a n s m i t t e d n e u t r o n f l u x were 

p r e d i c t e d w i t h comparable accuracy for the UO2 and w i t h 

somewhat l e s s e r accuracy for the Th02» From the spect ra l 

c o m p a r i s o n s , I t was apparent t h a t ENDF/B-V t h o r i u m da ta 

r e p r e s e n t e d an Improvement o v e r ENOF/B- IV . Gamma-ray 

h e a t i n g I n s i d e b o t h t h e UO2 and TI1O2 b l a n k e t s was a l s o 

predicted w i th in the estimated u n c e r t a i n t i e s of 5 -150 . 
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S e c o n d l y , I t was d i s c o v e r e d t h a t t h e p a r t i c u l a r 

e x p e r i m e n t d e s i g n which had been s u c c e s s f u l l y used f o r 

neu t ron measurements In many p r e v i o u s experiments was not 

a p p r o p r i a t e f o r g a m m a - r a y s p e c t r u m m e a s u r e m e n t s . 

S p e c i f i c a l l y , t h e p r e s e n c e of t h e l l t h i a t e d p a r a f f i n 

Immedia te ly a d j a c e n t t o t h e t e s t s l a b s and t h e method of 

d e t e c t o r c o l l i m a t i o n s i g n i f i c a n t l y a f f e c t e d the gamma-ray 

spectrum measurements. In f u t u r e experiments r e q u i r i n g both 

neu t ron and gamma-ray d a t a , t h e l i t h l a t e d p a r a f f i n b u f f e r 

zone should be replaced w i th a mater ia l which Is compatible 

with both types of measurements, or a modif ied proceedure of 

detector co l l imat fon must be devised. 

With respect to the s h i e l d c o n f i g u r a t i o n s , f t should be 

a g a i n noted t h a t t h e e x p e r i m e n t was not In tended as a 

p a r a m e t r i c study of s h i e l d m a t e r i a l s , but was I n s t e a d a 

study of s p e c i f i c sh ie ld designs for the GCFR. A conclusion 

which has g e n e r i c v a l u e i s t h a t neutron t ranspor t through 

most of the t h e l a m i n a t e d s h i e l d s was predicted to w i th in 

15%. Th is r e s u l t Is based on the I n t e g r a l da ta obtained 

d i r e c t l y behind ( 0 . 3 - 3 m) t h e s h i e l d c o n f i g u r a t i o n s . The 

worst d iscrepancy fo r t h i s da ta was l e s s than 3 0 $ > whi le 

d i s c r e p a n c i e s a t the 12-13 m distance genera l l y ranged from 

30 t o 60%, Neutron a t t e n u a t i o n f o r the Ind iv idual sh ie ld 

a s s e m b l i e s was g e n e r a l l y p r e d i c t e d w i t h i n 15$ of t h e 

I n t e g r a l measurements, except fo r one c o n f i g u r a t i o n where 

the data was l i k e l y In e r r o r . Analysis of the t ransmi t ted 
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n e u t r o n s p e c t r a showed t h a t s p e c t r a l d i f f e r e n c e s between t h e 

c a l c u l a t e d and measured data were g e n e r a l 1 / c o n s i s t e n t w i t h 

t h e I n t e g r a l r e s u l t s . One e x c e p t i o n t o t h i s was t h a t 

c a l c u l a t i o n s f o r s h i e l d c o n f i g u r a t i o n s which i n c l u d e d s t e e l 

as t h e f i n a l m a t e r i a l showed a s u b s t a n t i a l u n d e r p r e d l e t Ion 

( f a c t o r s of 0 . 5 t o 2 ) of t h e n e u t r o n f l u x above 4 MeV. 

T h e f i n a l c o n c l u s i o n w i t h r e s p e c t t o t h e s h i e l d 

I n v e s t i g a t i o n s I s t h a t t h e e f f e c t i v e n e s s o f l a m i n a t e d 

s h i e l d s w h i c h c o n t a i n boron Is d r a m a t i c a l l y a f f e c t e d by t h e 

s p e c t r a l c h a r a c t e r i s t i c s of t h e I n c i d e n t f l u x . T h i s was 

o b s e r v e d f o r t h e f u l l s h i e l d c o n f i g u r a t i o n w h i c h showed 

f a c t o r s o f 3 t o 6 h i g h e r e f f e c t i v e n e s s f o r an i n c i d e n t 

b l a n k e t s p e c t r u m t h a n f o r an i n c i d e n t c o r e s p e c t r u m . Even 

f o r t h e t w o d i f f e r e n t b l a n k e t s , a T h 0 2 ~ t y p e s p e c t r u m 

r e s u l t e d I n a 5—15% h i g h e r s h i e l d e f f e c t i v e n e s s t h a n a 

U02~type s p e c t r u m . T h i s r e s u l t emphasizes t h e Impor tance of 

us ing a r e p r e s e n t a t i v e source spectrum f o r s h i e l d t n g - r e l a t e d 

s t u d i e s , and a l s o p r o v i d e s guidance toward o p t i m i z i n g s h i e l d 

des i g n s . 

T h e R a d i a l B l a n k e t a n d S h i e l d E x p e r i m e n t a n d 

c o r r e s p o n d i n g a n a l y s i s b e n e f i t t e d t h e GCFR p r o g r a m by 

p r o v i d i n g r e q u i r e d v e r i f i c a t i o n o f t h e adequacy of d e s i g n 

methods and d a t a . S p e c i f i c a l l y , I t has shown t h a t n e u t r o n 

t r a n s m i s s i o n t h r o u g h UO2 and Th02 b l a n k e t s and t h r o u g h 

l a m i n a t e d s h i e l d s c o n t a i n i n g s t e e l , g r a p h i t e , and b o r o n a t e d 
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g r a p h i t e c a n be c a l c u l a t e d w e l l , e v e n f o r l a r g e 

a t t e n u a t i o n s . I t has a l s o shown t h a t gamma-ray h e a t i n g 

w i t h i n the b l a n k e t s and s h i e l d s can be c a l c u l a t e d w e l l . 

Al though performed f o r t h e GCFR program, p o r t i o n s of the 

exper iment and analysis hav3 generic value for f as t reactor 

sh ie ld design. 
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GCFR RADIAL BLANKET AND SHIELD EXPERIMENT 
(DATA PLAN) 

Th02 Blanket Configurations (Priority IA) 

A. Spectrum Modifier (SM) (10.2-cm Fe + 8.9-cm Al •#- 2.5^-cm Boral) 

1. 3~, 6-, and 10-in. Bonner balls on centerline at 30.5 cm. 
2. 3", 6-, and 10-in. Bonner balls at 305 cm and NE213 or 

hydrogen counter location. 
3. NE213 on center!ine as close as feasible. 
4. Hydrogen counters (10) at NE213 location, (if NE2I3 run 

not feasible do hydrogen counters as close as feasible.) 

