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PREFACE 

These l ec tu re s on Reactor Shielding include the bas ic 
information n e c e s s a r y to enable one to compute neutron and 
g a m m a - r a y flux d is t r ibut ions in an unper turbed shield. The 
object of the s e r i e s is to impar t the information n e c e s s a r y to 
design shielding for s ta t ionary r e a c t o r s by hand methods . The 
l e c t u r e s have been gradual ly developed over a per iod of four 
y e a r s at the Internat ional School of Nuclear Science and Engi
neer ing at Argonne National Labora tory for the Argonne e m 
p loyees , Two-Year Appointees , as well as the Internat ional 
pa r t i c ipan t s . P r i o r to that t ime these notes existed in shor te r 
form as the bas i s of a two to th ree -hour lec ture s e r i e s for 
Labora to ry employees and for specific Labora tory t ra ining 
c o m m i t m e n t s . The l e c t u r e s now consti tute a o n e - s e m e s t e r 
hour c o u r s e , but could be extended to a t w o - s e m e s t e r hour 
cour se by additional emphas i s on the p rob lems involving cool
ant act ivi ty, heat generat ion, voids , i r r e g u l a r i t i e s , e tc . , as they 
a r i s e in la ter design and const ruct ion s tages . P r e r e q u i s i t e s 
for this course a r e Phys ics through Applied Nuclear Phys ic s , 
and Mathemat ics through Mathemat ics for Engineers and P h y s 
i c i s t s . 
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FOREWORD 

There a r e at leas t four types of people p resen t ly involved in shield
ing work: the theore t i ca l physicis t , the exper imenta l physicist , the engi
neer ing physicis t , and the engineer . These individuals play ra the r obvious, 
a s well a s n e c e s s a r y , ro l e s in the r e a l m of shielding. Incidentally, such 
ro le s a r e quite analogous to those in other a r e a s of scientific and engineer
ing endeavors , with the poss ible exception of those of the engineering 
physic is t . The field of Shielding is not in the engineering stage to the extent 
that, for example, i s re f r igera t ion; as a resu l t the engineering physicis t has 
a r a the r definite ro le in shield design. He does work that c lea r ly may be 
labeled m o r e as engineering than as physics , but such work is a lso not yet 
in the t rue engineering ca tegory because it just has not been developed 
sufficiently and is not quite out of the pure science stage. 

It a p p e a r s that when one speaks of Shielding it i s not always c lear 
to all concerned whether the t e r m includes the closely assoc ia ted engineer
ing p rob l ems . The people who mus t be concerned with the solution of these 
p rob lems should know enough about the physics of shielding so that they can 
at leas t ut i l ize the radia t ion d is t r ibut ions , if not de te rmine them. 

The following introduction is m o r e likely to be cal led Phys ics or 
Mathemat ics r a t h e r than Engineering, at leas t by an engineer . It should 
ul t imate ly be cal led Engineer ing. The a r e a that is now called Engineering 
(that includes s t r e s s ana lys is , heat removal , t h e r m a l shield design, e t c . ) 
probably is in need of attention, or perhaps publicity. Among the purposes 
of the p r e sen t l ec tu re s i s to inform people that these p rob lems , if they a r e 
not an in tegra l pa r t of shielding, a r e at leas t r e la ted to shielding, and also 
to point out the a r e a s in which fundamental work is needed. Probably the 
best example of where fundamental work is needed is in the t r ea tmen t of 
concre te as a shielding m a t e r i a l . 

Until the p r e sen t t ime not much coursework in Shielding has been 
formally p re sen t ed in Univers i t i es ; thus, if a shield des igner were to be 
employed, an engineer w^ould be h i r ed and given some extra physics and 
possibly m a t h e m a t i c s t ra in ing, or a physic is t who would be subjected to 
some engineering t ra in ing . Most of this t ra ining has to be done by on- the -
job exper ience , usual ly supplemented by somewhat informal l ec tu res . 
With the p a s s a g e of t ime , it i s ant ic ipated that th is engineer ing-phys ic is t 
ca tegory will d i sappea r . At th is t ime it i s hoped that formal t ra ining in 
Univers i t ies ^vill include the subject of Shielding, since appropr ia te hand
books and tex t s will be avai lable . Basic work will s t i l l be under taken by 
theore t i ca l and exper imen ta l phys ic i s t s , s ince fundamental knowledge is 
needed, although not n e c e s s a r i l y under the ca tegory of Shielding. There 
will, no doubt, be a continuation of engineering r e s e a r c h , since such 
a p p e a r s to be r equ i red . The field of Shielding will then be another phase 
of Engineer ing. 



The type of pe r son that is r equ i red for this intel lectual guessing 
game cal led Shielding is bas ica l ly an engineer, that i s , a person w ĥo does 
p rac t i ca l things with sc ience . It tu rns out that al l types of engineers a r e 
needed for w^hat is comnnonly r e f e r r e d to a s Nuclear Engineering. Rather 
than being a pe r son t ra ined for a new engineering a r ea , the Nuclear 
Engineer r e q u i r e s know-how in any or all of the previous engineering 
disc ipl ines , together with some ext ra bas ic know^ledge or t ra in ing. This 
ext ra t ra in ing, briefly, i s Mathemat ics and Nuclear Phys ics . The Nuclear 
Engineer that intends to design shields should have a min imum of o rd inary 
Differential Equations plus a year of Advanced Mathemat ics for Engineers . 
Probably a year in Applied Nuclear Phys ics will be needed to complete the 
p ic tu re . 

His tor ica l ly , the f i rs t p rob lems concerned with shieldings were 
solved by an engineer , w ĥo lacked the physics to be independent, m co
operat ion with a physic is t , who lacked the engineering. Gradually, the 
physic is t w^ill become n e c e s s a r y only for the fundamental r e s e a r c h ; a 
Shielding Handbook takes the place he occupied. At the p resen t t ime we 
do not have this handbook. This means that the engineer needs a l ibera l 
m e a s u r e of insight along with the formulas for radia t ion attenuation. 

The field of Shielding may be split according to the r e a c t o r type, 
i. e. , mobile or s ta t ionary . The approach to shielding p rob lems is quite 
dependent upon the r e a c t o r type of concern. In the case of shielding for 
a mobile r eac to r , weight i s a c ruc ia l factor and, depending on the i m 
por tance of the r e a c t o r , it may of necess i ty v i r tua l ly be shielded with 
pure money. In p r a c t i c a l t e r m s , this means the use of exotic m a t e r i a l s , 
or at leas t m o r e or l e s s exotic a r r a n g e m e n t s of o rd ina ry m a t e r i a l s . 
Money mus t not be a major concern in the design of the shield for the 
mobile r e a c t o r or the projec t i s not l ikely to continue. In cont ras t , 
s ta t ionary r e a c t o r s may be shielded with o rd ina ry m a t e r i a l s , usual ly 
o rd ina ry concre te . In specific ins tances a heavy concre te may be 
economical ly advisable ; for example , beam holes in r e s e a r c h r e a c t o r s 
may be m o r e easi ly ut i l ized if they a r e kept as shor t as poss ib le . 
F u r t h e r , the cos t s may be reduced by shortening pene t ra t ions and by 
reducing the size of the containing building. Speaking of cos t s , it should 
be noted that t he re a r e c o m m e r c i a l e n t e r p r i s e s based on the construct ion 
of r e a c t o r s and the re fo re it is not enough that "an ext ra m e a s u r e of con
c re te may r emove doubts"; it may a l so r emove too much money. This 
l ec tu re s e r i e s is based p r i m a r i l y on shield design for s ta t ionary r e a c 
t o r s , although, of cou r se , bas ic information gene ra t ed by mobile r e a c t o r 
shield p r o g r a m s is u t i l ized and r e fe rence made to it a s c lass i f icat ion will 
pe rmi t . 



Since these l ec tu res a r e intended for people who, for one reason or 
another , will not always find the s e rv i ce s of "mechanical b r a i n s " avai lable, 
a la rge emphas is has been placed on the computational techniques that do 
not r equ i re these s e r v i c e s . This availabil i ty, or the lack thereof, may be 
dependent upon the att i tude within the country in which the individual will 
do his work, but it is m o r e often dependent upon the completeness or 
thoroughness of design requ i red , or poss ib le , londer the c i r c u m s t a n c e s . 
It is believed that the re will always be a place for an o rd inary desk com
puter in what is commonly r e f e r r e d to as hand calcula t ions . 

The p rob lem to overcome i s , then, twofold. F i r s t , to get the 
physics and ma thema t i c s of shield design accepted as engineer ing, and 
secondly, to s ecu re recogni t ion for the fact that many other engineering 
p rob lems as soc ia t ed with r eac to r design have at their root a necess i ty for 
being aware of and knowing shielding-type calcula t ions . 
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NOMENCLATURE 

A Area cm^ 

A(t) Active a toms pe r cubic cen t imete r in 
the sys tem atoms 

Ai Active a toms that leave the r e a c t o r 

n 
a Total shield th ickness , a = 2 â  cm 

i=l ^ 

a,, Thickness of i - th shield m a t e r i a l cm 

a Constant in exponential buildup function, or cm" 

buckling cor rec t ion for t h e r m a l column 
neu t rons , or 

t r ans fe r coefficient of impur i t i e s from 
water to s t eam 

B(x, I ) Beam attenuation ke rne l 

B ( ^ ) Buildup factor 

/3 B u c k l i n g t e r m for t h e r m a l c o l u m n n e u t r o n s 

i n r e c t a n g u l a r a n d c y l i n d r i c a l g e o m e t r y , o r c m * 

R e f l e c t i o n coe f f i c i en t , ( a lbedo) , o r 

T r a n s f e r f a c t o r of f i s s i o n p r o d u c t s f r o m 
w^ater s t e a m , o r 

A n g l e 

D£ F a s t n e u t r o n di f fus ion c o n s t a n t c m 

D^ I n t e r m e d i a t e n e u t r o n d i f fus ion c o n s t a n t c m 

Dg T h e r m a l n e u t r o n di f fus ion c o n s t a n t c m 

Ejj N e u t r o n e n e r g y M e v 

E-y G a m m a - r a y e n e r g y M e v 



NOMENCLATURE 

Ej^(x) Exponential in tegra l , see Section 3 

Ei(x) Exponential in tegra l , see Section 3 

Tj k / a s ( l - a ) 

Fj^(x) Exponential in tegra l , see Section 3 

f F r ac t i on 

fjĵ (x) Function for computation of exponential 
in tegra l s 

fj Flow r a t e water through the fi l ter g m / s e c 

fa Flow ra te of s t eam g m / s e c 

G Constant for f ission product g a m m a - r a y 
power 

r ( t ) F i s s ion product power after shutdown m e v / s e c fiss 

7 E u l e r ' s constant , see Section 3, or 

Buckling constant for t h e r m a l column cm 

neu t rons , o r 

Photon energy hv -mc 

H Heat genera t ion , o r Mev / 

Height of cyl indr ica l source cm 

J . F a s t neut ron cu r r en t n/i 

Jg T h e r m a l neut ron cu r r en t n / 
Ki (x) Mathemat ica l function, see Section 3 

•^n 

Ko(x) B e s s e l function 

cm^sec 

cm^sec 

cm^sec 



N O M E N C L A T U R E 

X 

M 

m 

M 

Mi 

Mo 

Ma 

M "^e 

N(p) 

N( t ) 

R e c i p r o c a l r e l a x a t i o n l e n g t h for gamnaa 
r a y s o u r c e s t r e n g t h , o r 

C o r r e c t e d t h e r m a l c o l u m n t h e r m a l 
n e u t r o n a t t e n u a t i o n c o n s t a n t , o r 

C o n s t a n t fo r g a m m a - r a y bu i ldup funct ion 

R e c i p r o c a l of t h e r i n a l n e u t r o n dif fusion 
l e n g t h 

R e c i p r o c a l of i n t e r m e d i a t e n e u t r o n 
d i f fus ion l e n g t h 

R e l a x a t i o n l e n g t h , o r 

D i s i n t e g r a t i o n c o n s t a n t , 

M a s s 

I n t e g e r 

c o s 6 

G a m m a - r a y t o t a l c r o s s s e c t i o n for 
i - t h s h i e l d m a t e r i a l 

C o s i n e of the m a x i m u m l i m i t of the a n g l e 9 

T o t a l g a m m a - r a y m e a n f r e e p a t h s in the 
n 

s h i e l d , = S /-t^a^ 
i=i 

G a m m a - r a y e n e r g y a b s o r p t i o n coef f ic ien t 

P l a n e c o l l i m a t e d k e r n e l f o r f i s s i o n n e u t r o n s 
in w a t e r 

A t o m s p e r cub ic c e n t i m e t e r of m a t e r i a l 
b e i n g i r r a d i a t e d a t t i m e t 

c m 

c m 
- 1 

c m 
- 1 

c m 

c m 

s e c 

g m 

c m 

c m 

a t o m s / c m 



N O M E N C L A T U R E 

N7 

No 

n 

V 

p 

# . 

* i 

* s 

$ 
7 

3>(t) 

Qf 

Qi 

Qo 

Q i 

Q2 

N u m b e r of g a m m a r a y s e m i t t e d p e r even t 

A t o m s p e r cub ic c e n t i m e t e r of m a t e r i a l , o r 

A v o g a d r o ' s n u m b e r 

I n t e g e r 

Sol id a n g l e 

R e a c t o r p o w e r , o r 

p r o b a b i l i t y of e s c a p e , o r 

f i s s i o n p r o d u c t p o w e r 

P o w e r r e l e a s e of f i s s i o n p r o d u c t s t ha t 
l e a v e the c o r e 

F a s t n e u t r o n flux 

I n t e r m e d i a t e n e u t r o n f lux 

T h e r m a l n e u t r o n flux 

G a m m a - r a y flux 

N e u t r o n flux a s a func t ion of t i m e 

F a s t - n e u t r o n s o u r c e s t r e n g t h 

T h e r n a a l n e u t r o n s o u r c e s t r e n g t h 

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

F a s t n e u t r o n o r g a m m a - r a y po in t s o u r c e 
s t r e n g t h 

F a s t n e u t r o n o r g a m m a - r a y l i ne s o u r c e 
s t r e n g t h 

F a s t n e u t r o n o r g a m m a - r a y p l a n e s o u r c e 
s t r e n g t h 

a t o m s / c m 

a t o m / g m a t o m 

w a t t s 

M e v / s e c 

M e v / s e c 

n / c m ^ s e c 

> / n / c m s e c 

n / 

7 / 

c m s e c 

c m s e c 

n / c m ^ s e c 

s e c n / c m ^ 

n / c m ^ s e c 

n / , c m s e c 

s e c n o r 7 / £ 

n o r 7 / c m s e c 

n o r 7 / c c m s e c 



N O M E N C L A T U R E 

Q3 F a s t n e u t r o n o r g a m m a - r a y v o l u m e s o u r c e 

s t r e n g t h n o r 7 / 

R R a d i u s of s h i e l d , o r c m 

d i s t a n c e f r o m s o u r c e t o m e a s u r i n g point c m 

Rg S p h e r i c a l s o u r c e r a d i u s , o r c m 

D i s k s o u r c e r a d i u s , o r c m 

C y l i n d r i c a l s o u r c e r a d i u s c m 

r R a t e of e n t r y of c o r r o s i o n o r e r o s i o n 

p r o d u c t s in to coo l an t a t o m / 

p O p t i c a l p a t h l e n g t h for f a s t n e u t r o n s in 

w a t e r 

s e c i ( x i 0 ) Secan t i n t e g r a l , s e e Sec t i on 3 

a Cross section for shield material, or 

Constant adjusted for continuity of fast 

neutron flux for thermal neutron source 
strength cm 

c m 

s e c 

c m 

c m 

- 1 

Oa. 

a s 

^af 

a i 

^1 & ^ 2 

Total number of mean free paths in 

n 
shield, = E â â  

i=l 

Neutron absorption cross-section, or 

Neutron activation cross section 

Thermal neutron absorption cross-section 

Fast-neutron absorption cross section 

Intermediate neutron absorption cross 
section 

Constants for N(p) when represented as 
a sum of two exponentials 

cm 

cm^/atom 

- X 
c m 

c m 

c m 

- 1 

c m 
- 1 
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N O M E N C L A T U R E 