B. Spectrum Modifier + 1.27-cm void + 6.76-cm Th02 slab 

1. 3"t 6-, and 10-in. Bonner balls on centerline at 30.5 cm. 
2. 3~, 6-, and 10-in. Bonner ball" at on centerline at 305 cm. 

C. Spectrum Modifier + 1.27-cm void + 7.£>2-cm Th02 + 1.27-cm void 
+ 7.62-cm Th0 2 

1. 3". 6-, and 10-in. Bonner balls on centerline at 30.5 cm. 
2. 3"f 6-, and 10-in. Bonner balls on centerline at 305 cm. 

D. Spectrum Modifier + 1.27-ca void + 7.62-cm Th02 + 1.27-cm void 
+ 7.62-cm Th0 2 + 1.27-cm void + 15.2-cm Th0 2 

1. 3". 6-, and !C-in. Bonner balls on centerline at 30.5 cm. 
2. 3-, 6-, and 10-in. Conner balls on centerline at 305 cm 

and at NE213 location. 
3. NE213 on centerline as close as feasible. 
k. Hydrogen counters (ID) at NE2I3 location. 
5. TLD measurements on centerline in each void. 

E. Spectrum Modifier + 1.27-cm void + 15.2-cm Th0 2 + 1.27-cm void 
+ 7.62-cm Th0 2 + 1.27-cm void + 7-62-cm Th0 2 + 1.27-cm void 
+ 15.2-cm Th0 2 

1. 3"f 6~, and 10-in. Bonner balls on centerline at 30.5 cm. 
2. 3 _, 6-, and 10-in. Bonner balls on centerline at 305 cm 

and at NE213 location. 
3. NE213 on centerline as close as feasible, 
l». Hydrogen counters (ID) at NE213 location, 
5. TLD measurements on centerline in each void. 
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F. Spectrum Modifier + 1.27-cm void + 15-2-cm Th0 2 + 1.27-cm void 
+ 15-2-cm Th0 2 + l-27-cm void + 7-62-cm Th0 2 + 1.27-cm void 
+ 7.62-cm Th0 2 + 1.27-cm void + 25.^-cm Fe 

1. TLD measurements on centerline in each void. 

U0 2 Blanket Configuration (Priority IA) 

A. Spectrum Modifier + 1.27-cm void + 10.2-cm (U02 + Na) + 1.27-cm 
void + 10.2-cm (U02 + Na) + 1.27-cm void + 10.2-cm (U02 + Na) 

1. 3", 6-, and 10-in. Bonner balls on centerline at 30.5 cm. 
2. 3-, 6-, and 10-in. Bonner balls on centerline at 305 cm 

and at NE213 location. 
3. NE213 on centerline as close as feasible. 
k. Hydrogen counters (ID) at NE2I3 location. 
5- TLD measurements on centerline in each void. 

B. Spectrum Modifier + 1.27-cm void + 10.2-cm (U02 + Na) + 1.27-cm 
void + 10.2-cm (U02 + Na) + 1.27-cm void + 10.2-cm (U02 + Na) + 
f0.95-cm SS + 12.7-cm (B,,C + C) + 1.27-cm SS] container + 15.2-cm 
SS 

1. 3", 6-, and 10-in. Bonner balls on centerline at 30.5 cm. 
2. 3-, 6-, and 10-in. Bonner balls on centerline at 305 cm 

and at NE2I3 location. 
3. NE213 on centerline as close as feasible. 
li. Hydrogen counters (ID) at NE2I3 location. 

Inner Radial Shield Configuration (Priority IB) 

A. Spectrum Modifier + 1.27-cm void + 15-2-cm Th0 2 + 1.27-cm void, 
+ 7.62-cm Th0 2 + 1.27-cm void + 7.62-cm Th0 2 + 1.27-cm void + 
15.2-cm Th0 2 + (0.95-cm SS + 12.7-cm (B4C + C) + 1.27-cm SS] 
container 

1. 3-, 6-, and 10-in. Bonner balls on centerline at 30.5 cm. 
2. 3-, 6-, and 10-in. Bonner balls on centerline at 305 cm 

and at NE213 location. 
3. NE213 on centerline as close as feasible. 
k. Hydrogen counters (ID) at NE2I3 location. 

B. Spectrum Modifier + 1.27-cm void + 15.2-cm Th0 2 + 1.27-cm vcid 
+ 7.62-cm Th0 2 + 1.27-cm void + 7.62-cm Th0 ? + 1.27-cm void + 
15.2-cm Th0 2 + [0.95-cm SZ + 12.7-cm (Bi.C + C) + 1.27-cm SS] 
contaner + 15.2-cm SS 
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1. 3 -, 6-, and 10-in. Bonner balls on centerline at 30.5 cm. 
2. 3~, 6-, and 10-in. Bonner balls on centerline at 395 cm 

and at NE213 location. 
3- NE213 on centerline as close as feasible. 
k. Hydrogen counters (ID) at NE213 location. 

Outer Radial Shield Configurations (Priority 1C) 

A. Spectrum Modifier + 1.27-cm void + 15.2-cm Th02 + 1.27-cm void 
+ 7-62-cm Th0 2 + 1.27-cm void + 7-62-cm Th0 2 + 1.27-cm void + 
15.2-cm Th0 2 + [0.95-cm SS + 12.7-cm (Bi,C + C) + 1.27-cm SS] 
container + 1.27-cm void + 15.2-cm SS + 1.27-cm void + 4.45-cm 
SS + [0.952-cm SS + 5.1-cra (Bt,C + C) + 0.8-cm SSj container 

1. 3-, 6-, and 10-in. Bonner balls on centerline at 30.5 cm. 
2. 3 _, 6-, and 10-in. Bonner balls on centerline at 305 cm. 

B. Spectrum Modifier + 1.27-cm void + 15.2-cm Th0 2 + 1.27-cm void 
+ 7.62-cm Th0 2 + 1.27-cm void + 7.62-cm Th0 2 + 1.27-cm void + 
15.2-cm Tn0 2 + [0.95-cm SS + 12.7-cm (B^C + C) + 1.27-cm SS] 
container + 1.27-cm void + 15.2-cm SS + 1.27-cm void + ^.45-cm 
SS + [0.952-cm SS + 5-l-cm (B.,C + C) + 0.8-cm SS] container + 
22.9~cm graphite 

1. 3-, 6-, and 10-in. Bonner balls on centerline at 30.5 cm. 
2. 3-, 6-, and 10-in. Bonner balls on centerline at 305 cm. 

C. Repeat B + [0.8-cm SS + 5.1-cm (Bi»C + C) + 0.8-cm SS] container 
+ ^.45-cm SS 

1. 3-, 6-, and 10-in. Bonner balls on centerline at 18 cm and 
30,5 cm. 

2. 3-, 6-, and 10-in. Bonner balls on center!ine at 305 cm 
and at NE213 location. 

3. NE213 on center!ine as close as feasible. 

D. Repeat C + 35.6-cm void + 2.5**-cm Fe +• 6l-cm concrete 

1. 3-, 6-, and 10-in. Bonner balls on centerline in 35.6-cm 
void at 18 cm behind the SS. 

2. TLD in fro..t of 15.2-cm SS. 
3. TLD behind 15.2-cm SS. 
U. TLD in front of 2.5^-cm Fe. 
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E. Spectrum Modifier + 10-95-cm SS + 12.7-cm (B^C + C) + 1.27-ctn 
SSJ + 19.7-cm SS + [0-952-cm SS + 5.1-cm (B„C + C) + 0.8-cm 
SSJ + 22.9-cm graphite + [0.8l-cm SS + 5.1-on (BUC + C) + 
0.8l-cm SS] • ft.li5-cin SS 

1. 3~, 6-, and 10-in. Bonner balls on centerline at 18 cm 
and 30-5 cm. 

2. 3~, 6-, and 10-in. Bonner balls on centerline at 305 cm 
and at NE2I3 location. 

3- Nfc'213 on centerline as close as feasible. 
4. Hydrogen counter (ID) at NE2I3 location. 

Alternate Inner Radial Shield Configurations (Priority ID) 

A. Spectrum Modifier + 1.27-cm void + 10.2-cm (U02 + Na) + 1.27-cm 
void + 10.2-cm (U02 + Ma) + 1.27-cm void + 10.2-cm (U02 + Na) 
1. 3", 6-, and 10-in. Bonner balls on centerline at 30-5 cm. 

B. Repeat A + 1.27-cm void + 15.2-cm graphite 

1. 3", 6-, and 10-in. Bonner balls on centerline at 30-5 cm 
and at 305 cm. 

2. 3~, 6-, and 10-in. Bonner balls at NEI23 location. 
3. NE2I3 on centerline as close as feasible. 
k. Hydrogen counter (ID) at NE2I3 location, 

C. Repeat B + 1.27-cm void + l0.95-cm SS + 12.7-cm (Bi,C + C) 
+ 1.27-cm SS] container + 1.27-cm void + '•.'•5-cm SS 

1. 3"f (>'t and 10-in. Bonner balls on centerline at 30.5 cm 
and 305 cm. 

2. 3-, 6-, and 10-in. Bonner balls at NE213 location, 
3. NE213 on centerline as close as feasible. 
k. Hydrogen counter (ID) at NE2I3 location. 
5. TLD on centerline in all voids following U0 2. 

D. Repeat B + 1.27-cm void + [0.95-cm SS + 12.7-cm (Bi,C + r.) 
+ 1.27 cm SS] container + 1.27-cm void + 15-2-cm SS + 1.27-cm 
void + '•.^"cm SS 

1. 3-, 6-, and 10-in. Bonner balls on centerline at 30.5 cm 
and at 305 cm. 

2. TLD on centerli-.e in all voids following U0->. 
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E. Spectrum Modifier + 1.27-cm void + 10.2-cm (U0- + Na) + 1.27-cm 
void + 10.2-cm (U02 + Na) + 1.27-cm void + |0.95-cm SS + 12-7-cm 
(Bi,C + C) + 1.27-cm SS] container + 1.27-cm void + k.kS 

-cm SS 
1. 3-t 6". and 10-in. Bonner balls on centerline at 30.5 cm 

and at 305 cm. 

2. TLD on centerline in all voids beyond U0 2 blanket. 

VI. Reactor Source Measurement 

A. 15-2-cm lead 

I. NE2I3 on centerline as close as feasible. 

B. 15-2-cm lead + spectrum modifier 

1. NE2I3 on centerline as close as feasible. 

C. 3C.6-cm UOo 

I. NE213 on centerline as close as feasible. 

D. 30.6-cm UO^ + spectrum modifier 

1. 3"*, 6 -, and 10-in. Bonner balls at same location as NE213-
2. NE213 on centerline as close as feasible. 
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APPENDIX B 

Calculatfonal Parameters 
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The s i g n i f i c a n t i n p u t p a r a m e t e r s used f o r a t y p i c a l 

D O T - I V c a l c u l a t i o n a r e l i s t e d I n F i g . B - 1 . The s p e c i f i c 

c a s e p r e s e n t e d f s C o n f i g u r a t i o n I I I . B which compr ised t h e 

s p e c t r u m m o d i f i e r , a 4 5 - c m Th(>2 b l a n k e t m o c k u p , and t h e 

r e f e r e n c e I n n e r s h i e l d mockup. The top boundary source had 

been p r e v i o u s l y c o m p u t e d as an I n t e r n a l b o u n d a r y a n g u l a r 

f l u x a t t h e c e n t e r o f t h e T h 0 2 b l a n k e t f r o m t h e 

C o n f i g u r a t i o n I I I .A c a l c u l a t i o n . A d d i t i o n a l l y , t h e boundary 

a n g u l a r f l u x a t t h e b l a n k e t / s h i e l d I n t e r f a c e was saved In 

t h i s c a s e t o be used as an e x t e r n a l b o u n d a r y s o u r c e f o r 

s u b s e q u e n t s h i e l d c a l c u l a t i o n s . The same r a d i a l mesh was 

used f o r a l l c a s e s whfch i n c l u d e d t h e Th(>2 b l a n k e t s l a b s , 

w h i l e t h e UO2 c a s e s used a somewhat d i f f e r e n t r a d i a l mesh. 

T h e s a m e S J Q a n g u l a r q u a d r a t u r e was u s e d f o r a l l 

c a l e u I a t I o n s . 

I n p u t p a r a m e t e r s f o r t h e c o r r e s p o n d i n g FALSTF 

c a l c u l a t i o n a r e l i s t e d In F i g . B - 2 . The d i s t r i b u t e d source 

o u t p u t t a p e f rom t h e p r e v i o u s DOT- IV c a l c u l a t i o n was used as 

t h e I n p u t t a p e f o r FALSTF and t h e same m a c r o s c o p i c c ross 

s e c t i o n s were used f o r both t h e DOT- IV and FALSTF c a s e s . 
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Fig. B-1. Input parameters for typical DOT-IV calculation. 
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:*P«:(; i = 0 