Cfj. F i s s i o n c r o s s s e c t i o n cm" 

a E f f ec t i ve r emiova l c r o s s s e c t i o n c m ' 
r 

cf. N e u t r o n i n e l a s t i c s c a t t e r i n g c r o s s s e c t i o n , o r c m " 

C r o s s s e c t i o n for i - t h s h i e l d m a t e r i a l c m ' 

a S o u r c e c r o s s s e c t i o n , o r cm" 

s 

N e u t r o n s c a t t e r i n g c r o s s s e c t i o n cm" 

T T i m e of o p e r a t i o n s e c 

t T i m e , o r s e c 

T h i c k n e s s c m 

tj . T i m e s p e n t i n a c t i v e z o n e s e c 

t T i m e s p e n t i n c o m p l e t e c y c l e s e c 

T F e r m i a g e cm^ 

9Q Maximxim v a l u e of the ang le 9 

Uo S e c a n t of the m a x i m l o m v a l u e of t h e ang le 9 

V V o l u m e cm^ 

I A v e r a g e l o g a r i t h m of t h e e n e r g y l o s s 

of the. n e u t r o n 
Z . A t o m i c nximber 



L E C T U R E N O T E S ON R E A C T O R SHIELDING 

M. G r o t e n h u i s 
I n t e r n a t i o n a l School of N u c l e a r Sc i ence and E n g i n e e r i n g 

1. INTRODUCTION 

The d e s i g n of a s h i e l d for a r e a c t o r i n c l u d e s m a n y c o m p l e x 
p r o b l e m s c o n c e r n i n g the d i s t r i b u t i o n of the a s s o c i a t e d r a d i a t i o n . T h e r e 
a r e m a n y fine t h e o r e t i c a l a n a l y s e s i n d i c a t i n g what r a d i a t i o n wi l l do in 
m o r e o r l e s s i d e a l s i t u a t i o n s . F o r e x a m p l e , t he d i s t r i b u t i o n of n e u t r o n s 
in w a t e r f r o m a m o n o e n e r g e t i c s o u r c e i s w e l l known bo th t h e o r e t i c a l l y 
and e x p e r i m e n t a l l y . ^ The a p p l i c a t i o n of t h e s e m e t h o d s to a l a m i n a t e d 
s h i e l d of w a t e r and i r o n b e c o m e s l e s s e x a c t ; for m o r e c o m p l i c a t e d , 
though c o m m o n , c o m b i n a t i o n s of i r o n , w a t e r , c o n c r e t e and b o r o n , the 
p r o b l e m i s s o l v e d only by qui te doubtful m e t h o d s . S i m i l a r l y the m o m e n t s 
method-^ c a n so lve the p r o b l e m of the d i s t r i b u t i o n of g a m m a r a y s in a 
s h i e l d c o m p o s e d of a s i n g l e m a t e r i a l qu i te a c c u r a t e l y ; h o w e v e r , a s h i e ld 
c o m p o s e d of m o r e t h a n one m a t e r i a l m a y s t i l l b e so lved on ly by a p p r o x i 
m a t i o n s . No xoniversal m e t h o d for c o m p u t i n g bu i ldup t h r o u g h m u l t i - l a y e r 
s h i e l d s e x i s t s , a l t h o u g h s o m e p r o g r e s s i s be ing m a d e in t h i s d i r e c t i o n . 
Solving a l l t h e s e p r o b l e m s in a so l id u n p e r t u r b e d s h i e l d s t i l l does not 
a n s w e r a l l the q u e s t i o n s , s i n c e t h e r e wi l l be a m u l t i t u d e of p e n e t r a t i o n s 
and vo ids t ha t wi l l c h a n g e the r a d i a t i o n d i s t r i b u t i o n s in w a y s tha t a t b e s t 
m a y be on ly e s t i m a t e d . A s a r e s u l t , s h i e l d d e s i g n e r s h a v e be e d u c a t e d 
g u e s s e r s to a l a r g e e x t e n t a n d m u s t d e p e n d qui te s t r o n g l y on e x p e r i m e n t a l 
d a t a and s e m i - e m p i r i c a l a p p r o a c h e s . A l though h i g h - s p e e d c o m p u t i n g 
m a c h i n e s a r e b e c o m i n g m o r e u se fu l a l l t he t i m e , t h e y s t i l l canno t be u s e d 
to so lve a c o m p l e t e s h i e l d p r o b l e m , e v e n d i s r e g a r d i n g the void and 
p e n e t r a t i o n p r o b l e m s t h a t i n e v i t a b l y a p p e a r . 

T h e s e l e c t u r e s wi l l be an a t t e m p t to d i s c u s s the d e s i g n of a r e a c t o r 
s h i e l d a n d the so lu t ion of the a s s o c i a t e d sh i e ld ing p r o b l e m s by s i m p l e h a n d -
c o m p u t i n g m e t h o d s . T h e s e i n c l u d e the c a l c u l a t i o n of the r a d i a t i o n d i s t r i b u 
t i o n s t h r o u g h o u t the s h i e l d in o r d e r to d e t e r m i n e the c h o i c e of m a t e r i a l s a s 
w e l l a s the l o c a t i o n and t h i c k n e s s . P r o b l e m s a s s o c i a t e d wi th the r a d i o 
a c t i v i t i e s of c o o l a n t s a n d c o m p o n e n t s , r a d i a t i o n h e a t i n g of s t r u c t u r a l 
m a t e r i a l s , and h a n d l i n g of s p e n t fuel wi l l a l s o be d i s c u s s e d . 
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In addition to the simple hand-computing p rocedure , the re a r e other 
approaches , none of which a r e rea l ly independent. These include c o m p a r i 
son methods , util izing data from bulk shield faci l i t ies , specific exper imenta l 
de te rmina t ions , and, of c o u r s e , conaputing machine methods which a r e of 
great value for pa r t i cu la r p a r t s of the shield design problem, or for the 
more ideal p rob lems that will aid the thinking done p r io r to making an 
educated guess . The choice of method, as well as being a somewhat p e r s o n 
al choice of the des igner , depends on the type of shield des i red , the accuracy 
requ i red , and the t ime and money avai lable . Since v i r tua l ly every approach 
contains approximat ions , this fact mus t be kept in mind so that the method 
used in designing one shield is not used on the next design without r econ 
s iderat ion of the bas ic a s sumpt ions . 

As far as t ime is concerned, a shield design may be accompl ished 
in one day, one week, one month, one year , or one decade. Obviously, a 
project cannot wait for the la t te r design t ime . Similar ly , the t ime of one 
day is likely not to p e r m i t considera t ion of adequate detai l , although it may 
be quite sufficient for p r e l i m i n a r y e s t i m a t e s . Somewhere between these 
ex t r emes the re is a t ime which is both p rac t i ca l and adequate . This is 
usually somewhere between a month and a yea r , but depends on the r e su l t s 
r equ i r ed . In genera l , the longer the t ime spent the m o r e detai led the de 
sign. The output per unit t ime , however, has a l imiting factor , or an 
asymptote , above which the accu racy is l imited by the knowledge of funda
menta l constants and abili ty to apply fundamental p r o c e d u r e . For shields 
that mus t be opt imized to a v e r y high degree,for example, those of mobile 
r e a c t o r s , the detai led calculat ions mus t be verif ied with exper imenta l mock-
ups . Since a full scale mock-up is the only r e a l tes t , e i ther a facility that 
is essen t ia l ly the total shield mus t be built , or e lse a degree of uncer ta in ty 
will exis t xintil the actual plant is opera ted . A p rac t i ca l approach that may 
be ut i l ized at t imes is to leave a port ion of the shield flexible xintil full-
power operat ion indicates the final answer . 

The choice of the bas ic shield m a t e r i a l or m a t e r i a l s is one that 
mus t be evaluated in t e r m s of the r eac to r involved. For a power r eac to r 
with few shield penet ra t ions the bas ic m a t e r i a l may well be o rd ina ry con
c r e t e . If the r eac to r is for r e s e a r c h and will contain many be a m holes , a 
thinner shield will no doubt be worth considera t ion. Concrete which is 
made m o r e dense by the use of me ta l punchings and /o r a heavy aggrega te , 
is then des i r ab l e , a s the pene t ra t ions will be shor te r and l e s s expensive . 
When a dense concre te is ut i l ized, the building itself will be sma l l e r and 
a saving may be rea l i zed in const ruct ion c o s t s . This is pa r t i cu l a r ly t rue 
if the building is gas - t igh t . For ex t r eme ly efficient sh ie lds , such as for a 
mobile r e a c t o r , m o r e exotic m a t e r i a l s , such as heavy me ta l hydr ides , or , 
at l eas t , m o r e expensive a r r a n g e m e n t s of o rd ina ry m a t e r i a l s may be 
n e c e s s a r y . 



Some thought must go in the direct ion of the a r rangement of the 
shield m a t e r i a l s in o rder to accompl ish dual ftxnctions whenever poss ib le . 
A unit shield may, for example , be the main support for much assoc ia ted 
reac to r equipment. The use of compar tment or divided-type shielding 
may save space and m a t e r i a l s . The use of higher radiat ion levels or 
shadow shields in re la t ive ly unaccess ib le a r e a s may be quite possible as 
well as economical . 

A detailed descr ip t ion of the radiat ion considered in r eac to r shield
ing p rob lems will be found in the per t inent chap te r s . In genera l , the r a d i 
ations cons idered in r eac to r shielding p rob lems may be l imited to neutrons 
and gamma r a y s . Alpha and beta r ays will , for example, be p resen t in large 
quant i t ies , but may be shielded so eas i ly that they a r e not considered pa r t 
of the r eac to r shielding p rob lem. 

Neutrons will be found in the r eac to r core as a d i rect r e su l t of the 
f ission p r o c e s s . There a r e , on the ave rage , 2.5 neutrons produced per 
f ission of u ran ium-235 , with an energy distr ibution according to the wel l -
known fission spect r t im. In addition the re will be delayed neutrons from 
fission, usual ly not significant in shielding p rob lems , and neutrons from 
photo neutron reac t ions in m a t e r i a l s such as bery l l ium or deuter ium that 
may be ut i l ized for their neut ron- ref lec t ing and modera t ing p r o p e r t i e s . 
The la t te r source of neut rons may be significant in ca ses where the reac tor 
is in a shut-down condition. The specific activity of N , formed from the 
O (n,p) N^ reac t ion , includes a neutron that may well be of impor tance in 
determining the acces s to the coolant pipes in the case of a water -cooled 
r e a c t o r . 

Gamma rays may originate essen t ia l ly anywhere in the r eac to r 
sys tem that neu t rons a r e found. The r eac to r core is a copious source of 
gamma r a y s that have their or igin in the fission p r o c e s s , the decay of 
f ission p roduc t s , the inelas t ic sca t te r ing of neu t rons , or the capture of 
neut rons in s t ruc tu r a l or coolant m a t e r i a l s located in the co re . The 
la t te r gamma r ays may be further c lass i f ied as the immedia te r esu l t of 
neutron cap ture , "capture gamma r a y s , " or of the decay of the unstable 
nuclei c r ea t ed by neutron cap tu re , "radioact ive decay g a m m a - r a y s . " The 
gamma rays born in the core a r e deep within the shield and usual ly of 
lower effective energy, so that they r a r e l y de termine the shield th ickness . 
However, they a r e an impor tan t source of heat generat ion within the inner 
shield l aye r s and m a y a lso figure prominent ly in ins t rumenta t ion p r o b l e m s . 

Gamma rays that or iginate outside the core a r e essen t ia l ly al l due 
to neutron capture or inelas t ic sca t te r ing in the s t ruc tu ra l and shield m a t e 
r i a l s . The capture gamma r ays a r e of higher effective energy and in 
g r e a t e r quantity than those resul t ing f rom the fission p r o c e s s , decay of 
radioact ive nuclei or inelas t ic sca t te r ing , and, in addition, a r e c rea ted 
n e a r e r the outer ex t r emi ty of the shield. These facts explain why capture 



gamma rays a r e ve ry often the controll ing influence in determir(.ing the 
shield th ickness and may never be d i s rega rded in shie ld-des ign p rob l ems . 
It is to control the generat ion of capture gamma r ays that high c r o s s -
sect ion m a t e r i a l s , such a s boron, a r e incorpora ted into a shield. In such 
a m a t e r i a l the capture gamma ray is of low energy, the remaining port ion 
of the energy being given off as an alpha pa r t i c l e . Coupled with the impor 
tance of the capture gamma r a y is the difficulty of predic t ing the location 
at which it will be c r ea t ed . This p rob lem is essent ia l ly the hea r t of the 
r eac to r shie ld-des ign p rob lem. 

Shielding a r eac to r cons is t s p r i m a r i l y of modera t ion and then 
absorpt ion, at t h e r m a l or n e a r - t h e r m a l energy, of the fast neut rons p r o 
duced in the r e a c t o r co re , plus the attenuation of the secondary products 
involved, chiefly gamma r a y s . Other radiat ion from the core u$ually 
produces local effects, such as g a m m a - r a y heating in m a t e r i a l s in or 
near the c o r e . There a r e no ex t remely efficient m a t e r i a l s for stopping 
fast neut rons that can compare to boron in the case of t h e r m a l neu t rons . 
Fas t neut rons mus t be reduced in energy by e las t ic or inelas t ic sca t te r ing 
to t h e r m a l or n e a r - t h e r m a l energ ies at which they may be readi ly absorbed . 
Probably the mos t efficient way to reduce the neutron energy is by a com
bination of ine las t ic and e las t ic sca t t e r ing . This m a y be cons idered con
venient from the standpoint of including s t ruc tu ra l m a t e r i a l s and, as well , 
g a m m a - r a y shield m a t e r i a l s , both of which will be needed and both of 
which r equ i r e the heavy m a t e r i a l n e c e s s a r y for efficient inelas t ic s c a t t e r 
ing. The e las t ic sca t te r ing will be provided by l ighter m a t e r i a l s , p r e f e r 
ably of a hydrogenous n a t u r e . 

In genera l , an efficient shield should have a neut ron at tenuation that 
is nea r ly the same as the g a m m a - r a y at tenuation. Since neut rons a r e 
at tenuated by a reduct ion in energy followed by absorpt ion they r e q u i r e a 
m a t e r i a l of low m a s s . Gamma rays a r e m o r e rapidly at tenuated by a m a t e 
r i a l of high m a s s or high Z. These m a t e r i a l s a r e conveniently efficient for 
fas t -neu t ron at tenuation a l so , by v i r tue of inelas t ic sca t t e r ing , if followed by 
hydrogenous m a t e r i a l . In o rde r to follow the above at tenuation r e q u i r e m e n t s 
this means that a homogeneous mix ture of, pe rhaps , u ran ium and water 
would be an ideal shield, except for the additional complicat ion of having 
f iss ions in the shield. Including reasonable cost , as well as s t r uc tu r a l 
r e q u i r e m e n t s , the heavy m a t e r i a l usual ly tu rns out to be lead a n d / o r s tee l . 
Since a homogeneous compound such as a meta l hydride is expensive, not 
always s table , and, in addition, does not n e c e s s a r i l y contain the mos t 
efficient propor t ion of me ta l to hydrogen, this is not a solution at the 
p r e s e n t t i m e . A laminated s t r u c t u r e , the next approximat ion to homogene
ous, is n ice , but quite expensive . This is exemplified by water - f i l l ed me ta l 
honeycomb s t r u c t u r e s , or by laminated water and me ta l , or mason i te and 
m e t a l . The next bes t homogeneous m a t e r i a l is concre te , and it t u rns out 
to be quite well balanced if the densi ty is i nc reased by including heavy 



aggrega te , me ta l punchings, or both. The heavy concrete is more 
expensive, but the ex t ra expense may well be justified in reduction of 
building cos ts or an i nc rease in access ib i l i ty . Concrete is somewhat 
in question because of lack of detai led knowledge on the amount of water 
re ta ined or the absolute minimuna amount that must be contained for 
adequate modera t ion of the fast neu t rons . This lack of knowledge is 
paid for in t e r m s of the ex t ra th ickness of concrete requ i red to guarantee 
r e s u l t s . 

Por t ions of a r eac to r shield m a y not be chosen on the option of a 
shield des igner a lone. For example , the p r e s s u r e vesse l may be a few 
inches of s teel and thereby an apprec iab le pa r t of the shield. Likewise, 
the ref lec tor may be a m a t e r i a l that affords a considerable amount of 
shielding value. Neither of these m a t e r i a l s a r e subject to a l tera t ion for 
s t r i c t ly shielding cons idera t ions , since the p r i m a r y function is containment 
and neutron ref lect ion, respec t ive ly . 

The p rocedure genera l ly followed in determining the radiat ion 
dis t r ibut ions in the shield is to calculate in o rder the neutron fluxes and 
then the g a m m a - r a y f luxes. Because shield design does not follow the 
design of the other pa r t s of the r e a c t o r , but must p r o g r e s s with it, these 
calculat ions mus t be done m o r e than once, each t ime p rogress ing a li t t le 
m o r e toward the final design. As an example , before the ves se l containing 
the r eac to r can be designed, shielding calculat ions must be made to de t e r 
mine radiat ion heat ing. The v e s s e l may have to be substantial ly a l t e red , 
or a t h e r m a l shield may have to be incorpora ted into the design, which in 
tu rn r e n d e r s the p r e l i m i n a r y calculat ions obsole te . Similar ly, before a 
th ickness of concre te can be es tab l i shed , the heating mus t again be con
s ide red . A common re su l t is that th ree or four inches of lead may be 
r equ i r ed to reduce g a m m a - r a y heating in the concre te . Calculations will 
again have to be r ev i sed . After the total shield thickness has been decided, 
a look at the l a rge s t contr ibut ions to the leakage from the shield may indi
cate a pa r t i cu la r capture g a m m a - r a y source could be reduced with p roper 
location of boron. 

Other p rob lems a r i s e during and after this p r o c e s s , such as shie ld
ing of radioact ive coolant or a i r , shielding of spent fuel e lements , and 
shielding of the radioact ive components that may have to be removed for 
r e p a i r . Por t ions of the shield will contain a l te ra t ions or penet ra t ions to 
p e r m i t a c c e s s to the r eac to r core for ins t rumenta t ion or r e s e a r c h . There 
will be plugs which can be r emoved for fuel recharg ing . Control rod dr ives 
will have shafts that go through al l or pa r t of the shield. There will be 
c o r n e r s and c r acks introduced by vi r tue of the method of construct ion of 
l aye r s of shield m a t e r i a l s . Few, if any, of these p rob lems have a neat 
solution. Careful study of the cons t ruct ion drawings , knowledge of the 
or igin and c h a r a c t e r i s t i c s of the radia t ion assoc ia ted with r e a c t o r s , and 
intuitive guesses will be n e c e s s a r y to insu re a radiat ion-proof shield. A 
common conclusion is that shielding has been, and probably st i l l i s , to 
some extent as much an a r t as a sc ience . 



2. DEFINITIONS 

In o rde r to use terminology and symbols with mutual understanding 
it is helpful to define these concepts p r io r to thei r use . While some t e r m s 
a r e defined because they a r e m o r e or l e s s pecul iar to shielding, o thers 
may be defined to e l iminate the confusion that somet imes r e su l t s from use 
in other f ields. 

Probably the mos t prominent t e r m is that of par t ic le flux or flux 
densi ty. Radiation or par t i c le fliix, " 0 , " is a sca la r quantity which, when 
mult ipl ied by the macroscop ic c r o s s section for a pa r t i cu la r event, yields 
the number of such events occur r ing per cm^ sec . It is also the total 
pa r t i c le path length per cm^ s e c . The definition of neutron flux is com
monly given a s the neutron density "n" (neutron/era^), t imes the neutron 
velocity, "v" ( c m / s e c ) , or "nv" (neut rons /cm^ sec) . The physical d imen
sions a r e p rope r ly neutron cm per cm^ s e c . " $ " is the symbol for flux 
ut i l ized throughout this d iscuss ion and also quite prominent ly e l s ewhere . 
The dimensions of flux a r e quite commonly wri t ten as pa r t i c l e s per cm^ 
sec , which, while c o r r e c t , conceals the na tu re of the quantity and r e su l t s 
in confusion with cu r r en t , a vector quantity which has the same dimensions 
but r e p r e s e n t s the number of p a r t i c l e s pass ing through a square cent imeter 
each second. Very often the magni tudes of these two quantit ies a r e quite 
comparab le ; indeed we shall make that approximat ion at t i m e s . A use of 
flux is exemplified in the case of t h e r m a l neutron absorpt ion; 

/ abs \ ^ / n cm \ ^ l abs A _ , 
^as P ' *s ^ ^ Q=! ; • 2.1 

'^° \ n cmy ° \̂  cm3 sec ] =" \cm3 sec J 
This is a t e r m n e c e s s a r y in determining the activi ty of m a t e r i a l s i r r a d i 
ated by a neutron flux, the capture g a m m a - r a y source t e r m in a shield 
m a t e r i a l , or the g a m m a - r a y heat genera t ion in a m a t e r i a l . It is to be 
noted that the t e r m flux, as defined h e r e , is not the same as the flux of 
light photons in opt ics . The la t ter t e r m is actual ly the same as cu r r en t , 
which is to be defined. 

F a s t - n e u t r o n flux as used in these notes is the flux of neu t rons 
that have an energy g r e a t e r than one Mev. It i s , t he re fo re , not the same 
fast flux as spoken of in the usual two-group diffusion theory . That fast 
flux includes all neut rons above t h e r m a l energy and actually, through the 
use of appropr ia te cons tan ts , T and Dr, is a quantity which s e r v e s as a 
source t e r m for the t h e r m a l neu t rons . Because of the energy range 
involved, pa r t i cu l a r ly as it applies to dose ra te per neutron, and a t tenu
ation lengths at grea t d i s tances in the shield, it is bel ieved i n c o r r e c t to 
compute the fas t -neu t ron flux for shielding purposes by diffusion t ech
niques ; t he re fo re , it is computed by Ray Theory, utilizing r emova l c r o s s 
sec t ions . 



Ray Theory is a name , not in common use , applied to the type of 
attenuation appropr ia t e for neutrons and gamma r a y s . The radiat ion is 
a s sumed to t r ave l from source to detector along the optical path connect
ing them, the attenuation due to each m a t e r i a l being apportioned according 
to the th ickness of that m a t e r i a l t r a v e r s e d by the optical path. The 
attenuation is a s sumed to be exponential with modifications for specific 
pu rposes , such as buildup of gamma r a y s . 

Pa r t i c l e cu r r en t "J" is a vector quantity that indicates tjie net 
number of pa r t i c l e s per cm^ sec in a par t i cu la r direct ion, usually no rma l 
to the surface of the intercept ing medium. In the diffusion approximation, 
it may be calculated by F i ck ' s law, 

J = -D grad $ neut /cm^ sec , 2.2 

which is famil iar to the u s e r s of diffusion theory as it occurs in neut ron-
dis t r ibut ion p rob lems in r e a c t o r s . This law will be applied on occasions 
where diffusion theory is appl icable , namely, for t h e r m a l neu t rons . How
ever , it is not appropr ia te for high energy neutrons (> 1 Mev) unless 
proper precaut ions a r e taken, for ins tance , as with a pa r t i cu la r definition 
of constants such as occurs in two-group diffusion theory . F ick ' s law is 
not p roper for the h igh-energy neut rons that a r e of major concern in shield
ing p r o b l e m s . According to Ray Theory, to be d i scussed in m o r e detail in 
the next sect ion, the par t i c le flux from a plane source is given by 

r -OR 
<5 = j dA Q 2 - J ^ ^ p a r t . / c m 2 sec . 2.3 

A 

By compar i son , the cu r r en t at the same location i s , 

f -OR 
J=j dA Qz ^ „ p 2 cos e p a r t . / c m ^ sec . 2.4 

A 
It is common to hear of neutron energy in t e r m s of "hard," "fast," 

"soft," " the rma l , " "cadmium," e t c . We shall be concerned here with fast 
neut rons (those of 1 Mev and higher ene rg i e s , as they occur in fission-'), 
i n te rmedia te neu t rons , those between t h e r m a l energy and 1 Mev, and 
t h e r m a l neutrons (those of 0.025-ev energy or having an e n e r g y , c o r r e 
sponding to the t h e r m a l t e m p e r a t u r e of the r eac to r if other than 0.025 ev). 

Watt, B. E., "Energy Specuura of Neutrons from Thermal Fission of U^^S-^ phys. Rev. 81_ 
1037 (1952). 



G a m m a - r a y energy also is often r e f e r r e d to in the re la t ive t e r m s 
"hard" or "soft." For r eac to r shielding purposes the p rac t i ca l range of 
energ ies is f rom 1 Mev to about 8 Mev. Reference to hard , or penet ra t ing , 
gamma r ays then means energ ies c lose r to 8 Mev and soft means c loser 
to 1 Mev. The gannma-ray spec t rum may conveniently be divided into 
r ep re sen ta t ive mono-energe t i c l ines , the number of l ines depending on 
the des i r ed accuracy , the t ime avai lable , the type of source r ep re sen t ed , 
or the available knowledge of the deta i ls of the spec t rum. While any given 
prob lem may requ i re only one port ion of the spec t rum, or maybe one l ine, 
to be adequately r ep re sen t ed , a r eac to r shield design usual ly r equ i r e s the 
complete range at one t ime or another . 

Gamma rays a r e known by s eve ra l n a m e s , each of which bas ica l ly 
r e f e r s to the p r o c e s s by which they a r e c rea ted . Gamma r a y s , in fact, a r e 
fxindamentally the s ame as X r a y s and differ f rom X r a y s only in that thei r 
or igin is nuc lear r a t h e r than a tomic , and that thei r energy is usual ly 
g r e a t e r . The names gamma ray , photon, and X ray , a r e commonly used 
somewhat in terchangeably and with good reason , since fundamentally they 
a r e in the same range of the e lec t romagnet ic spec t rum and may be 
descr ibed with the same cons tan t s . For sake of c la r i ty the t e r m s applied 
to gamma r a y s in radia t ion shielding cons idera t ions will be defined. 

P rompt f ission gamma r a y s a r e those which a r i s e f rom the fission 
event in the same instant that the f ission o c c u r s . As f ission c e a s e s these 
gamma r ays will cease a l so . The re has been cons iderable effort expended 
to de te rmine the quantity and energy of these gamma r a y s . At the p r e sen t 
t ime the spec t rum is r a the r well known,2 at leas t for shielding p u r p o s e s . 

F i s s ion product decay gamma rays a r e those which a r e given off 
during radioact ive decay of the unstable f ission p roduc t s . Even though 
f ission c e a s e s , these gamma r ays continue to be emit ted according to the 
no rma l laws of radioac t ive decay.3>4,5 xhe spec t r a of these gamma r a y s 
a r e again r a t h e r well known, at leas t for shielding cons ide ra t ions , and a r e 
commonly grouped into line spec t r a for use in shielding p r o b l e m s . 

Capture gamma r a y s a r e c r ea t ed by the absorpt ion of neut rons in 
a nucleus and a r e r e l e a s e d at the instant of absorpt ion to re l i eve an unstable 
energy situation in the nuc leus . These gamma r a y s will be found wherever 
neu t rons a r e p r e sen t , in quantity propor t ionate to the flux of neut rons and 
the absorpt ion c r o s s section of the m a t e r i a l . The number s and ene rg ies of 
these gamma rays that a r e emi t ted per cap ture i s quite an impor tan t 

Maienschein, F. C., et aL , "Gamma Rays Associated With Fission, " Paper P/760 of the International 
Conference on the Peaceful Uses of Atomic Energy held at Geneva, Switzerland, in June 1958. 
Way, K., and Eo P. Wigner, "Decay of Fission Product Gamma Rays, " Phys. Rev. 70, 115, (1946). 
Clark, F. H.. "Decay of Fission Product Gamma Rays, " NDA-27-39 (December 30, 1954). 
Moteff, J., "Fission Product Decay Gamma Ray Spectrum, " APEX-134. 



quantity to know for shielding pu rposes , and severa l s u m m a r i e s of this 
information exis t .6 ,7 ,8 Xhe energ ies of these gamma rays a r e pa r t i cu la r ly 
impor tant , since they a r e quite penetra t ing and their origin may be quite 
near the outer ex t remi ty of the shield. 

Inelast ic sca t t e r gamma r ays a r e formed by the inelast ic scat ter ing 
of neut rons with nuclei and a r e , t he re fo re , found in quantity propor t ionate 
to the neutron inelas t ic sca t te r c r o s s section and the neutron flux. It is 
worthy to know that these gamma r ays may be c rea ted only by h igh-energy 
neut rons (energies g r ea t e r than 1 Mev) and, fur ther , they a r e usual ly of 
lower ene rg ies than p o s s e s s e d by the capture gamma r a y s . This informa
tion is useful because of the re la t ive lack of knowledge and the re la t ive 
complexity of the p r o c e s s involved,^ which leads to the fact that the sources 
of inelas t ic sca t t e r gamma r ays a r e m o r e difficult to predic t than any other 
of the gamma r a y s . For tunate ly , it is usual ly easy to prove that these 
gamma r ays a r e l e s s impor tan t than o t h e r s . 

Radioactive decay gamma r a y s a r e those which a r e emit ted by 
unstable nuclei c rea ted by neutron absorpt ion. These gamma r a y s , however, 
in cont ras t to capture gamma rays or inelas t ic sca t ter gamma r a y s , will 
not be emi t ted ins tantaneously , but with a measu rab l e half- l i fe . While 
thei r number s and energ ies a r e o rd inar i ly l e s s than the g a m m a - r a y s 
d i scussed above, they continue to be emit ted after the neutron flux has 
been removed and, the re fo re , a r e impor tant for considerat ion after the 
r e a c t o r has been shut down. This appl ies , for example, in the case of 
removing components f rom the r eac to r or in considering the act ivi t ies 
of coolants that have c i rcu la ted through the r eac to r and then a r e conducted 
to the ex t r emi t i e s of the shield. 

Neutron c r o s s sect ions may be defined in t e r m s of the effective 
a r e a that a nucleus p r e s e n t s to the neutron causing a pa r t i cu la r react ion, 
or may be defined a s in connection with the flux definition that was given 
in a preceding pa r ag raph . Among the neutron c r o s s sections the re a r e 
the obvious ones : absorpt ion , sca t t e r ing , f ission, e tc . These refer to 
the re la t ive probabi l i t ies of o c c u r r e n c e s of the par t i cu la r even ts . The 
number of such events that occur per cm'' sec is given by the product of 
the mac roscop ic c r o s s section t imes the neutron flux. The remova l 
c r o s s sect ion doeS not have such an obvious meaning, since it does not 
re fer to a p r o c e s s that occu r s at the point of coll is ion, but to the ul t imate 
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r e su l t . In other words , the coll is ion does not remove the neutron, for 
example , by absorpt ion, so that the neutron is physical ly gone, but reduces 
i ts energy by inelast ic and e las t ic sca t te r ing so that it will be m o r e quickly 
modera ted to t h e r m a l energy and absorbed in the following hydrogenous 
m a t e r i a l . The remova l c r o s s sect ion may be approximated by all of the 
inelas t ic sca t te r ing and a fract ion of the e las t ic sca t t e r ing . If, fur ther , it 
is a s sumed that the total c r o s s section cons is t s equally of e las t ic and 
inelas t ic sca t t e r ing , and, if the fraction of the e las t ic sca t te r ing that 
appl ies is approximate ly one-half, the r emova l c r o s s section may be seen 
to approximate t h r e e - q u a r t e r s of the total c r o s s section (please re fer to 
section IV figure 19)}^'^^ The r emova l c r o s s section may be though of as 
the to ta l c r o s s sect ion with a buildup cor rec t ion subt rac ted to make it fit 
an exponential a t tenuat ion. This , of cou r se , is only s t r i c t ly t rue in a s i tu
ation in which the m a t e r i a l i s i m m e r s e d in a hydrogenous medium, or in 
which a specific energy group is followed, i .e . , the fast neutrons of energy 
g rea t e r than one Mev. 