10 

LINTS* , 9 
ITRTSr = 0 
I J I T T X = X 
i i i r r x - 0 
I ACT - 0 

r P IT ^ 11 
:P!>-J • = 0 
IFXT»TT = 1 
i rsr?? • = • 1 
ID I -F * 0 

10 

. i m » r -. 0 
I M F i ^ 0 
•«»i<ir - HO 
I EPS 9- = 0 
u m : ». J 0 

1AX«l» = 0 
: s 9 - • * 1 
1S3T I 
isr»" - 1 
TBPSCl = 1 

-.0 

I N T S C L s « 
: T * S C I ' too 
torts - 1 
i r o n ; I 0 
rssp = 0 

\KTJS - 1 
*.FTTN 3 1 
NSI«TP = 0 
10NFCS = 0 
t O S M T X 0 

so 
1ST1AX a 0 
1BGFIX = 0 
•OCPW 3 0 
LCROBJ * 0 
iKtTFX 3 0 

0 / .' » J R O m m s e REDALARCE/DIPPUSION ACCELERATION/PARTIAL PLON REBALANCE (DEFAniT»i ) 
0 / 1 * STANDARD STABILIZATION/ALTERNATE 
V s DISCRETE ORDIHATES/THEORT SPECIFIED BT CROUP FOR R OUTERS, THEN PORE DISCRETE ORDlNATES 
V V 2 / 3 = FL"X 0 OR OR TAPE / F ( I J ) . G / P I J ( I , J ) «PG (GJ/PI ( I ) » P J (J) »PG (G) 
DISTRIBUT*.!* SOORCS INPUT, SA1B AS IRPPIR. (!»EQOI!>BS HTDST.GT.O) 

0 / N * HO EFF^CI/INTERIOR BOUNOART SOURCE AT 1 J - 8 0 0 RIM RIBS INPUT PR01 RTIBt 
V « * HO F . I P B C V l « E B I O R B001OART SOURCE AT N X-B0UR1AR I I S INPUT PROP. RTIl'T 
•>/» - NO SFPSC1/INTERIOR BOUNDART FLUX AT N -1- BaHROAPIES WITTER ON NTIBO 
V » * NO EFFECT/INTERIOR B0QN3ART FLUX AT N I-BOORnARIHS IRITTPN OS RTIBO 
-N/N = CALCULATE » tONSNISS ACTIVITISS/N 50N~ AND POINT ACTIVITIES 

0 /N * HO EFFECT/CALCULATE R RSGIOR EDITS 
V V 2 / 1 * HO EFPECT/P«JHCH 1 DR2 VALUE, IGR VALUES, XGS'IREn VAL'lES (NEG INDICATES HO BALANCE PRIRT) 
D / l / 2 SCALAR Pt"X PRINTED/NOT PRINTED/PRINTED AS CALCULATE:! 
0 / 1 = CROSS S l C T l ^ R S PRINTED/NOT PRINTED 
V l / J * DXRECTIOHAl PIUI ROT SAVBD/SAVBD AND PRINTED/SAVED tUT ROT PRINTED 

V N = HO ' P F S C 1 / F I R S T AXIAL INTERVAL POn OIPSCTIOHAL FLUX OUTPUT 
V R = RO EFFECT/ LAST AXIAL INTERVAL FOR CIRECTIONAl PL1X OUTPUT 
STSTSR BOPPEH SPACE (IBR-DBPA'ILT'ftOX BTTES, UHIVAC-!>rr » i l lT« J K-RORDS, CPC-.10 EFFECT) 
V W 2 1 * NO EFFECT/USE TORE H P T . CORVG./ X »PRINT CNTO. /1 U P P I N * FVPRT ITN 
NININflR J-EIOCFIRG (0*AIL GROUPS STORED 1R RBRORT IF P 0 S 3 I » l » , RV»0) 

NAXI.NUB J-"LOCKING ( 0 XHPLIES JR) 
I SET F0» EOllNtARItS (DEFAULT' 1) 
"» S5T FOR BOUHCAPllS inEFAniT«A) 
1 SET FOR niREISIONIHG (DEFAOLT'I) 
t o . F1.X ITRS n i P n m REBALARCE <OEPA0LT«1) 

MH NO. REBALARCE ITER ATI 01S (DEPAOLT> «) 
^AX NO. RFBALARCE ITERATIONS (DEFAULT* 100) 
0 / 1 / 2 ROR^ALIZFD PISSIOR/aHRORRALXZBD PISSXOR/RO FISSION 
0 / 1 NU EFFBCT/IB2 SUPPLIED BT GROUP, ZORI 
TIPS OF S N l ! P ( C i r P D S I O H THBORT, R»»R OR 5) 

.1 -I»TER»Al FOR RET PLOI OUTPUT ( 0 IGRORED) 
I - I R T » R f A l FOR RET PLOX OUTPUT ( 0 I6RORBT.) 
0 / 1 NTSIG IS GIP FORRAT/ORDOSH FORRAT 
O/H * NO EFFBCI/NOtRALItE TO POSITION H (RES INDICATES APPLICABLE SORTS READ IR) 
o / H • NORMALIZE TO HACRO HATERIAL/RORRALIC) TO RATER IAL R (REG INDICATES DO HOT APPIT DEN3ITT FACTOR) 

-uxinnn RQRBBR OP «-SBTS (0 XRPLICS RSTSAX»JR> 
0/1 HO EPFICT/RBG SOURCE PirOP (RT«0) 
I AST RERORT OOJECTITB (0 IRPLIES CDC- 38 R-BOPDS, ORITAC- 3< R-HORDS, I BR- RESEIVRO) 
SLOt NERORT OBJECTIfE JO IRPLIES CDC- 131 R-HORDS, OTHERS- RO EFFECT) 
-R/H * LENGTH OP RBT FLUX ARRAI, IP ART (NEGATIVE PRIRTS ARRAT ORLT AT GROM* CORTBRGBRCE) 

Fig. B-l. Cont'd 
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r* 

u 
:*AX s i.-joooo^oa 
JCSF » o.-> 
™3 C 0.0 
•!PP = 1.300OOE-03 
»PV a 0 . 1 

>!PP X 1.3O00OS-O1 
:ROEJ * 1 . 1 
i r r i ! a 0 . 3 
T V C ! M a 0 . 1 
' .V5AX * 0 . 1 

10 

SVKSX 3 0..1 
J V I T 1 . 1 
T R f M f l * 0 . 1 
S V D E H s *." 
SOR«TN a 0 , 1 

CONACC * l . O 0 0 0 0 * * 0 0 
COHSCL = I .MOOOS-ON 
C O H F I X s 3 , 0 
d S O l C I 3 0 . 1 
V S O L I 7 * «.000f>0*. -01 

"wxinnp. CPO TIRE PO« T H I S PROB(IGNORED I I OI 
SOT1RCT NORJIAIISATION PACTOR (IGNORED IP 0) 
VG-NVALOB CONVERGENCE CRITERION 
PntNTWISE Ptnx CONVERGEHCF. CRITERION (NEGATIVE IHPLXRS COARSE .1 ESfl Ĉ R VERGEICS) 
VOiaitCTMC PL'JX CCRVtRGBNCE CRITERION 
FISSION CONVERGENCE CRITERION 
KEPP SOUGHT l * SEARCH (ETVPE.GT. 1) OR INITIAL REPP (f.TTPT.F0.M (DEFAULT-1.) 
K?PK CONVERGENCE RATIO (OEPA4LT-0.2) 
"*AXHU1 EV CHANGE RATIO, EACH ITSRATIOR (DEFAULT" J. 5) 
"HXMtH EV CHARGE RATtO, OVERALL (0BPAalT»10. | 