G a m m a - r a y c r o s s sect ions have the unfortunate tag of absorpt ion, 
clinging t radi t ional ly f rom the days before r e a c t o r s were known. This is 
a hold-over from X - r a y technology, where the preva lence of n a r r o w - b e a m 
geomet ry did not r equ i r e the same differentiation of the many events that 
the b r o a d - b e a m r e a c t o r g a m m a - r a y p rob l ems do. At any r a t e the t e r m 
g a m m a - r a y absorpt ion coefficient, or c r o s s sect ion, should p rope r ly be 
cal led the total g a m m a - r a y c r o s s sect ion or the total g a m m a - r a y a t tenu-

• 1 3 14 ation coefficient. It is composed of s eve ra l component c r o s s sect ions ' 
of which the mos t well-known a r e Compton sca t te r ing , photo-e lec t r ic effect, 
and pa i r product ion. Fo r the purpose of de termining heat generat ion due to 
g a m m a - r a y flux the re is defined an energy-absorp t ion c r o s s section.-^ ^ 
This is essen t ia l ly the total c r o s s section l e s s the sca t t e r ing , or the port ion 
of the total c r o s s section that is e ssen t ia l ly t rue absorpt ion. The total 
g a m m a - r a y c r o s s sect ion is often r e f e r r e d to as the total l inear a t tenua
tion coefficient, a t e r m which is comparab le to the mac roscop ic c r o s s 
sect ion in that the dimension is cm~^. G a m m a - r a y c r o s s sect ions a r e 
commonly given in t e r m s of the m a s s attenuation coefficient. The t e r m 
" m a s s " r e f e r s to the fact that it is pe r unit of m a s s or densi ty . The 
dimensions a r e then c m Y g m . This quantity mus t be mult ipl ied by the 
appropr ia t e densi ty in o rde r to get the l inear at tenuation coefficient. 
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The m e a n - f r e e - p a t h (mfp) of a p a r t i c l e in a m e d i u m i s the a v e r a g e 
d i s t a n c e the p a r t i c l e wi l l go in t h a t m e d i u m b e f o r e i t u n d e r g o e s a c o l l i s i o n . 
T h i s d i s t a n c e i s the r e c i p r o c a l of the m a c r o s c o p i c t o t a l c r o s s s e c t i o n for 
t h a t p a r t i c l e in the m a t e r i a l in q u e s t i o n . The quan t i ty , of c o u r s e , i s a. f unc 
t ion of e n e r g y , a s i s t he c r o s s s e c t i o n . The s y m b o l c o m m o n l y e m p l o y e d i s 
" X. " 

The r e l a x a t i o n l eng th , o r a t t e n u a t i o n l eng th , of p a r t i c l e s in a m e d i u m 
is the d i s t a n c e in w h i c h the p a r t i c l e f lux i s a t t e n u a t e d by a f ac to r of e . T h i s 
quan t i t y i s a l s o c o m m o n l y d e n o t e d by the s y m b o l "X." The equa t ion 

4>(x) = (D(o) e x p ( - x / X ) 2.5 

m a y be r e g a r d e d a s a def in i t ion of the r e l a x a t i o n l eng th . It i s c l e a r tha t 
even if t he i n i t i a l fltix i s m o n o e n e r g e t i c t h e r e wi l l be a chang ing s p e c t r u m 
and , t h e r e f o r e , X wi l l v a r y wi th d i s t a n c e , a l t hough it u s u a l l y a p p r o a c h e s an 
a s y m p t o t i c l i m i t . 

The d i f f e r e n c e b e t w e e n the m e a n - f r e e - p a t h and the r e l a x a t i o n l eng th 
i s t h a t t h e f o r m e r c o n s t a n t , m e a n - f r e e - p a t h , u t i l i z e d in equa t ion 2.5 wi l l 
y i e l d an u n c o U i d e d f lux, w h e r e a s the l a t t e r c o n s t a n t , r e l a x a t i o n l eng th , wi l l 
y i e l d the t o t a l f lux if t h e c o n d i t i o n s a r e p r o p e r . It m a y be no t ed tha t the 
r e c i p r o c a l of the m a c r o s c o p i c r e m o v a l c r o s s s e c t i o n i s v e r y n e a r l y the 
s a m e a s the m e a s u r e d r e l a x a t i o n l e n g t h for m a n y m a t e r i a l s . 

A c o n c e p t u se fu l in t r e a t i n g g a m m a - r a y a t t e n u a t i o n i s t ha t of b u i l d -
u p . The a s s u m p t i o n of e x p o n e n t i a l a t t e n u a t i o n of g a m m a r a y s a c c o r d i n g to 
the t o t a l c r o s s s e c t i o n r e s u l t s in a f lux of g a m m a r a y s t h a t havp not had a 
c o l l i s i o n , t h e r e b y c o n s t i t u t i n g the u n c o U i d e d f lux. S ince the t o t a l c r o s s 
s e c t i o n c o n t a i n s s c a t t e r i n g c o n t r i b u t i o n s , t he ex t en t of wh ich d e p e n d on the 
m e d i u m and the g a m m a - r a y e n e r g y , t h e r e wi l l c e r t a i n l y be sorr^e s c a t t e r e d 
g a m m a r a y s p r e s e n t . In f ac t , fo r t h e b r o a d - b e a m a t t e n u a t i o n p j -oblem p r e 
s e n t e d by a r e a c t o r s h i e l d the s c a t t e r e d r a d i a t i o n m a y e x c e e d the u n c o U i d e d 
r a d i a t i o n by a n o r d e r of m a g n i t u d e . To f a c i l i t a t e s u c h c a l c u l a t i o n s a b u i l d 
up f a c t o r t h a t i s e s s e n t i a l l y the factor-^ which c o n v e r t s the u n c o U i d e d f lux 
to the c o r r e c t t o t a l f lux, h a s b e e n de f ined . A c t u a l l y t h e r e a r e a l s o s u c h 
f a c t o r s a p p r o p r i a t e for n u m b e r s of p a r t i c l e s , d o s e s and e n e r g y . V a l u e s m a y 
be found f r o m r e s u l t s of bo th 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 . -̂  
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Since m o n o c h r o m a t i c s o u r c e s a r e a v a i l a b l e a t but few of t h e d e s i r e d e n e r g y 
l e v e l s , c o m p u t a t i o n s m u s t s e r v e a s the b e s t gu ide , a t l e a s t for t h e e n e r g i e s 
of g a m m a r a y s p e r t i n e n t to r e a c t o r s h i e l d d e s i g n . Many a t t e m p t s have b e e n 
m a d e to d e s c r i b e the b u i l d - u p f a c t o r by s i m p l e and c o n v e n i e n t exp l i c i t a n a 
l y t i c a l f u n c t i o n s . T h e s e wi l l be m e n t i o n e d in d e t a i l in the s e c t i o n d e a l i n g 
wi th g a m m a - r a y a t t e n u a t i o n . 

G a m m a - r a y s h i e l d t h i c k n e s s e s a r e often g iven g r a p h i c a l l y o r in 
t a b u l a r f o r m in t e r m s of h a l f - v a l u e l a y e r s ( H V L ) , o r t e n t h - v a l u e l a y e r s . 
T h e s e of c o u r s e , a r e s h i e l d t h i c k n e s s e s t h a t r e d u c e the i n t e n s i t y of the 
r a d i a t i o n to o n e - h a l f o r o n e - t e n t h i t s i n i t i a l v a l u e , r e s p e c t i v e l y . Many of 
t h e s e t a b u l a t i o n s , p a r t i c u l a r l y t h o s e five o r so y e a r s o ld , do not h a v e 
b u i l d - u p f a c t o r s i n c l u d e d , so t h a t t h i s m u s t be a l l o w e d for when u s i n g 
a t t e n u a t i o n i n f o r m a t i o n of t h i s t y p e . Such a t a b l e o r g r a p h i s a c o n v e n i e n t 
w a y of e s t i m a t i n g r e q u i r e d s h i e l d t h i c k n e s s e s , wh ich m a y t h e n b e c a l c u l a t e d 
in d e t a i l l a t e r if d e e m e d n e c e s s a r y . 

D o s e u n i t s and the p r o b l e m s a s s o c i a t e d wi th ge t t i ng t h e m c l e a r l y in 
m i n d m a y be g iven s h o r t t r e a t m e n t in m o s t s h i e l d i n g w o r k . T h e s u b j e c t 
c anno t be c o m p l e t e l y i g n o r e d , h o w e v e r , s i n c e the s h i e l d t h i c k n e s s i s d e t e r 
m i n e d qu i t e of ten by t h e r e q u i r e m e n t s for h u m a n o c c u p a n c y . A b r i e f d i s 
c u s s i o n wi l l g ive t h e n e c e s s a r y i n f o r m a t i o n wi thou t ge t t ing i nvo lved in the 
v a r i o u s u n i t s and t h e a s s o c i a t e d d e f i n i t i o n s . F o r t h e r e a d e r who would 
l ike to s t u d y t h e s e de f in i t i ons in m o r e d e t a i l t h e r e a r e r e f e r e n c e s 
a v a i l a b l e . 2 0 . 2 1 , 2 2 , 2 3 , 2 4 , 2 5 , 2 6 

R a d i a t i o n t h a t i s e x t e r n a l l y i n c i d e n t on p e o p l e i s u s u a l l y l i m i t e d to 
7.5 m r / h r b a s e d on a f o r t y - h o u r w e e k . To c o n v e r t d o s e q u a n t i t i e s of n e u -

27 28 t r o n s o r g a m m a r a y s to f lux u n i t s , t h e r e a r e s e v e r a l r e f e r e n c e s ' ^ ' in 
wh ich c u r v e s and t a b l e s of c o n v e r s i o n f a c t o r s m a y be found. A c t u a l l y t h e s e 
c u r v e s cou ld be u s e d p r o p e r l y wi thou t even knowing the def ini t io j is of the 
u n i t s . A m o n g the u n c e r t a i n t i e s in s e t t i n g d o s e l i m i t s i s t he d e g r e e of 
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l i n e a r i t y b e t w e e n t h e i r r a d i a t i o n t i m e and the t o t a l d o s e . While a m a n i s 
p e r m i t t e d by the u s u a l l i m i t s to a b s o r b about 300 m r / w e e k , o r 600 m r / w e e k 
if t h e r e i s no f u r t h e r d o s e d u r i n g the s u c c e e d i n g week , it i s not c l e a r when 
t h e l ack of r e c o v e r a b i l i t y b e c o m e s a f a c t o r . T h e n , t o o , t he age of the 
i n d i v i d u a l i m p o s e s r e q u i r e m e n t s a s to t o t a l annua l d o s e . At A r g o n n e 
N a t i o n a l L a b o r a t o r y the t o t a l a c c u m u l a t e d d o s e for an ind iv idua l i§ g iven 
by t h e e x p r e s s i o n 

D o s e = 5 ( age -18 ) r o e n t g e n . 

T h i s d o s e i s no t to e x c e e d 1 5 r in any y e a r . Since even m e d i c a l m e n c l o s e l y 
a s s o c i a t e d wi th the f ie ld of a t o m i c e n e r g y canno t give f i r m a n s w e r s to 
t h e s e a n d r e l a t e d p r o b l e m s , and s i n c e the v a l u e s a r e sub jec t to a con t inu ing 
r e v i e w , the d e g r e e to w h i c h the s h i e l d i n g d e s i g n e r g e t s i nvo lved , beyond the 
b r i e f ou t l i ne g iven and the t a b l e s of c o n v e r s i o n f a c t o r s in the n e u t r o n and 
the g a m m a - r a y s e c t i o n s (Tab le 4 .1 and T a b l e 5.1) , i s p e r h a p s pne m o r e of 
p e r s o n a l i n t e r e s t r a t h e r t h a n a t e c h n i c a l r e q u i r e m e n t . It i s w o r t h y of no te 
to the s h i e l d d e s i g n e r t h a t the o c c u p a n c y of a l oca t i on by h u m a n s m a y not 
be the m o s t s t r i n g e n t r a d i a t i o n l i m i t a t i o n . I n s t r u m e n t s often s e t the m a x i 
m u m p e r m i s s i b l e r a d i a t i o n l e v e l s . 

29 30 31 I n t e r n a l d o s e l i m i t s a r e t a b u l a t e d ' ' a l s o and n e e d only be 
c h e c k e d a s to v a l u e . T h e s e l i m i t s , for i n s t a n c e , a r e u s u a l l y g iven in 
m i c r o c u r i e s p e r l i t e r of a i r or w a t e r i n g e s t e d . One can r e a d i l y f i g u r e 
out t h e a c t i v i t y of a i r o r w a t e r and d e c i d e w h e t h e r d i lu t ion i s n e c e s s a r y 
on the b a s i s of the v a l u e s t a b u l a t e d . Aga in , a knowledge of the r e a s o n s 
fo r s e t t i n g t h e v a r i o u s l e v e l s i s p e r h a p s m o r e of p e r s o n a l i n t e r e s t r a t h e r 
t h a n t e c h n i c a l n e c e s s i t y for the s h i e l d d e s i g n e r . 

In the p r o c e s s of s h i e l d d e s i g n one a l s o e n c o u n t e r s the t h e r m a l 
s h i e l d . T h i s p o r t i o n of t h e s h i e l d i s i n s e r t e d to a b s o r b r a d i a t i o n and c o n 
v e r t it to h e a t in a l o c a t i o n f r o m w h i c h it m a y be e a s i l y r e m o v e d a n d / o r 
in w h i c h i t w i l l c a u s e no e x c e s s i v e s t r e s s e s . The m a t e r i a l of wh ich t h e 
t h e r m a l s h i e l d i s c o n s t r u c t e d d e p e n d s upon the m o s t p r o m i n e n t r a d i a t i o n 
to be s h i e l d e d , t he l o c a t i o n in w h i c h i t m u s t p e r f o r m , and t h e m o n e y a v a i l 
a b l e for the p u r p o s e . T h e r m a l s h i e l d s a r e c o m m o n l y l o c a t e d so tha t t h e y 
m a y r e d u c e r a d i a t i o n h e a t i n g in t h e p r e s s u r e v e s s e l s a n d / o r the c o n c r e t e 
p o r t i o n s of t h e s h i e l d . 

B i o l o g i c a l s h i e l d i s a t e r m a p p l i e d to a s h i e l d tha t r e d u c e s r a d i a 
t ion to a b i o l o g i c a l l y sa fe l e v e l . A c t u a l l y , a l l p o r t i o n s of the r e a c t o r 
o u t s i d e of the c o r e s e r v e t h i s func t ion , bu t the n a m e u s u a l l y r e f e r s to 

2^ Morgan, K. Z., "Maximum Permissible Internal Dose of Radio-nuclides: Recent Changes in 
Values, " Nuclear Science and Engineering, 1, (No. 6), 477, (December, 1956). 
"Maximum Permissible Amounts of Radioisotopes in the Human Body and Maximum Permissible 
Concentration in Air and Water, " NBS Handbook 52, National Bureau of Standards, (March 20, 1958). 

^̂  Novak, J., "Radiation Safety Guide, " ANL-5574, (June, 1956), 



that port ion of the shield which s e r v e s no other essen t ia l function. A unit 
shield, which, as the name impl i e s , cons i s t s of a single m a s s , may s e r v e s 
as the support for cons iderable equipment that o therwise would requ i re 
sepa ra t e support s t r u c t u r e . Similar ly , by incorporat ing the heat 
exchangers and other components containing radioact ive m a t e r i a l s within 
the biological shield to fo rm a compar tment type shield a cons iderable 
reduct ion in total shield m a t e r i a l and space may be effected. Under c e r 
tain c i r cums tances the operat ing location may requ i re be t ter shielding 
than other a r e a s around the r e a c t o r . If, then, pa r t of the shield is located 
around the o p e r a t o r s , a divided shield might be economical . Under s i m i 
la r c i r c u m s t a n c e s the operat ing c rew may work in the radiat ion shadow 
c rea ted by shielding the r e a c t o r m o r e on one side than another , that i s , 
employing a shadow shield.-^^'^"^ 

Hungerford, H. E., and R. F. Mantey, "Shielding the Enrico Fermi Fast Breeder Reactor, " 
Nucleonics 16 120 (November. 1958). 

^^Nowstrup, E. I. , L. A. Beach, and W. R. Faust, "Shadow Shields, " NRL-4275. (November 16, 1953). 
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Horton. C. C., et a l . , "Some Observations on Gamma-Ray Scattering Round a Shadow Shield in 
Water, " AERE-RP/M67,Harwell, Berks. (November 29. 1955). 



3. M A T H E M A T I C A L F U N C T I O N S AND F O R M U L A S 

The r a d i a t i o n s a s s o c i a t e d wi th a r e a c t o r m a y be t r e a t e d by d i f fe ren t 
t h e o r i e s of a t t e n u a t i o n . N e u t r o n s a r e qu i te c o m m o n l y assumied to follow 
o r d i n a r y diffusion t h e o r y . T h i s i s a p p r o p r i a t e for n e u t r o n s of l o w e r e n e r 
g i e s , and , wi th the p r o p e r c o n s t a n t s , h i g h - e n e r g y n e u t r o n s m a y be t r e a t e d 
s i m i l a r l y , i . e . , by t w o - g r o u p diffusion t h e o r y . F a s t n e u t r o n s , a s we l l a s 
g a m m a r a y s , h o w e v e r , a r e m o r e p r o p e r l y c o n s i d e r e d to t r a v e l in a s t r a i g h t 
pa th , o r r a y , un t i l a c o l l i s i o n o c c u r s . T h u s , at l e a s t the uncoUided fa s t n e u 
t r o n o r g a m m a - r a y flux m a y be t r e a t e d by what wil l be r e f e r r e d to a s Ray 
T h e o r y . With p r o p e r a d j u s t m e n t s t h i s wi l l r e p r e s e n t the a t t e n u a t i o n of bo th 
f a s t n e u t r o n s and g a m m a r a y s . Ray T h e o r y l e a d s to s e v e r a l m a t h e m a t i c a l 
func t ions which , whi le not p e c u l i a r to sh i e ld ing , o r to n u c l e a r e n g i n e e r i n g 
for t ha t m a t t e r , a r e not a s w ide ly known a s , for e x a m p l e , the t r i g o n o m e t r i c 
func t ions . It i s c o n s i d e r e d of va lue to inc lude a b r i e f d i s c u s s i o n of t h e s e 
func t ions , a s we l l a s the s o m e w h a t confused n o m e n c l a t u r e . In add i t ion , 
f o r m u l a s for p a r t i c l e f lux a r e d e r i v e d for the b a s i c g e o m e t r i e s . 

The f i r s t of the m a t h e m a t i c a l funct ions to be c o n s i d e r e d is t he 
exponen t i a l i n t e g r a l , o r E funct ion: 

En(x) = j du e - ^ u " ^ = x ^ ' V du e "^ u ' ^ =J d/ie-x/M / i ^ ' ^ 3.1 

w h e r e 

Eo(x) = 
e - ^ 

X 

T h i s funct ion i s d e s c r i b e d t h o r o u g h l y in the C a n a d i a n r e p o r t s M T - 1 and 
1 ? ^ y ^ ^ 

M T - 1 3 1 , ' and the N a t i o n a l B u r e a u of S t a n d a r d s compi la t ions . - " Note 
t h a t the E funct ion d e s c r i b e d in the R e a c t o r Handbook^ and G l a s s t o n e ^ i s 
not qui te the s a m e . The def in i t ion t h e r e e m p l o y e d i s 

^^n(x) = 4 

00 

d u e - u u - ^ , 3 .2 

1 Placzek. G,, "The Functions En(x) = J du e"*" u"". " National Research Council of Canada #1547, 
MT-L 

^Lecaine. J.. "A Table of Integrals Involving the Functions En(x), " National Research Council of Canada 
#1553, MT-131. 00 

Spiaczek, G.. "The Functions Efi(x) = I du e""" u"", " Tables of Functions and Zeros of Functions, 

U.S. Dept. of Commerce, National Bureau of Standards, MT-37. (November. 1954). 
^Hagerton, J. F., and R. C. Grass, The Reactor Handbook, Vol. I, Physics. AECD-3645. McGraw-Hill 

Book Co.. (1955). 
^Glasstone. S., Principles of Nuclear Reactor Engineering. D. VanNostrand, New York. (1955). 



w h i c h d i f f e r s f r o m e q u a t i o n 3 .1 b y t h e f a c t o r x ^ " ^ . T h e E f u n c t i o n i s a l s o 
k n o w n a s t h e F f u n c t i o n , F n ( x ) , i n s o m e w o r k i n t h e U n i t e d S t a t e s , a n d a l s o 
a s t h e f i r s t - o r d e r f u n c t i o n , E i ( x ) , a s t h e e x p o n e n t i a l i n t e g r a l - E i ( - x ) of 
J a h n k e - E m d e . " T h e f o l l o w i n g i d e n t i t i e s e x p l a i n t h e r e l a t i o n s h i p s b e t w e e n 
t h e s e f u n c t i o n s , 

E n ( x ) = F n - i ( x ) 

E i ( x ) = - E i ( - x ) . 

A u s e f u l f o r m u l a f o r c a l c u l a t i n g t h e E f u n c t i o n s i s 

E n ( x ) = 
>-x 

+ n - l + f n - i ( x ) ' 
3.3 

w h e r e fn_ i (x ) i s g i v e n i n g r a p h i c a l f o r m i n F i g u r e 3 . 1 , t a k e n f r o m t h e o l d 
P r o j e c t H a n d b o o k . 7 R a t h e r c o m p l e t e t a b l e s of E i ( x ) , o r - E i ( - x ) , a r e g i v e n 
i n t a b l e s ° ' 9 of e x p o n e n t i a l i n t e g r a l s . C u r v e s of t h e s a m e f u n c t i o n a r e 
g i v e n i n t h e R e a c t o r S h i e l d i n g D e s i g n Manual.• '• '^ ( S e e a l s o F i g u r e 3.2) 

T h e f i r s t - o r d e r f u n c t i o n m a y b e r e p r e s e n t e d b y t h e i n f i n i t e s e r i e s , 

E i ( x ) = - 7 - l n x + T i ( x ) - T2(x) + - - - , 3 .4 

w h e r e 

T n ( x ) - —;— , 
n'.n 

a n d y i s E u l e r s ' c o n s t a n t , 0 . 5 7 7 2 1 6 . U s e f u l a s y m p t o t i c e x p a n s i o n s a r e : 

^ , , e - x r n n(n + 1) n ( n + l ) ( n + 2) 
E n ( x ) = 1 + , ! ^ -— - ^ + - - • 

^^ '̂  X L X x2 x3 

, n > 0 , 3.5 

a n d 

E n ( x ) 
• X r 

x + n 

n n ( n - 2 x ) n ( 6 x ^ - 8 n x + n^) 
(x + n)2 (x + n)"* (x + n)6 

3.6 

T h e s e c o n d e x p a n s i o n i s m o r e a c c u r a t e a n d c o n v e n i e n t . 

6jahnke. E.. and F, Emde. Tables of Functions. Dover Publications, (New York, 1945), 
"7 "Project Handbook," CL-697, Chapter V, 
8 Tables of Sine, Cosine, and Exponential Integrals, Vol. I and II, U.S. Department of Commerce, 

National Bureau of Standards, MT-5 and MT-6, (1940). 

/ • « 

^Placzek, G,, "The Functions Ejj(x) J du e"''" u"", " Tables of Functions and Zeros of Functions, 

U.S. Dept. of Commerce, National Bureau of Standards, MT-37, (November, 1954). 
^^Rockwell, T., Ill, Editor. Reactor Shielding Design Manual, TID-7004. McGraw-Hill & D. Van Nosuand. 

(March, 1956). 
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Figure 3. 1. The Function f (x) 
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F i g u r e 3.2 

The F u n c t i o n Ej-^(b) 
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F i g u r e 3.2 (Cont 'd . ) 

The F u n c t i o n Ej^(b) 
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F i g u r e 3.2 (Cont 'd . ) 

The F u n c t i o n En(b) 
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F i g u r e 3.2 (Cont 'd . ) 

The F u n c t i o n Ej^(b) 
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Figure 3.2 (Cont'd.) 

The Function Ej^(b) 
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The Function En(b) 
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F i g u r e 3.2 (Con t ' d . ) 

The F u n c t i o n En(b) 
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Figure 3.2 (Cont'd.) 

The Function Ej^(b) 
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Recur rence re la t ions a r e : 

/

oo 

^ En_i(x')dx' , 3.7 

En'(x) = -En-i(x) . 3.8 

and 

En(x) = ^ { e - x - x En- i (x)} (n >1). 3.9 

The following expansion is equivalent to the definition, equation 3.1: 

En(x) - ^ . / ^r ' '"! ,+ ^"/^^' 'nr" ' ( 'y+^°g^-^n) (n >0) 3.10 " m = 0 ( n - l - m ) m l (n-l) ' . (̂  J 
m / n - a 

where 
n - l 

7 - 0.577216; Aj = 0; An = JZ " (n >1) • 
m = l 

A closely 

E i 

re la te 

(x)=r 

i inte 

X 

du 

gral: 

e+u 

u 3.11 

is descr ibed in Jahnke-Emdel 1 and is tabulated in the MT tables . •'•̂  Graphs 
of this function a re also given in the Reactor Shielding Manual,^^ (gee 
also F igure 3.3), under the nomenclature of Ei(-x) . This function may be 
rep resen ted by the infinite s e r i e s 

Ei(x) = 7+ In X + Ti (x) + Tz (x) + - - - , 3.12 

or by the asymptot ic s e r i e s 

»x 
Ei(x) = 

x 

1 2! 3! 
1 +- + —, +-^+ -X -xf- x^ 

3.13 

Some o t h e r func t ions tha t a r e often use fu l a r e the Ki f u n c t i o n s . 

1̂  Jahnke, E., and F. Emde, Tables of Functions, Dover Publications, (New York, 1945X 
•̂̂  Tables of Sine, Cosine, and Exponential Integrals, Vol. I and II, MT-5 and MT-6, Government 

Printing Office, Washington 25, D. C, (1940). 
l^Rockwell. T., III. Editor, Reactor Shielding Design Manual, TID-7004, McGraw-Hill & D. Van Nosuand, 

(March, 1956). 
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Figure 3.3 

The Function Ei(-b) 
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Figure 3.3 (Cont'd.) 

The Function Ei(-b) 
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The Function Ei(-b) 
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The Function Ei(-b) 
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The Function Ei(-b) 



They a r e def ined by the i n t e g r a l s 

Kin(x) = du 
e x p ( - x c o s h u) 

c o s h ^ u 
3.14 

Kin(x) = 
'"'̂ A e x p ( - x s e c 9) 

da 
s e c ^ - 1 e 

3.15 

o r 
/<00 

Kin(x) - / du Kin_i(u) , Kio(x) = Ko(x) 
•'x 

The f i r s t - o r d e r funct ion 

Kii(x) = / ^ / ^ dO e x p ( - x s e c 0 ) 3.16 

is a l s o known as the s e c a n t i n t e g r a l , s e c i (x ) . The z e r o - o r d e r funct ion , 
Kio(x), i s the B e s s e l funct ion Ko(x). T h e s e fvinctions a r e d i s c u s s e d in de
t a i l by B i c k l e y and N a y l o r . 1^-

The s e c a n t i n t e g r a l m a y be m a d e a bi t m o r e g e n e r a l : 

s e c i ( x , 0 ) = / d0 e x p ( - x s e c 0 ) 3.17 

C u r v e s of the s e c a n t i n t e g r a l , e q u a t i o n 3.17, a r e a v a i l a b l e ^ ^ ( s e e a l s o F i g 
u r e 3.4). An e x p a n s i o n due to J . W. B u t l e r i s . 

s e c i ( x , e ) = 6 e - x A(x, 0) ^ 3.18 

w h e r e , 

w N 1 ^^ (a 4x \ 04 61 - 40x + 
(4x)^ 0 ' 

5040 

F o r s m a l l v a l u e s of 0 a g o o d a p p r o x i m a t i o n i s , 

s e c i ( x , 0) = 0 e " ^ , 0 > 5 ° , 3 .19 

14 Bickley, W. G.. and J. Naylor, "A Short Table of the Functions Kin(x), "Phil. Mag., 20, 343(1935). 
15 Rockwell. T., III. Editor. Reactor Shielding Design Manual. TID-7 004. p. 385, McGraw-Hill & 

D. Van Nostrand, (March, 1956). 
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The Function sec i (b,0) 
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EE m l i ' I'î  •••"i'iSH± 
1 1 ' 

1 ' 
. : i ' 

I I I 1 

1 
1 

1 ' 
1 1 X 1 
1 ' 

1 

111 J ' 1 
T I T II M l 

1 
1 

1 1 

1 
1 11 ' ' 

I I J.' 1 U1 
I I ' M l 

' ' ' I I I 1 ll 1 1 1 1 1 1 i 

: ' 1 
1 1 1 ' 

1 1 1 ' 
Jj-L y 11 i l l 

1 i l l 
• • 

S i t " •'[ i l 
144- 1 • •" •"- s-jtH-l-
mT • ••! 1 ••'••! rTTiri" 
1 1 1 il 1 [ i 1 1 1 1 1 

fO 1 1 

1 1 1 1 1 

1 

vA 
-j-
-M 

\ 

r | 
1 

T 
' 
' 1 1 
1 ' 

' i 

1 1 
' 1 

1 

1 
1 

1 

1 
1 J 
1 

' ' 
1 

4^ 
T ^ 

~^\ 
i 
* I 

1 

9 

% 



56 

p^ftsi4fi^ 1 1 X ^ j f S ) t X r ' 

i« rxi 1 rwx4NcU-.i-u 

4 ^ p ^ W ^ M 

11 i rXi!1 1 Lp 
,,-13 1 X I 1 

4 F'4.j^5^T: :f?.:J:=T - F F t y r ' 

- b-E^:4-i- •4-'f'+=-f-''pf^^'^M" 

fei^i> t t ' f ^Nfm 
P Q _ ^ ^ | ^ ^ & P ^ E | 

^—S"iT4"1~i~M I I I 111 
R-fhfl#H=Fr## 
44^4-ti--U4-U 1 1 1 

j^- l4 1 i i i 
'P 1 i i S i o -. l-ij-i r I ' l ' t ; '. r l : t:i-
: It 1-M - • K 1-4} 
8 i" 111- " t i ' l - t 1-1̂ 1 I t 
7 - ' \ •'-] -Sr^" f '4" '1 ' i"^" ' •• f i^ l*44|rf i44?*, 
. J:j-,H-[A|^*f'^i' 
*• -iifl?--ttlr'S M''fi 
^— '̂-|44=£i4S||:- =r-ffa E 

?—l - l M ' 1 i T U L - p S t T r f r 

—j—1—1 1 1 j 1 1—1- 1 1 1 1 ^ 

"? 111 4 1 ' i i 1 9 — : , 1 j i f ; f r [ ^^y i r 'H IJ t:^- g 
8 |: ;.C1'1T-L:1-4|:.̂  p L. i: r l ^ f , ^ ! 

I N4EH4|a|yip|4|i|^ 
-' S4T^4'^ rT-fl=!-PI ST! F =—a4£iTi f]4|^[||g4 

*—l l [-j-4" EI4F ' •'" 4 JpHi 

- ipSpS 
i«r'4lli Mil til i l i l l 

^ l i i 1 i \\\4- Figure 
-4—H—t- — • -t -f 1 • 
4 i 1 1 -j 1 h 1 i 
1 1 i 1 1 1 i 1 : 1 1 1 1 T'T , XT'. 