I A X I . V I I ALiausr KEPr-i ( D E F A U L T - I . ) 
INITIAL filGENVALlIP (DEFAULT-1.) 
TNITIAl EIGENVALUE SLOPE (DEFAULT--).) 
INITIAL EIGENVALUE INCRERENT (DEPAOLT-0.3) 
lAXIinR ERROR-RODE ADJOSTRENT RATIO (DEPAniT-1.2) 

^BALANCE ACCEPTANCE CRITERION (DEFAULT- LOP. Ml) 
SPATIAL RFBALANCE CONVERGENCE CRITERION (DEPAOLT- 1.0S-U ) 
PLTIX riXQP THRESHOLD (OEPAULT-0. 1) 
REBALANCE NINIPUR OONINANCE RATIO (HV-0.3) 
PEDAL PWX ITV COEP (DErAULT-0.5) 

»0 

iSOl.Ci > *. 030003*00 
ORF = 6.10000E-01 
PS«IACC = 0 . 1 
FLXIIN - x.noooor-f.o sioc^s ' 3.1 

RSBAl CONSTANT (nEFAOLT-1.) 
FLUX ACCELERATION FACTOR (DIFFUSION TREORI ON'.T, DEPMUT-0.6) 
FISSION ACCELERATOR PACTOR (RV-0) 
1INIIWR H n x PCR CCNVBRGBRCE TESTS (OBPADLT- 1. 08-60 (UNIVAC -I.OB-JO) ) 
P ES ERV ED 

SPO » J. 1 
SXTSCV « 1 .000001-01 
TH-.TA * S.POOOOt-01 

.•SOURCE ITERATION PlOX CONVERGENCE CRITERION 
EXTRAPOLATION CONVIRGBNCE CRITERION (DBPAULT-O. 1) 
THETA-NEIGHTED PARARETER (DEPAntT-0.9 ) 

F1g. B-1. Cont'd 
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itt?nr. vncLiae neasiTT «»TE«I»L MTL/SM? EM i t i r CTI 

1 i «. IOVOO :-o« 
2 5 1 . 8 0 H > - 0 ) 
1 - 1 1 6.0 20*9 E-03 
* - 1 3 1.973S0E-S2 
5 - I 3 2.«75*0E-02 
f- - 1 3 I . I H W t - 4 2 
7 _ • 1 6.52M9E-02 
* -2 5 0.0MO9P-O2 
« _ 1 7 9.09019E-O2 

10 9 9.9 3S29E-02 
11 9 9. 19309E-02 
12 S.S0399E-O2 
13 7.5M99E-»2 
1 * 6.9 7169E-02 
15 5.90IME-O2 
16 «.«09«0E~O2 
17 J.5J570E-02 
13 2.79300F-02 
19 2. 1S160E-02 
20 1.607 WE-02 
21 1.29950E-02 
22 <>.8M70»-03 
23 7.9M19E-93 
?• 5.65150E-03 
25 6.7M60E-0) 
?«. 5.25830S-03 
27 1.»9900E-03 
2« 1.0 33S0E-O3 
29 7. 1J930E-0* 
.10 •.92630E-09 
31 3. 39620E-09 
32 5.0S9ME-S9 
13 1.28790E-0« 
3* 3.60980E-OS 
15 2.9S290E-05 
16 1. 70M0E-9S 
17 1.17350E-05 
3fl 0 .9 
39 0 . 0 
»e 0 . 0 
ui 0 .0 
»2 0 .0 
a i 0 .0 
•« n.o 
• 5 0 . 0 
»f 0 .0 
»7 0 . 0 
"8 0.0 
»« 0 .0 
10 o.o 
51 0.0 
5? 0 .3 
5 J 0 .0 
' • 0 . 9 
5* 0.0 
'.6 0 .9 
'.7 0 .0 
'•9 0 .0 
50 0 .3 
ro 0 .0 
f, 1 0 .0 
12 0.0 
« 1 0 . 0 
M» C O 
ft 5 0.0 
6A 1.0 
17 n.o 
<R 0.3 
* 9 o.o 
70 0.0 
71 0.0 
' 7 0.3 
71 0.0 
7|» 0 .0 
T 0.0 
It 0 .0 

Fig. B-l. Cont'd 
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-«w«s: 

SO CCOStOST* n>» DI»ECTICi SET 

*EI«ST = T * •crt SOJ-90TE EM-CITE u*n.-MTt 
1 0 . 7 - 2 . 
2 1.OO070E-O2-1. 
3 l . i M T K - U 1 . 
• 0 . 0 - S . 
5 2 .M019E-0I -* . 
• 1 . 2 7 2 I 1 E - 0 2 - 1 . 
7 1 . 2 9 2 U E - 0 2 1 . 
• 2.O7O10E-O2 » . 
9 O.C - 7 . 

fO J . I O I I t t - I M . 
11 0.SS03OE-O3-O. 
12 1 . 9 2 1 9 3 E - 0 2 - 1 . 
13 t . « O K - n 1 . 
10 0.5S09OE-O1 « . 
15 2 .7C111E-02 0 . 
1 f 0 - » - 9 . 
77 2 . » * » 1 7 E - 0 2 - 0 . 
•lo O.;«OO*E-OI-«. 
17 2 .70OJ9E-02-O. 
7 0 O . S 5 7 0 7 E - 0 3 - 1 . 
2 1 C.ES7C7E-03 1 . 
3 2 2.7OO77E-02 • . 
1 3 0 .5SCC0E-0) * . 
Z» 2 . 0 4 0 I B E - 0 2 0 . 
is o,e -•». 
20 t . * C * 7 O E - 0 2 - 7 . 
27 1 .2 *211E-O2-0 . 
20 1 . 5 2 1 7 3 E - 0 2 - * . 
17 t , C 5 7 0 7 E - 0 3 - » . 
30 1 . 0 2 2 * 7 E - O 2 - l . 
11 1.52207E-02 I. 

e . e ; 7 C 7 E ' 0 i » . 
1 .921J3E-02 « . 
1.2*21 IE-02 • . 
1 . i H T H - « 7. 
0 . 0 - 2 . 

37 1 . 0 0 0 1 0 E - 0 2 - 1 . 
I f 1.CO070E-O2 1 . 
77 0 . 0 - 5 . 
• 9 2 . * « * I O E - 0 2 - S . 

1 . 2 0 2 1 1 1 - 0 2 - 1 . 
1.21211E-02 1 . 
2 . * t « 1 0 E - 9 2 » . 
O.J - 7 . 