^ ^ J s ^ i ^ i ^ 

^ h J rKrt4'^#^#m4i-mT4 

j i f e ^ ^ 
4;fe:|^5||pB^^^B 
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and for la rge values of x. 

.eci(x) = e - ( i L ) ' / ^ ( l - ^ ) . x > 6 . 3.20 

In order to derive formulas for the radiation from various geomet
r ica l configurations the assumption of s t raight propagation, Ray Theory, 
is employed. This may be done by assuming that the radiation t rave ls 
from source to detector along the optical path connecting them, the at tenua
tion due to each ma te r i a l being apportioned according to the thickness of 
that ma te r i a l t r a v e r s e d by the optical path. 

The attenuation of fast neutrons in a water component is calculated 
by making use of the m e a s u r e d attenuation for that thickness of water ; the 
attenuation in the other components is taken into account by use of removal 
c ro s s sect ions. Once the principle of s t r a igh t - r ay propagation has been 
accepted, the radiation from sources of complex shape surrounded by ap 
propr ia te shield configurations can be calculated by integration of the 
contributions from different pa r t s of the source . While this is simple in 
pr inciple , very complicated integral express ions may resul t unless the 
geometry is simplified as much as possible . In a general situation, such 
as in F igure 3.5, 

F igure 3.5 

I l lustrat ion for F a s t Neutron Flux Calculation 



the f a s t n e u t r o n f lux i s g iven by 

<Df(x) =1 dV^ ^f^ Q3 U ) n e u t / c m ^ sec , 3.21 

w h e r e Q3 (^) i s the n e u t r o n s o u r c e s t r e n g t h in n e u t r o n s / c m s e c and 
B(x, ^) i s the b e a m - a t t e n u a t i o n k e r n e l for the op t i ca l pa th connec t ing the 
po in t s X and ^ . If the s h i e l d c o n s i s t s p r i n c i p a l l y of w a t e r , th i s k e r n e l is 
g iven by 

B(x, | ) =N(p) e x p J - r d t a r ( t ) l , 3.22 

w h e r e 

and 

N(p) i s the m e a s u r e d b e a m - a t t e n u a t i o n k e r n e l for w a t e r 
p i s the ef fec t ive t h i c k n e s s of w a t e r , a t uni t dens i t y , b e t w e e n 

the po in t s x and ^ , 

CTj.(t) i s the r e m o v a l c r o s s s e c t i o n of the o the r m a t e r i a l s t r a v e r s e d 
by the r a y . 

A s i m i l a r e x p r e s s i o n , 

Jf(x) = f d V | ( ^ l U ^ 1 1 Q3 (!_) n e u t / c m ^ s e c . 3 .23 
•>'s 

m a y be w r i t t e n for the c u r r e n t of f a s t n e u t r o n s . S ince , in any c a s e , the 
fas t n e u t r o n f lux m u s t be c a l c u l a t e d in o r d e r to e v a l u a t e the ef fects of f a s t 
n e u t r o n s p e n e t r a t i n g the s h i e l d , it is u s u a l l y suf f ic ien t ly a c c u r a t e to u t i l i z e 
only equa t ion 3.21 and to a s s u m e tha t the f a s t c u r r e n t is equa l in m a g n i t u d e 
to the f a s t f lux and h a s the d i r e c t i o n of i t s g r a d i e n t . T h i s p r o c e d u r e t e n d s 
to s l igh t ly o v e r e s t i m a t e the f a s t n e u t r o n c u r r e n t ; h o w e v e r , it s a v e s a c o n 
s i d e r a b l e a m o u n t of n u m e r i c a l w o r k . The f a s t c u r r e n t i s n e e d e d in o r d e r 
to c o m p u t e the t h e r m a l n e u t r o n f lux d i s t r i b u t i o n in the sh ie ld . If t h e r e i s 
no w a t e r in the sh i e ld , equa t ion 3.22 b e c o m e s 

B(x, | ) = exp 
r 

-J dt a r(t) 
_ 0 

3.24 

This i s not a s f i r m l y g r o u n d e d a s equa t ion 3.22, b e c a u s e the r e m o v a l c r o s s 
s e c t i o n s a r e m e a s u r e d in a w a t e r m e d i u m . 



The a s s u m p t i o n of s t r a i g h t - r a y p r o p a g a t i o n i s a g a i n i n t r o d u c e d for 
g a m m a r a d i a t i o n ; the d o s e ou t s i de of the sh i e ld is d e t e r m i n e d by an i n t e g r a l 
e x p r e s s i o n tha t i s i d e n t i c a l in f o r m to equa t ion 3 .21 . If the g a m m a - r a y 
a t t e n u a t i o n a long the r a y i s t a k e n to be exponen t i a l wi th l i n e a r bu i ldup , 
t h i s wil l m e a n tha t the k e r n e l B in equa t ion 3.21 is given by 

B ( x , ^ ) = 1 +/ dt a(t) 
0 

e x p •/ dt cr(t) 
L 0 

3.25 

w h e r e 0 (t) is now the t o t a l photon c o l l i s i o n c r o s s s e c t i o n for the m a t e r i a l 
t r a v e r s e d by the r a y . The u n c o l l i d e d g a m m a - r a y flux would be ob ta ined 
by u t i l i z i ng equa t ion 3.24 wi th the to ta l g a m m a - r a y c r o s s s ec t ion . The 
dose c o n t r i b u t i o n i s c a l c u l a t e d for e a c h e n e r g y in the g a m m a - r a y s o u r c e 
s p e c t r u m and the r e s u l t s added . 

The d i s c u s s i o n of the d e r i v a t i o n s fol lowing wil l be b a s e d on a g e n e r a l 
type of r a d i a t i o n which fo l lows the a t t e n u a t i o n funct ion g iven in equa t ions 3.21 
and 3.24. It is u s u a l l y p r a c t i c a l to a s s u m e exponen t i a l a t t enua t i on for both 
f a s t n e u t r o n s and g a m m a r a y s , and , if a t o t a l c r o s s sec t ion is u s e d , the 
r e s u l t i n g flux is the u n c o l l i d e d flux. A p p r o p r i a t e a d j u s t m e n t s , e .g . , the 
g a m m a - r a y b u i l d - u p f a c t o r , m a y c o n v e r t th i s to the a p p r o p r i a t e g a m m a -
r a y flux, o r the fas t n e u t r o n - r e m o v a l c r o s s s e c t i o n will l i k e w i s e c o n v e r t 
t h i s to the a p p r o p r i a t e f a s t n e u t r o n flux. 

F o r a l l g e o m e t r i e s the s o u r c e of r a d i a t i o n i s c o n s i d e r e d to be a 
poin t , o r an a r r a y of p o i n t s , e a c h e m i t t i n g QQ p a r t i c l e s p e r s econd . The 
r a d i a t i o n i s g e n e r a l l y a s s u m e d to be e m i t t e d i s o t r o p i c a l l y , a l though o t h e r 
d i s t r i b u t i o n s m a y be u s e d . F o r e x a m p l e , a cos ine d i s t r i b u t i o n m a y be i n 
t r o d u c e d in a s i m p l e f a s h i o n for m a n y c a s e s . 

In the s i m p l e p o i n t - s o u r c e g e o m e t r y , the unco l l i ded flux is 

e-crR 
^{R) = Qo 47rR2 

- t / c - 2 p a r t / c m sec 3.26 

T h r o u g h o u t t h i s d i s c u s s i o n o d e n o t e s t h e to t a l m a c r o s c o p i c p a r t i c l e c r o s s 
s e c t i o n for the sh i e ld m a t e r i a l . The funct ion 

^-aR 

471 R 2 

is s o m e t i m e s r e f e r r e d to a s the point k e r n e l . In p r a c t i c e , a p o i n t - s o u r c e 
g e o m e t r y m a y be r e a l i z e d in the c a s e of a s m a l l r a d i o a c t i v e p iece of m a 
t e r i a l to be s h i e l d e d by a r e l a t i v e l y t h i c k sh ie ld . B a s i c a l l y , a l l f o r m u l a s 
m a y be d e r i v e d c o n s i d e r i n g the s o u r c e to be an a r r a y of po in ts and the 
a t t e n u a t i o n a s g iven by the point k e r n e l . 



The c o o r d i n a t e s y s t e m 
u s e d is t ha t shown in F i g u r e 3.6. 
The d e t e c t o r l oca t i on , or the poin t 
a t which the flux is to be c a l c u 
l a t e d , is at X = 0, y = 0, z = 0. 
T h i s i s u s u a l l y m o r e conven ien t 
for sh i e ld ing c a l c u l a t i o n s , though 
p e r h a p s not conven t iona l . 

The p o i n t - s o u r c e s t r e n g t h 
in g e o m e t r i e s o t h e r t h a n a point 
i s the s o u r c e s t r e n g t h Qj p a r t i c l e s / 
c m s e c , Q 2 p a r t i c l e s / c m s e c , and 
Q3 p a r t i c l e s / c m ^ s e c , m u l t i p l i e d 
by the a p p r o p r i a t e d i f f e r en t i a l 
e l e m e n t of the g e o m e t r y dL , c m , 

2 3 

dA, c m , or dV, c m . In t h e s e 
g e o m e t r i e s the p o i n t - s o u r c e 

s t r e n g t h , QQ, is t h e n Qj d L , Q2 dA, and Q3 dV, r e s p e c t i v e l y . The s o u r c e 
d i s t r i b u t i o n i s u s u a l l y c o n s i d e r e d to be a c o n s t a n t t h r o u g h o u t the m e d i u m . 
O t h e r s o u r c e d i s t r i b u t i o n s a r e c o n s i d e r e d in p e r t i n e n t c a s e s , such a s a n 
exponen t i a l s o u r c e d i s t r i b u t i o n for c a p t u r e g a m m a r a y s in a s h i e ld m e d i u m , 
the effect of the c o m p l e t e d i s t r i b u t i o n be ing ob ta ined by i n t e g r a t i o n of the 
r e s u l t i n g poin t k e r n e l o v e r the s o u r c e r e g i o n . 

S o u r c e s which m a y be c o n s i d e r e d a s l i n e s a r e r e a l i z e d f r e q u e n t l y 
in r a d i a t i o n p r o b l e m s . F o r e x a m p l e , a long fuel e l e m e n t o r a p ipe full of 
r a d i o a c t i v e coo lan t m a y be c o n s i d e r e d a l ine s o u r c e of r a d i a t i o n . In t h i s 
c a s e the p r o b l e m is se t up for an e l e m e n t of l eng th , dL , and the s o u r c e 
s t r e n g t h is t h e n Qi d l , Qj be ing the n u m b e r of p a r t i c l e s e m i t t e d p e r c e n t i 
m e t e r of s o u r c e . The g e o m e t r y is g iven in F i g u r e 3.7. 

F i g u r e 3.6 

C o o r d i n a t e S y s t e m 

F i g u r e 3.7 

L i n e - S o u r c e G e o m e t r y 
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The centerline flux from a line source 2L centimeters long is 

$(a) = 
-L 

e-^R 
d x Q i ^ : ^ ^ part /cm sec 3.27 

In case the shield consists of two or more regions, R is broken up accord
ingly, so that the number of mean-free-paths traversed by the particle is 
given by 

OR = CTjai sec 6 + Oz^z sec 9, 

where 

a = ai + a2 

The flux from a plane source of radiation (Figure 3.8) may be 
similarly expressed: 

>-aR r e-c^R / 2 
0(a) = / dA Q2 -;——r part /cm sec 

A 47rR'' 
3 . 2 8 

.'1:4-

HdA 

1 X 

cr 

\ R 

f^\ 

c 
1 

/ / 

Figure 3.8 

Plane Surface 
y Source Geometry 

The source Q2 is in particles per square centimeter per second, and the 
point source QQ is then equal to Q2 dA. 

Finally, from a volume source (Figure 3.9) of Q3 per cubic centi

meter per sec, the flux is 

^, \ f -.^r ^ e x p [ - a s ( R - a s e c O) - a a. secO] ^/ z -, -,n 
(I)(a) = dV Q 3 — ^ - ^ ^_i ^ i part/cm^ sec. 3.29 

Jy 47TR2 

The subscript "s" refers to source cross section. 
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F i g u r e 3.9 

P l a n e Volume S o u r c e G e o m e t r y 

Going b a c k to e q u a t i o n 3.2 7 and s u b s t i t u t i n g 

R = a s e c 0 

and 

X = a tan 9 , 

we ob ta in 

<D(a) = ^ / °d0 e - ^ a s e c 0 p a r t / c m ^ s e c , 
2-na. J ^ ' 

3.30 

or 

w h e r e 

0 (a ) = ^ s e c i ( a a , 0o) p a r t / c m ^ sec , 
2'n-a 

9 a - a r c t a n — 
a 

H e r e , a s we l l a s l a t e r , 

n 
a a = ^ CTi^i 

i=l 

3.31 

"n" i s the n u m b e r of s h i e l d m a t e r i a l s . In c a s e t h e r e i s no s h i e l d m a t e r i a l , 
i . e . , 0 = 0 , t h e e x p r e s s i o n for the f lux f r o m a l ine s o u r c e i s 

<t(a) = ^ 00 
27ra 

3.32 
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As i n d i c a t e d p r e v i o u s l y a l ine s o u r c e of r a d i a t i o n m a y be r e a l i z e d 
in a p r a c t i c a l s i t ua t ion by a u s e d fuel e l e m e n t o r a pipe full of r a d i o a c t i v e 
f luid . In e a c h c a s e the s o u r c e m u s t be long c o m p a r e d to the d i a m e t e r . 
W h e t h e r the l ine i s inf in i te ly long m a y be judged f r o m the c u r v e of the 
s e c a n t i n t e g r a l . A s 90° c o r r e s p o n d s to an inf in i te ly long l i ne , the d i f fe rence 
b e t w e e n the s e c a n t i n t e g r a l a t 90° and the s e c a n t i n t e g r a l at the ang le c o n 
s i d e r e d , 0 a r e m a i n i n g c o n s t a n t , wi l l give an e s t i m a t e of the e r r o r involved 
in a s s u m i n g tha t the s o u r c e is an inf in i te ly long l i n e . To c o n v e r t the v o l 
u m e s o u r c e , Q3, which would r e p r e s e n t the pipe full of r a d i o a c t i v e m a t e r i a l , 
to the l ine s o u r c e , Qj , m u l t i p l y Q3 by the c r o s s - s e c t i o n a l a r e a . Depending 
upon the a c c u r a c y r e q u i r e d , a s e l f - a b s o r p t i o n c o r r e c t i o n , a d i s t r i b u t e d 
s o u r c e c o r r e c t i o n , and p e r h a p s o t h e r s , could be inc luded . 

E q u a t i o n 3.28 m a y be t r a n s f o r m e d to 

27r 00 - 0 R 
(t>(a) = / d 0 / dR Q2-T—— p a r t / c m sec 3.33 

N o t i n g t h a t 

R = a s e c 0 = a u 

e q u a t i o n 3 . 3 3 b e c o m e s 

<I)(a) 
Q2. du 

g - 0 a u 

u 
p a r t / c m s e c 3.34 

o r 

0 ( a ) Qz El (0a ) ^ t / p a r t / c m sec 3.35 

While p h y s i c a l l y t h e r e i s no s o u r c e tha t is an inf ini te p l a n e , p r a c 
t i c a l l y s p e a k i n g t h e r e a r e s o u r c e s which m a y be so r e p r e s e n t e d or a p 
p r o x i m a t e d . F o r e x a m p l e , a s p h e r i c a l s o u r c e m a y be r e p r e s e n t e d a s an 
inf ini te p l a n e s o u r c e wi th a c o r r e c t i o n to a c c o u n t for the g e o m e t r i c a l 
effect . 

C o n s i d e r a s p h e r i c a l s u r f a c e s o u r c e wi th a s l ab sh ie ld , such a s in 
F i g u r e 3.10. 

F i g u r e 3.10 

S p h e r i c a l Sur face 
S o u r c e G e o m e t r y 



The flux in such a case is given by 

f e-crR , , 
0(R) = dA Q2 T part/cm^ sec 3.36 

Q2r' '^^^dR Rs .aR ,/ z 
-—J TiKT^^ part/cm sec 3.37 

a. 

" T ' T R ^ + U {^^ ^^^^ ~^^ ^^^^ ^ 2 R s ) ] } p a r t / c m ^ s e c . 3 . 3 8 

E q u a t i o n 3 . 3 8 i s e q u i v a l e n t t o t h e f l u x f r o m a p l a n e s o u r c e l o c a t e d alt t h e 
n e a r s u r f a c e of t h e s p h e r e ( p o s i t i o n 1, F i g u r e 3 .10) l e s s t h e f l u x f r o m a 
p l a n e s u r f a c e l o c a t e d a t t h e f a r s i d e of t h e s p h e r e ( p o s i t i o n 2 , F i g u r e 3 . 1 0 ) . 
If t h e s p h e r e i s t h i c k , i . e . , 2 R g i s l a r g e c o m p a r e d t o a , t h e s e c o n d t e r m 
of e q u a t i o n 3 . 3 8 i s n e g l i g i b l e , a n d t h a t f o r m u l a b e c o m e s 

0 ( a ) = -T^ TTT—7—r E l (a a) p a r t / c m ^ s e c . 3 . 3 9 
2 ( R s + a) -̂  ^ 

If, f u r t h e r , w e c o n s i d e r t h a t t h e s o u r c e i s r e a l l y d i s t r i b u t e d t h r o u g h o u t 
t h e s p h e r e , t h e v a l u e of t h e s u r f a c e s o u r c e m a y b e g i v e n a p p r o x i m a t e l y 
a s Q 3 / 2 0 S a n d t h e r e s u l t i s t h e n 

0 ( a ) = ̂  ( i f t l T ) ^' ( ^ ^ ) p a r t / c m ^ s e c . 3 . 4 0 

T h e f l u x f r o m a s h i e l d e d i n f i n i t e h a l f s p a c e , e q u a t i o n 3 . 2 9 , m a y b e 
e x p r e s s e d a s 

/

2 TT /"^ /^^ 
J , / J u / Q3 e x p [ - 0 s ( R - au ) - a u ] ^ / 2 

d0 I —y / d R ^ i—!̂  J part/cm sec, 
3.41 0 1 au 

where u = sec 0 . 

Integrating over 0 and R, this becomes 

/

oo 
g-aau , 

du 1 part/cm^ sec, 3.42 
1 

or Q 
0(a) :̂  :7-^E2 (0a) part/cm^ sec. 3.43 

20s 



If the s o u r c e i s of a f in i te t h i c k n e s s " t , " the r e s u l t i n g f lux is 

0(a) = ^ \ E2 ( 0 a ) - E2 ( 0 a + 0 s t ) J- p a r t / 

T h i s r e d u c e s to 

0(t) ^ - ^ | l - E 2 ( 0 s t ) j p a r t / 

w h e r e t h e r e i s no sh i e ld , i . e . , 0 = 0. 

c m sec 3.44 

c m sec 3.45 

F i n a l l y , the f lux f r o m a s p h e r i c a l vo lume s o u r c e wi th s l ab s h i e l d s 
( F i g u r e 3.11) m a y be e x p r e s s e d a s 

0 ( a ) Q3 
2 0 ! 

djU exp 

Mo 
- - H (7iai 

^ i = l 

s^ = R | - a^ + â /Lî  

P ( M ) = a / i - S - ( ^ ^ ^ j 

JLi = COS 0 

F i g u r e 3.11 

S p h e r i c a l Vo lume S o u r c e with Slab Sh ie lds 

3.46 



An a s s u m p t i o n inc luded h e r e i s tha t c o n t r i b u t i o n s f r o m the f a r t h e s t p o r t i o n 
of the s p h e r e a r e n e g l i g i b l e . The f lux at the s u r f a c e of the s p h e r e i s 

0 ( R s ) = ^ ll - ., ^^ [1 - e-2cTsRs] I p a r t / c m ^ s e c . 3.47 
2 0 s l̂  2 0 g K s J 

In o r d e r to u s e the w a t e r a t t e n u a t i o n funct ion for f i s s i o n n e u t r o n s 
a s m e a s u r e d and a d j u s t e d for p l a n e - c o U i m a t e d g e o m e t r y , th i s funct ion 
m u s t be inc luded in f o r m u l a 3.46 a s in equa t ion 3.22. Inc lud ing the w a t e r 
a t t e n u a t i o n in the f o r m of N(p)-'-" we a r r i v e at the fo l lowing; 

0(a) = j ^ j djuN(p) exp 
1 •" 1 "" ' 

- 2^ CTiai n e u t / c m ^ s e c . 3.48 
^ i = 2 

T h i s r e q u i r e s a n u m e r i c a l i n t e g r a t i o n , a s does equa t i on 3.46. It is a l s o 
p o s s i b l e to fit the c u r v e , N ( p ) , to a s u m of two e x p o n e n t i a l s , ^ ^ 4 8 which 
m a y in s o m e c a s e s p e r m i t the i n t e g r a l in equa t ion 3.48 to be e v a l u a t e d . 
If, fo r e x a m p l e , the a p p r o x i m a t i o n for N(p) i s the s u m of two e x p o n e n t i a l s : 

N(p) = A i e - ^ i P + A2e-^2P , 3.49 

and the s p h e r i c a l a p p r o x i m a t i o n as in equa t i on 3.40 is e m p l o y e d , the r e 
su l t i s 

<^(a) = ^ ( -^TTlO {^lEiLaia i + 0 a ] + A2Ei[02ai + 0 a ] j 3.50 

p a r t / c m ^ s e c . 

Useful a p p r o x i m a t i o n s m a y be ob ta ined f r o m the f o r m u l a e a l r e a d y 
d e r i v e d . The i n t e g r a l e x p r e s s i o n for the f lux f r o m a v o l u m e s o u r c e , 

f e-OsR / 2 
(|)(a) = dVQ3———J- p a r t / c m " s e c , 3.51 

m a y be i n t e g r a t e d in a f a sh ion tha t wil l l e a d to s i m p l i f i e d f o r m u l a e . F o r 
e x a m p l e , the i n t e g r a l m a y be e x p r e s s e d a s 

C f e-cJsR / , 
0 ( a ) = / dO. \ d R Q3 2 p a r t / c m ^ s e c , 3 . 5 2 

16 Rockwell. T., Ill, Editor, Reactor Shielding Design Manual, TID-7004, p. 55ff. McGraw-Hill & 
D. Van Nostrand. (March, 1956). 

17Rockwell. T.. III. Editor. Reactor Shielding Design Manual. TID-7004, p. 69. McGraw-Hill & 
D. Van Nostrand, (March. 1956X 

18 Duncan, D. S.. and H. O. Whittum. Jr., "Application of Fast Neutron Removal Theory to the Calcula
tion of Thermal Neutron Flux Distributions in Reactor Shields," NAA-SR-2380 (July 1. 1958), 
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instead of as in equation 3.41. The assumption that the source region is 
opaque and that the source Q3 is independent of the angle fi leads to the result 

0 
Q3 

47r0c 
Q, part/cm sec 3.53 

for an unshielded source such as in Figure 3.12. Here Cl is the solid angle 
subtended by the source at the observer. This formula may be applied 
under circumstances that do not require as much accuracy as speed, and 
for sources that are not large compared to the distance of the observer 
from the source. It can be enlarged to include the shield by multiplying by 
an exponential: 

0(t) 
Q 

47T0, 
— Q e ^ part/cm sec, 3.54 

which may be regarded as including build-up in a linear fashion. 

Figure 3.12 

Volume Source Geometry 

If the integral in equation 3.51 has the limits appropriate for the 
flux at the surface of an infinite half space. 

0(R) = / d(p j d0 sin 0 / dR R^ Q3 ^ 
•0R 

47TR2 
: t / r ™ 2 part/cm sec ; 

3.55 

the result is 

0 
_Q3 
20c 

part/cm sec 3.56 

This may be obtained by substituting the proper limits in equations 3.29 or 
3.41, or by letting "a" go to zero in equation 3.43. Note that the flux at the 
surface of a finite slab and at the surface of a sphere are, respectively, 

0(t) = - ^ [1 - E2 (0st)] part/cm^ sec 
c 0s 

3.57 
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and 

0(Rs) = - ^ I 1 - - r - ^ [1 - e-2asRs I pa r t / cm^ sec . 3.5i 
(̂  2 0sRs J 

2 0 , 

It can be seen that these formulas r ep re sen t the flux from an infinite half 
space l ess a cor rec t ive t e r m that is due, respect ively , to the difference in 
source size between the infinite half space, and the infinite slab of finite 
th ickness , or the sphere . As 0st or 0sRs become l a rge , the slab or sphere 
may be rep resen ted by an infinite half space. If, for instance, the slab is 
3 mean- f ree -pa ths (rnfp) thick, i .e . , Ogt = 3, the cor rec t ion for the finite 
thickness is 

1 - E2(3) = 1 - 0.0103 = 0.99. 

Similar ly , the rat io of the flux at the surface of a sphere of radius 3 mfp 
to that at the surface of an infinite half space is 

1 - - ^ ( 1 - e-6) = 0.83 . 
D 

Thus in many cases the flux at the surface of a reac to r may be adequately 
given by 3.56. A reac tor is usual ly somewhat cylindrical in shape. Since 
this geometr ica l configuration is somewhere between those corresponding 
to the slab and the sphere , the same logic applies . This may be extended 
further by noting that the flux in an infinite medium is 

0 = —- p a r t / c m sec , 3.59 

or simply twice that at the surface of an infinite half space, given in equa
tion 3.56. If, then, the r eac to r , or the source , is reasonably l a rge , the 
flux at the center may be quickly approximated by equation 3.59-

The foregoing discussion on Ray Theory forms the essent ia l bas i s 
for calculating the probabil i ty of escape of par t ic les from a medium. The 
probabili ty of escape may be defined by the express ion 

^ - • ^ • 

or as the total number of pa r t i c les escaping divided by the total number of 
par t ic les being born in the source . In equation 3.60 "J" is the par t ic le cu r 
rent as defined in equation 3.23, "A" is the surface a r ea of the source , "Q3" 
is the source strength, and "V" is the volume of the source . Note that the 
cur ren t is given by the same express ion as the flux, multiplied by the co
sine of the angle of incidence (see equations 3.21 and 3.23). 

The following fornaulae a s sume a constant isotropic source with no 
build-up correc t ion . A source distr ibution could be included as could a 
build-up factor. The absence of the la t te r may be justified to some extent 



on the b a s i s t ha t m o s t p a r t i c l e s c o m e f r o m wi th in one m e a n - f r e e - p a t h of 
the s u r f a c e and, t h e r e f o r e , the e r r o r i s not a s g r e a t a s m i g h t be supposed . 
It should u s u a l l y be l e s s t han a f a c t o r of two. 

F o r an inf ini te s l a b of t h i c k n e s s "t" ( r e f e r to F i g u r e 3.9) the p r o b 
ab i l i t y of e s c a p e i s 

A r , „ „ e-<yR 
^-^L <'^'5=i^=°=« • 2-" 

I n t e g r a t i o n y i e lds the r e s u l t 

1 
2(jt ,1 - [1 - CJt] e-Ot _ {at)' E l (0t) }. . 3.62 

F o r a t h i ck s l a b , 0 t |>>1, t h i s r e d u c e s to 

P = - — - . 3.63 

2 0 t 

The p r o b a b i l i t y of e s c a p e for a s p h e r e i s , by the s a m e c o n s i d e r a 
t i o n s ( r e f e r to F i g u r e 3.11), 

P = T ^ | l - T 7 ^ [1 + ffR] e - ^ ^ ^ l . 3.64 

40R [ 2(0R)2 •• -• J 

T h i s , in t u r n , for a l a r g e s p h e r e , 0 R > > 1 , r e d u c e s to 

3 4 0 R 
3.65 

T h i s i n f o r m a t i o n i s d i s p l a y e d g r a p h i c a l l y in F i g u r e 3 .13. M o r e d e t a i l e d 
i n f o r m a t i o n on th i s and r e l a t e d s u b j e c t s m a y be found in the l i t e r a t u r e , l-°^ 

All the f o r e g o i n g f o r m u l a e w e r e e x p r e s s i o n s for unco l l i ded f luxes . 
In o r d e r to ad jus t t h e s e for the s c a t t e r e d r a d i a t i o n tha t is a lways p r e s e n t , 
a c o r r e c t i o n , o r b u i l d - u p f a c t o r , is r e q u i r e d . F o r the sake of conven ience 
we sha l l a s s u m e a l i n e a r f o r m of b u i l d - u p , add i t ive for m o r e t h a n one 
m a t e r i a l : 

B(0x) = 1 + 0iXi + 02X2 + . . . . 3.66 

18aStorm, M. L., H. Hurwitz, Jr., and G. M. Roe, "Gamma-Ray Absorption Distribution from Plane, 
Spherical and Cylindrical Geometries," KAPL-783 (July 24, 1953). 





T h i s is u s u a l l y a c c u r a t e enough for the c a s e of g a m m a - r a y c a l c u l a t i o n s in 
a p r e d o m i n a n t l y c o n c r e t e sh i e l d . E q u a t i o n s 3.26 t h rough 3.29 then b e c o m e , 
r e s p e c t i v e l y , 

- 0R 
0(R) = Q 0 7 — ^ (1 + OR) p a r t / c m ^ s e c , 3.67 

a n d 

0(a) = / d x | — p ( l + 0R) p a r t / c m ^ s e c , 3.68 
— J—I 

C e-crR , 
0 ( a ) = / dA Q2 ^ 2 (1 + G R ) p a r t / c m ^ s e c , 3 .69 

•A. ^ 

0 ( a ) = / d V Q3 " " P ^ - ^ ^ ^ ^ - ^ ^^ " ^ ^ " ^ 
, „ 47rR2 

x [ l + 0 s ( R - a u) + 0 a u ) ] p a r t / c m ^ s e c . 3 . 7 0 

U p o n i n t e g r a t i o n , t h e l a t t e r t h r e e e q u a t i o n s b e c o m e 

0 ( a ) = --^ i K i i ( 0 a ) + o a K I Q (o a) > p a r t / c m ^ s e c 3 .71 
2 7ra 1_̂  J 

( t h i s r e p r e s e n t s a n i n f i n i t e l i n e s o u r c e , 0 = ' ^ / 2 ) , 

$ ( a ) =•— -̂  E l ( o a ) + 0 a E Q ( 0 a ) I p a r t / c m ^ s e c , 3 .72 

a n d 

0 (a ) = y - ^ {Z E2 ( 0 a ) + 0 a E l ( 0 a ) \ p a r t / c m ^ s e c . 3 . 7 3 
2 0B 

If the p lane vo lume s o u r c e is of f ini te t h i c k n e s s " t , " then equa t ion 3.73 
b e c o m e s , 

*(a-) = ^ ^ i 2 E2 ( 0 a ) + 0 a Ei ( 0 a ) - 2 E2 ( a a + Ogt) 
2 0s 1̂  

- ( o a + Ogt) E l ( 0 a + Ost) > p a r t / c m ^ s e c . 3.74 

If equa t i on 3.70 i s r e w r i t t e n for an exponen t i a l s o u r c e ( F i g u r e 3 .14) , the 
fol lowing i n t e g r a l m a y be s e t up : 

$(a) = / dV . -Jz ^^P [-<^s(R - a s e c 0 ) - o a s e c 0 ] 

x[ l + Os(R - a s e c 0 ) + 0 a s e c 0 ] p a r t / c m ^ s e c , 3.75 



w h e r e 

Q3(v) = Q3(0) ekv , 

and for c a p t u r e g a m m a r a y s 

Q3(0) = 0aN-y 0 ( 0 ) . 