OS 2 . 7 0 1 I I E - 0 2 - * . 
00 0 , S S 0 9 » E - 9 ) - « . 
• 7 1 . 9 2 t 9 ) E - 0 2 - l . 
0 9 I . 7 2 I 9 3 E - 0 2 1 . 
»7 l . f M l i M ) * . 
SC 2 . 7 C 1 I I E - 0 2 ft. 
ni o.o -». 
12 2 .*** l7E-02-* . 
S3 O.M090E-0)-*, 
5* 7 .7M79E-02-*. 
5 5 *.*57C7E-01-I. 

»,"WC7E-01 I. 
7*ft7*E-02 ». 

0 . ? M 1 * r - 0 1 ft. 
2,***l«E-92 0. 
0 .0 - 7 . 
1 . M 4 T 0 E - 0 2 - 7 , 

0 2 1 , 7 1 2 f 1 E - 0 2 - 0 . 
ft) 1 ,7211)E-02- f t . 

4.757B7E-91-*. 
1 , « 2 » 7 » > 0 2 - l . 
1 ,«22«7E-92 1. 
* . C t 7 C » t - 9 » ». 
I . 7 2 I 1 1 E - 9 2 * , 
1 .2*21 IE -9? * . 

32 
1 ) 
10 
3« 
»* 

• 1 
• 2 
»? 
«• 

5 f 
57 
so 
'.* 
*o 
6 1 

ft* 

M 
* 7 
ft» 

70 1,*Oft70E-9? 7, 

2 M 9 9 E - 9 1 - 7 . 7 ) 7 0 t r - 0 1 
M»7»e-oi-o. 7 iToo e-91 
40B7OE-01-9 .73900 I -O1 
O M O 2 E - 0 1 - 0 , 5 S M 3 E - 0 1 
11175E- 0 1 - 0 . 0700 7 E-01 
*O07«E-01-O.OS0O)r -91 
. * f t *7 *E -Ot -0 .OS0* )E -O1 
3 3 3 * 5 2 - 0 1 - 0 . 0 5 9 0 3 1 - 9 1 

. 3 3 7 5 9 E - 0 1 - 0 . 7 M 9 9 E - 0 1 
, 7 9 * 0 9 E - 0 1 - C 7 9 * 0 9 7 - 0 1 
3 3 1 7 S E - 0 1 - * , 79*997.-01 
0 0 0 7 « e - 0 1 - » . 7 7 0 0 9 f - 0 1 
• 0 0 7 0 B - 0 1 - 0 . 77709E-01 
3 3 1 9 S S - 0 1 - 0 , 1 9 * 0 9 1 - 9 1 
, T 7 * » 9 E - 0 1 - 6 . 7 7 * 0 9 I - 9 1 
O120OE-0t-O. 3 ) 3 * 5 1 - 0 1 
0S9O1E-01-0 , 3 33957-01 
7 7 0 0 9 E - 4 I - 4 , 33395 E-91 
3 3 3 9 5 E - 0 1 - 0 , 333951-01 
4 0 0 7 4 E - O I - 4 , 333951-01 
0 0 0 7 0 E - O I - * . 313951-01 
3 3 3 9 S E - 0 1 - * , 3 3 3 * 5 1 - 0 1 
7 * * 0 * E - 0 1 - 0 . 33395E-0 I 
0 5 0 0 1 E - 7 1 - * , 3 3 3 7 5 1 - 0 1 
OO050E-07-1 , 0007* E-01 
7 3 7 0 0 E - O I - 1 , * 0 0 7 * E-01 
f .soft ie-9 i - i . 0007* t - o i 
7 7 7 0 9 E - 0 1 - 1 . 70070 f - 0 1 
3 7 1 7 S E - 9 l - t . * 0 0 7 « f - O I 
00070 E - 0 1 - 1 . 0 0 0 7 0 I - 0 I 
O W 7 0 E - O t - I . 0 0 0 7 0 E-01 
) ) 3 7 S E - 9 1 - I . * 8 0 7 9 E - 9 1 

. 7 7 0 0 9 E - 0 1 - 1 . 0 0 0 7 * « -91 
0 5 0 f t 3 E - 0 l - l , « * S 7 0 1 - 9 1 
7 3 7 0 0 E - 0 I - I . 0 0 0 7 * 7 - 0 1 
2ft9*9E-11 7 . 1 ) 7 9 0 ( - 9 1 
»<M7»r.-0» * , T ) « 7 * f - 0 t 
07077E-91 7 , 7 3 7 9 0 7 - 0 1 
0 1 * * 2 1 - 0 1 0 , * 5 9 0 ) E - 9 t 
1 D 7 S E - 9 I 0 , 0 5 9 * 3 7 - 0 1 
0M7OE-01 0 , 0 5 0 * 3 1 - 0 1 
00O70E-0I ft.*S0O)f-0t 
31175E-01 O.OSSftSE-*; 
11757E-01 0 , 7 9 0 0 9 1 - 0 1 
77007E -9 I * , 7 7 0 9 9 r - 0 t 
31375E-01 0 , 7 9 * 0 9 7 - 0 1 
• M 7 * E - 0 1 6 , 7 7 * 0 7 * - 0 1 
0907«E-9 I ft.7*»0*7<0l 
I317SB-91 770991-91 
79099E-9 I • 70097E-9 I 
0120OE-9 I 0. t 3 3 9 5 ( - 0 1 
OSOftlE-91 0 . 3 ) 7 5 1 - 9 1 
7 7 0 0 7 f - 9 l 0 . H 7 5 E - 9 I 

0 , i ' 1751-81 
0 . ) . I * 5 E - 9 I 
* . ) ) > * S » - 9 I 
* , ) U * S E - 9 I 
» , 11 )751-91 

ftVlftlf-91 0 ,111751 -01 
00050E-01 ! . * 0 * 7 * r - 0 l 

| , 0 » ( 7 * I - O I 
1 , * M 7 * I - 9 1 
l . » » » T » F - 8 t 
1 ,0007*7 -01 

• 7 8 7 » » - 8 l l . * ( 0 7 O ( - 9 1 
• 0 « 7 » V 7 I l , * 0 0 7 0 r i - 9 l 
ii)75e-oi i.ooo7o*-oi 
7»*17r - i» t 1 , • 0 * 7 * 7 - 9 1 
*5 f t - i )E -9 f 1 . 0 0 0 7 * 7 . 0 1 
7 IOO«r -71 1 , * M 7 * f - 9 1 

) » 7 5 E - 9 1 
07070E-01 
00070E-91 
) 11757.-91 
77O07?-0 l 

71«9f tE-9 l 
0 5 9 * ) r - 7 l 
77077E-91 
1 t ) « 5 E - 9 1 

0 . 0 
l . * *J07*E-OI 
l .0CJ07*E-0l 
3 . 0 
0 . 33395 E-OI 
l.7MS2E>00 
1 .70»SIE*00 
0.3I390E-01 
0 .0 
O.79O07E-OI 
* . 7 2 » 1 * E » 0 0 
2.«*5KE»00 
2.0*520E»00 
» .72*1J»»00 
0 . 7 9 0 0 0 E - 0 1 
9 . 0 
a . *S0*3S-O1 
5.02SZOE»00 
2.19500:»00 
I . I M 2 ) E » 0 1 
1 . l * O 2 ) E * 0 t 
2.39507E»M' 
5 . ( 2 S » E » N 
0.050*71-01 
9 . 9 
9 . 7 3 9 0 * E - 0 1 
3.377«7E*00 
3.533t2E*O0 
l . 2 2 3 0 7 E * 0 1 
9^91S33E»00 
« . 0 1 S ) ) E * M 
t . 2 2 3 0 7 E * 0 1 
3.53319E»00 
3.)77**E*00 
7.730 70E-0I 
7 .0 
l . *M7*E-0 l 
1 . * 0 0 7 * : - 0 1 
7 . 0 
O.33395E-01 
1.7M52E*O0 
l.7005IE>00 
* . ) ) 3 7 « » - 0 l 
9 .9 
0 . 7 9 * 0 * E-01 
O . 7 M 1 * E » 0 0 
2 .00S2tE»00 . 
2.M52OE»0O 
0 . 7 M 1 1 E » 0 0 
• . 7 0 9 0 0 E - 0 1 
0 , 9 
0 . 0 5 0 0 I E - 9 1 
5 , t » 2 * E » 0 « 
2 . l 9 t a * E * 0 0 
I,I092)E»01 
1 .100210*01 
2 . ) * » « 7 * » 0 0 
5.0252*K»00 
5.o5oo*r-0i 
0 . 0 
9.7390OE-91 
) . ! 77«T!»« I0 
1,533I2(»09 
1 .22 )0<E*«1 
* . * 1 5 ) 1 E » 0 0 
* . * 1 5 3 ) E « O 0 
1.223O*E»01 
).si)i«t«no 
l ,)770*E»00 
*,7M7*E-01 

3 3 * 10 
3 17 10 
2 30 M 
9 19 19 
0 00 1 9 
7 • 1 19 
0 02 19 
5 • 1 1 * 

75 0 * • 0 
75 05 • 0 
7* 00 0 0 
73 07 • 0 
72 00 • 0 
71 09 . 0 0 
10 50 •• 20 5 1 5 7 
2 * 52 S I 
23 S I S t 
22 50 S t 
Z l 55 5 1 
29 SO 5 1 
77 57 5 7 
70 SO 5 1 
77 5 9 5 1 
15 00 0 0 
15 0 1 0 0 
10 02 0 0 
13 03 ** 12 oo M 
11 • 5 0 0 
X 00 0 0 
2 * 0 1 0 0 
20 ** *• 27 09 0 0 
20 10 0 0 
TO 1 1 
30 2 1 
77 7 1 
0 1 0 * 0 ) 5 * 0 2 * 0 
01 7 0 
00 0 9 
so 9 * 50 10 9 
0 * 11 9 
00 12 9 
07 13 9 
0 * 10 9 
OS I S 9 
• 9 10 10 
59 17 10 
«» 1 * to 
57 1 * 10 
• 0 20 10 
55 21 10 
50 22 10 
« 1 2 ) 1 * 
52 20 10 
7 0 25 2 5 
70 2 * 25 
09 27 25 
OH 20 25 
07 2» 25 
ft* 30 25 
05 11 25 
0* 12 25 
0 ) 33 25 
02 10 2S 
«1 35 25 

Fig. B-l. Cont'd 
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t m i u J-*ESR 
•EtCRT BTOPOIR DBLT» X 

1-2 .9 10OOE»O2-2.90*70B*ft2 9 .6000*1-01 
7-2 .903*08*02-2 .000106*02 * .60*0«E-01 
3-1.99**0E*O2-1.993508*O2 6 .6009*8-01 
«-1 .99020E»02-1 .19*908*02 * . 5 9 9 * 0 6 - 0 1 
5-1 .583*08*02-1 .990108*02 * . 6000* 6-01 
6-1.477(iOB»02-1.97370t»O2 6 . 6 0 0 0 * 8 - 0 1 
7-1 .970438*02-1 .167106*02 * . 60*04 6-01 
8-1.563ftaE*02-1.46»5»6»«2 6 - 5 9 9 M 6 - 0 1 
9-1.c572*E*0*-1.95399B»O2 6 . •37536-01 

10-1.9S076E*92-1.997598»O2 * .*3753B-*1 
11- l .99932E*02-1 .9911l6»O2 ft. 4 37538-01 
12-1 .937098*02-1 .93**76*02 * .»3753E-01 
13-1 .931*58*02-1 .92*238*02 * . 9 375 3 6-01 
! • - ! . 925018*02-1.921798»»2 * . 9 3 ? 5 3 8 - * l 
I5-1.91*57E*02-1.91536E»*2 6 .937536-01 
» 6 - 1 . 1 1 2 1 « * 0 2 - 1 . 9 0 * 4 2 E » * 2 6 .43736E-01 
17-1.9057*E**2-1.9*S12B**)2 5 . 1 9 9 9 9 1 - 0 1 
1R-1.90* r .5B*02-1.a9797E»O2 5 .1*9996-01 
14- t .8«54OE»02-1.892*26*02 5 . 1*9996-01 
28-1 .190258*02-1 .487616*02 5 . 1*9991-01 
21-1 .865108*02-1 .082528*02 5.1C994B-01 
22-1.87995E*O2-1.07777e*O2 5 i 1999J96-01 
2 3 - 1.819*08*02-1.072226*02 5 .199991-01 
29-1 .9*9658*02-1 .067076*02 5 . 199991-01 
2 5 - 1.660508*02-1.861928*02 5 . 199998-01 
26-1.859J56*02-1.«5*77E*O2 5 .199991-01 
27- 1 .859208*02-1.852*06*02 3 . 199921-01 
28-1.951008*02-1.8«7506*O2 7.O0O12E-01 
29-1 .999008*02-1 .890508*02 « . 9 99978-01 
10-1 .837008*02-1 .832*88*02 9 .03137E-01 
31-1 .927978*02-1 .923*5B»02 9 .031228-01 
12-1.91*9*E*O2-1.*14*26*02 9 .031221-01 
33-1.8C99IE»02-1.005398*02 9 .031228-01 
39-1 .900178*02-1 .79*3*8*02 9 . 0 3122r-01 
15-1 .791998*02-1 .787118*02 9 .031371-01 
16-1.78291E*02-1.770308*02 9 .031221-01 
37-1 .773708*02-1 .7692*8*02 9 .031228-01 
18-1 .7*9758*02-1 .76023S»02 9 .031228-01 
19-1 .755728*02-1 .751298*92 9 .031228-01 
•0 -1 .795698*02-1 .792178*02 9 ,031371-01 
91-1 .737**8*02-1 .733198*02 9 .031228-01 
•2 -1 . '28628*02-1 .72»11E»02 9 .031228-01 • 
•3 -1 .719598*02-1 .715088*02 9 ,031228-01 
» • - 1 . 7 1 0 5 * 8 * 0 2 - 1 . 70*058*02 9 ,031221-01 
• 5 - 1.701536*02-l.*97O2B»02 9 ,031228-01 
8-1-1.692508*02-1.090128*02 • . 7 6 9 0 * 1 - 0 1 
• 7 - 1 . 6 8 7 7 J6*3>1 .615356*02 9 ,7*90*8-01 
•8-1 .682978*02-1 .*79*08»O2 6 .970216-01 
44-1.6?6!)3E*02-1,613*26*02 9 ,7*90*8-01 
50-1 .671218*92-1 ,66*05E»02 9 ,7*90*8-01 
51-1.66*«78*02< 1,659*26*02 1,330001*00 
' 7 - 1 . f 53178*02-1.****2E*02 1,3300OE*0O 
53-1 .639178*02-1 ,*1322T*02 1,330002*00 
'>«-1.62*57e»02-1,ftl992E*02 1, 330006*00 
5 5 - 1 , f 13278*02-1.*O**28»02 1,330001*00 
56-1 .559978*01-1 .593522*02 1, 330001*00 
5 7 - 1 . « 8 * 6 7 8 * 0 2 - 1 , 580028*02 1,330008*90 
«P-1 ,«7317e*02 .1 .5«*t2E*02 1.329991*00 
59-1 ,«60078*02-1 ,553*28*02 1,330008*00 
*A-1,«.«*77B*02-1,590128*92 1,330008*00 
*1-1 .«33»78*02-1 .531138*02 » , * 85211-01 
6 2 - 1 , ^ 2 0 7 9 8 * 0 2 - 1 , 526**8*92 1 .6850*1-01 
f 3 - 1 . •.28198*02 
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1 Oie. \ . \ . 1.270008*00 2 .590008*00 
2 2.*M09E»*0 3.81O0Be*00 2 .59*006»*0 
3 5.CBO9OE*0O 6.350*08*00 2 .59*008*00 
• 7.(2000B*00 8.890008*00 2.5*0908*00 
5 1.81*008*01 1.193098*01 2.5*0008*00 
* 1.770006*01 1.397008*01 2.5*0008*00 
7 1.^2999**01 1.551008*01 2 .539996*00 
8 1.77*90K*O1 1.905008*01 2 .5*0016*00 
9 2.832908**1 2.159008*01 2 . <, 39996*00 

I t 2 .28*006*01 2 . •13*06*01 2 .539998*00 
11 ?.£8O-99E»01 2 .6*7408»0t 2 . 5 4 M l t * 0 0 
12 2 .7(9008*01 2.921041*01 2 .539996*00 

1 3 3.99*008*01 3.175906*01 2 .539998*00 
19 3.392008*01 3.429096*01 2 . 5 9 * * U » 0 0 
15 3.55*008*01 3.693008*01 2 .590018*00 
16 3.81*098*01 3 .95*996*01 2 .937998*00 
17 9.103008*01 9.25O708**! 2 .93*006*00 
10 9 .197*08*0) 9 .599506*91 2 .937996*90 
19 9.691*08*01 *.030>i9S*O1 2.930008*00 
20 «.56520B*O1 5 .132106*01 2 .93*006*00 
21 5 .279*08*01 5 .925906*01 2 .937998*00 
22 5.572008*01 5 .719706*01 2 .930006*00 
21 5.86**08*01 *.01350C*t>1 2 .930006*00 
2* 6 .160908*01 0 .307306*01 2 .837996*00 
25 « .«$9296*01 6 .601108*01 2 .930006*00 
26 * . 190096*01 6.894906*O1 2 .937996*00 
27 7.C«10OB*OI 7.19**98*01 2 .930006*00 
29 7 .235608*01 7 .992508*01 2 .930*06*00 
39 7.629908*01 7 .776306*01 2 .93(991*00 
10 7 .523198*01 8 .070108*01 2 .930026*00 
31 P.21700E»OI 4.29*938*01 1 .9207(8*00 
32 9.359076*01 0.«31316*O1 1.4207*6*00 
33 0.502758*01 0 .52*566*01 * .7*2*26-01 
18 9.550376*01 0 .57*198*01 9 . 7 6 2 5 X - 0 1 
35 8.59*038*01 0 .052508*01 5 .090006*00 
16 9.107008*01 9 .361508*01 5.059006*00 
37 9 .61*908*01 9 .793006*01 2 .53*996*00 
34 9.870008^01 9 .447006*01 2 .590016*00 
19 1.012*06*02 1.025108*02 2 .539998*00 
• 0 1.0.17*06*02 1.050508*02 2.59*016*00 
91 1 .0(3296*02 1.082258*02 3 ,81)006*00 
97 1 .1:1306*02 1,120358*02 3 . *l>>006*00 
• 1 1.119948*02 1.159*58*02 3.810006*00 
4* 1.177588*02 1.19*556*02 3.410006*00 
• 5 1 . : i5*3E»02 1.23*658*02 3.819006*00 
• 6 1.2*3706*02 1.2*2756*02 3 .910008*00 
• 7 1,211*06*02 1.319*56*92 9 .530006*00 
•" 1.187136*02 1.919756*02 9 .530006*00 
• 9 1.182* 35* 02 1.«30O5B»92 9 ,530006*00 
IP 1. s .7770£»02 1 .*2535f*02 9 .530006*00 
51 1.671COE*02 
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2 2 . . . 555S5SS55555555S5S5S555SSS5555SS552222221111111U1 
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1 6 . . . 66666666444644444446444444444444442222221111111111 
1 5 . . . *66464444666646«*44666466A466666662222221111111111 
1 8 . . . 66444464444444444444464664444644442222221111111111 
I t . . . e4466(6444444444«4«64444444644444*222222111111111l 
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I I . . . eC66664444446644444444444444444446222222111l111t11 
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9 , . , 6666666664644444444444464444464446222222I11I1111I1 
9 , . . 77777777777777777777777777777777772222221111111111 
7 . . . 77777777777777777777777777777777772222221111117111 
« . . . 7777777777777777777777777777m777i22222111111»111 
5 . . . 771777777»777777tT77777777777777772222221111111l'1 
• . . . •'7777777777777777777777777777777772222221111111111 
J . . . 777-»77777-»7?77TTTT77777T777777T777222222!1!!!!!111 
2 . . . 7777T777777777r»777777777777777777»2222ll 11111111 
1 . . . 7777777777777777777777777777777777272222111111*111 
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(RR 12: «567997f 21454789(112 39567H9012J6S478901238547898 
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Fig. B-l. Cont'd 
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Fig. B-2. Input parameters for a typical FALSTF calculation. 
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