p a r t / c m s e c 3.76 

p a r t / c m s e c . 3.77 

-^nQ 

F i g u r e 3.14 

E x p o n e n t i a l P l a n e Volume S o u r c e G e o m e t r y 

H e r e 0 a i s t he n e u t r o n a b s o r p t i o n c r o s s s e c t i o n , N-y i s the n u m b e r of 
g a m m a r a y s e m i t t e d p e r n e u t r o n c a p t u r e , and O(0) is the n e u t r o n f lux a t 
the b o u n d a r y . In the p r o c e s s of i n t e g r a t i n g equa t ion 3 .75 , c a r e m u s t be 
m a i n t a i n e d t h a t the r e l a t i v e s i z e of k and 0 s i s no ted . The r e s u l t s a r e : 

$ ( a ) .9ML+^tj^^{ast + o a ) - E i ( 0 a ) + ., ^ , e - ^ ^ [ e + ( k - <7s)t_i 
2k (̂  (k - O sj 

+ e-^c^a rE i | 0a ( l - v)} - El {(Ogt + 0a)(l - v)} | 3.78 

p a r t / c m ^ s e c , v < 1, 

0 (a ) - % ^ {e+k^Ei (0s t + o a ) - E i ( 0 a ) + - ^ £ 1 ^ [e+(k - O s ) t _ i ] 

+ e - ' ^ ^ ^ [ E i { ( 0 s t + 0a) ( V - 1)} - E i { o a ( v - 1)}] 3.79 

p a r t / c m s e c , 7v> I, 



and 

^( \ Q3(o) j e + k t E i ( 0 s t + o a ) - E i ( 0 a ) + k t e ' ^ ^ 

Ost + o a "I / , 
+ e-^cra I n \ p a r t / c m ^ s e c , v = 1 3.80 

w h e r e 

_ J^ 

If the sh i e ld t h i c k n e s s "a" i s r e d u c e d to z e r o , t h e s e f o r m u l a e r e d u c e to 

0 ( . ) = ^ {e+Xt E . ( a , t ) - l n ( l - . ) . j - ^ , [ e^ ' l^ " "=>' - 1 

- E l j o s t (1 - V )|-i- p a r t / c m ^ s e c , v < l , 3.81 

«(t) = % ^ { e * ' E . ( a 3 t ) - l n ( . - 1) + j j ^ [ e ^ f r - ° ='> - l] 

+ E i | 0 s t ( V - 1)|-^ p a r t / c m ^ sec,V > 1 , 3.82 

and 

(I>(t) = ^ -̂  e+k^ E i ( o s t ) + I n kt + 7 + Ogt I p a r t / c m ^ s e c , v = 1. 3.83 

In c a s e the f lux d i s t r i b u t i o n i s d e s i r e d th roughou t the m e d i u m of 
the s o u r c e e i t h e r a c o m b i n a t i o n of the p r e v i o u s f o r m u l a e , or f o r m u l a e 
d e r i v e d for the p u r p o s e m a y be util ized.-1 ° D The d i f fe rence in the two 
s e t s of f o r m u l a e i s t h a t no b u i l d - u p i s i nc luded in the l a t t e r . In c a s e s 
w h e r e t h i s i s i m p o r t a n t the b u i l d - u p effect m u s t be e s t i m a t e d u s i n g b a s i c 
i n f o r m a t i o n on build-up.- l 9 

The f o r m u l a e which give the f lux in the s o u r c e m e d i u m wi th no 
b u i l d - u p a r e : 

0(t) = ^ e - k t | e + k t E i ( 0 s t ) + E i [ost{v - 1)] + In ( — | ) } 3.84 

p a r t / c m s e c , v > l , 

ISbHagerton, J. F,, and M. C. Glass, The Reactor Handbook. Vol. I, Physics AECD-3645, McGraw-
Hill Book Co., (JL955)p. 706. 

19 Goldstein, H., and J. E. Wilkins, Jr., "Calculations of the Penetrations of Gamma-Rays. " NYO-3075. 
U. S. Govt. Printing Office (May 1. 1957). 



and 

where 

<D(t) = ^ e-kt |e+ktEi(ast)+Ei[(ast)(l - v)] + l n ( i ± ^ ) } 3.85 

part/cm^ secv<l, 

^{t) =.^e-'=^st |e+(Jst Ei(ast) + In Ogt + In 27! 3.86 

part/cm^ sec, v - 1 

In 27 = 1.27 . 

These formulae, along with similar formulae representing linear source 
terms, may also be found in The Design Manual.20 

Additional equations not previously encountered are summarized 
at the end of this section. The basic formula involved is 

r e-CfR / 
(|)(a) = / dS Q(R) B(R) c o s ^ S 7 — 7 p a r t / c m ^ s e c . 3.87 

In the s u m m a r y B( oR) t a k e s two f o r m s : 

B ( a R ) = 1 + a R , 

and 

B ( a R ) - Ke+O^CJR . 

S i m i l a r l y , the s o u r c e d i s t r i b u t i o n t a k e s on two f o r m s : 

Q(R) = Q ( a c o n s t a n t ) 

and 

Q(R) = Q e+kR . 

The t e r m " c o s ^ Q " i s i n s e r t e d to i l l u s t r a t e the g e n e r a l effect of t h i s f u n c 
t ion . It m a y r e p r e s e n t c u r r e n t o r i t m a y r e p r e s e n t a s o u r c e d i s t r i b u t i o n 
when n = 1. When "n" h a s o t h e r v a l u e s i t m a y r e p r e s e n t o t h e r c o m b i n a 
t ions of the c o s 0 o r c o s 6 d i s t r i b u t i o n , c u r r e n t , o r p e r h a p s s o m e o t h e r 
p h e n o m e n a r e p r e s e n t e d by a c o s i n e . 

20Rockwell, T.. Ill, Editor, Reactor Shielding Design Manual. TID-7004, p. 397. (McGraw-Hill & 
D. Van Nostrand). (March, 1956). 



A. Line source, 

<I>{R)=2| dxQi(x)B(aR) c o s n g ^ - ^ 3.89 
-^ e-aR 

0 

1. Infinite line source, Qi(x) = constant, B{0R) = 1 + kaR, (Fig
ure 3.7). 

0(a) = ̂  |Kin+i(aa) + kaa Kin(aa)| 3.90 

a) n = 0 

(D(a) = ̂  |seci(aa) + kaa Ko(aa)j 3.91 

b) n = 0, a = 0 

$ ( a ) = ^ 3.92 

2. Infinite line source, Qi(x) - constant, B(aR) = Ae+^aR. 

0(a) = ^ A K i n + x [aa(l - a ) ] 3.93 

3. Finite line source center line flux, Qi(x) - constant, B(aR) = 
1 + k aR). 

(I)(a) =1 de (1 + kaR) cosng e~<^^ sec© 3.94 

a) n = 0, k = 0 

(I)(a) = -r-^ seci(aa,0o) 3.95 
27ra 

b) n = 0 , 0 = 0 

0(a) - ^ eo 3.96 

4. Finite line source center line flux, Qi(x) = constant, B(aR) = 
Ae+ctcrR. 
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$(a) =/ d0cos"-0 A e x p [ - ( l - a ) a a s e c 0 ] 3.97 

a) n = 0 

$(a) =-:r-^—seci[aa(l - a ) 0 o j 
27ra 

5. F i n i t e l ine s o u r c e , Qi(x) = c o n s t a n t , B ( a R ) = 1 + k a R 
( F i g u r e 3.15). 

a) n = 0, k = 0 

(D(a) 47ra 1̂  4TT 

b) n = 0, a = 0 

s e c i ( a a , Qz) - s ec i ( 

'^(^)=^{^^-^4 

aa, 0 i ) l 

3.98 

3.99 

3.100 

F i g u r e 3.15 

L i n e S o u r c e G e o m e t r y 

6. F i n i t e l ine s o u r c e , Qi(x) = c o n s t a n t , B ( a R ) = Ae"*"'^'^•^. 



a) n = 0 

c^3i) = -^^— J s e c i [ a a ( l - a ), ©2] - s e c i [ a a ( l - a ) , 0 i ] l 3.101 

P l a n e Su r f ace S o u r c e ( F i g u r e 3.8). 

0 = j dA Q2(R) B ( a R ) c o s ^ e ^ : ^ ^ 3.102 

1. Infini te p l ane s o u r c e , Q2(R) = Q2> B ( a R ) = 1 + k a R . 

(|)(a) = ^ i E n + i ( a a ) + k a a E n ( a a ) l 3.103 

a) n = 1, k = 1 

<j,(a) = ^ e - ( Ja 3.104 

b) a = 0 

(D(a) = % — . n / 0 3.105 
2 n 

2. Infinite p l ane s o u r c e , Q2(R) = Q2, B ( a R ) = Ae + "-cyR_ 

(D(a) = ^ A E n + l [ a a ( l - a )] 3.106 

3. F i n i t e p l a n e , d i sk of r a d i u s Rg, Q2(R) = Q2. B ( a R ) = 1 + k a R . 

<I>(a) - - ^ | E n + i ( c J a ) + k a a E n ( a a ) - u o ' ' E n + l ( a a UQ) 

- k a a u j " ^ E n ( a a UQ) ?• UQ = sec 0 . 3.107 

a) a = 0 

<D (a) = % - - [1 - uo""] n / o . 3.108 

b) a = 0, n = 0 

<D^a) = - ^ In uo 3.109 



4. Fini te plane, disk of radius Rg, Q2(R) = Q2. B(aR) = Ae + °^°^. 

0(a) = A J E n + i [ a a ( l - a ) ] - UQ^ En[aa ( l - a ) ] l 3.110 

C. Plane Volume Source. 

r e-^^ 
$(a) = j dV Q3(R) B(aR) c o s ^ 0 ^ ; ^ ^ 3.111 

1. Infinite plane volume source , Q3(R) = Q3, B(aR) = 1 + k a R , 
(Figure 3.9). 

0(a) " - ^ {(1 + k) En+2(aa) + k a a E n + l ( a a ) | 3.112 

2. Infinite plane volume source , Q3(R) - Q3, B(aR) = Ae+^^^. 

3. Fini te plane volume source , Q3(R) = Q3, B(aR) = 1 -f kaR . 

<i'(a) = ^ {(1 + k) En+2(aa) + k a a En+i (aa) 

- (1 + k) En+2(aa + agt) - k (aa + agt) En+i(cJa + cJgt)^ 3.114 

a = 0 

'^(^) = : ^ { " ( ^ T T ) - (̂  + ^) En+2(°st) - kag t En+i (ag t ) j 3.115 

4. Finite plane volume source , Q3(R) = Q3, B(aR) = Ae^'^ '^^. 

Tog ( T T ^ {En+2[<^a(l - a ) ] - En+2[oa(l - a ) ] | 3.116 0(a) - ^ 

a= 0 

^^^^ = ^ ( T ^ { ( T T l ) - En+2[c^a(l - a ) ] } 3.117 

5. Infinite plane volume source , Q3(R) = Q3 e"'"k ^, B(aR) 
_k 
a, 1 + k a R , v= -^ , (Figure 3.14). 

s 



0(a) = % / dve+^^ \ En+l(asV + oa.) + k(agV + aa) En(asV + a a ) | 

0 3.118 

a) n := 0, k = 0 

c|>(a) = ^ | e - ^ O a E i [ a a ( l - v ) ] - E i ( a a ) j , v<l 3.119 
J 

b) n = 0, k = 1 

'^(^^ =^ { e - ^ ^ ^ E i [ a a ( l - v ) ] - E i ( a a ) + ^ ^ ^ ^ ^ e - ^ a } 3.120 

v < l 

as(l - a ) 

c) n = 1, k = 1 

o , p - a a 

6. Infinite plane volume source , Q3(R) = Q3 e+kv^ B(aR) = Ae+o^-^^, 
k 

>00 

0(a) = ^ A dve+kVEn+l [ (asV + aa)( l - a ) ] 3.122 
2 

a) n = 0 

0(a) = ^ A | e - v a a E i [ a a ( l - a )(1 - r ) ) ] - E i [ aa ( l - a ) ] | , 3.123 

b ) . = l ^ < ^ 

0(a) = Q l ^ ( i : ^ E i [ a a ( l - a)(r] - l ) ] - i E i [ a a ( l - a ) ] 

- E2[aa(l -a)] V , r)>l 3.124 

7. Fini te plane volume source , Q3(R) = Q3 e+kv^ B(aR) = 1 + kaR, 



rt 

0(a) =^\ dve+kv f En+l(asV + aa) + k(a sV + aa) En(as v + a a ) | 

° 3.125 
a) n = 0, k = 0 

0(a) -
2k 

- E, 

| e + k t E i ( a s t + aa) - E i (aa) + e-^^^[Ei | a a ( l - v)} 

1 | ( a s t + aa ) ( l -v)]- ] i . v<l 3.126 

0(a) = ^ le+kt E i ( a s t + a a) - E i (aa ) + e" ^^^ [ E i { ( a g t + a a) 

(1 - v ) } - E i { a a ( v - 1)}]} , v>l 3.127 

0(a) = - ^ | e + k t E ^ ( c j ^ t + ^^^ _ E^iaa.) + e-<=l^ln(^^^ ^ ^^ 
Oa. 

V = 1 . 3.128 

b) n = 0, k = 1 (See equations 3.78, 3.79, and 3.90.) 
c) n = 0, k = 1, a = 0 (See equations 3.81, 3.82 and 3.83.) 

Note that k = 1 introduces the t e r m 

—-^ r e - o a [e+(k - a s ) t _ 1] 3.129 
(k - as) ^ ^ 

d) n = 1, k = 1 

* ( ^ ) = § ' ( - f ^ ) t ^ ' ^ ' ^ " ' ' ^ ' - ^ ] ' ^ / ^ - 3.130 

0(a) =^t e-<Ja ^ k = a s , 3.131 

e) n = 0, k = 0, a = 0 

*(^^ = S {^^^^ ^i^'^s*) - ^"(^ - v) - El { (as t ) ( l - v ) } } . 

v<l 3.132 

<D(t) = ^ | e+k t E i ( a s t ) - ln (v - 1) + Ei {ast( v - 1) } | . 3.133 

V>1 
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'(t) =^ { e + k t E i ( a g t ) + l n a s t + 7 } . 

f ) n = l , k = l , a = 0 

.,/,N Q3 1 r + ( k - a s ) t . 

V = 1 3.134 

8. F i n i t e p l ane v o l u m e s o u r c e , Q3(R) = Q3 e+kv_ B ( a R ) = 
A e + a a R , j] = v / ( l - a ) . 

-t 
0(a) = - ^ A f d v e + k v En+1 {(OgV + a a ) ( l - a ) J 

a.) Tj ^ 0 

<D(a) - ^ A | e + k t E ^ { ( a g t + a a ) ( l - a ) } - E j { a a ( l - a ) } 

+ e - ' n a a JEji { a a ( l - a ) ( l - T] ) | 

- E i ( ( a s t + a a ) ( l - a ) ( l - T ] ) } ] J T] < 1 

(a) - ^ A | e + k t E J {(agt + a a ) ( l - a ) } - Ej { a a ( l - a ) } 

+ e-r]0^ [ E i { ( a g t + a a ) ( l - a)(7] - 1)} 

- E i ( a a ( l - a ) ( r ] - 1)} | V > 1 

(a) = ^ A | e + k t E , { ( a g t + a a ) ( l - a ) } - E ^ { a a ( l - a ) } 

/ agt + a a \ " ] 

0 

3.135 

3.136 

3.137 

3.138 

$ 

+ e - ^ a In 3.139 

/ \ Q3 
^(^^ ^-2k 

b) n = 0, a = 0 

A { e + k t El { a g t (1 - a ) } _ i n ( l - T]) - E l { a g t ( l - a ) } } , 

r] < 1 3.140 

^(^^ " • ^ ^ {̂ ^̂ ^ ^' {̂ ^̂ ^̂  • "'^l " "̂"̂ "̂  - 1) + Ei {agt(l -a)}} , 

r] >1 3.141 



0(a) = ̂  A |e+kt EJ {agt(l - a)} + ln[ast(l - a)] + 7 j 3.142 

T) = 1 

9. Finite plane volume source, cylinder viewed on the longitudinal 
centerline, Q3(R) = Q3, B(R) = 1 + kaR, (Figure 3.16). 

Figure 3.16 

0(a) = % / duu-n-l 

Cylindrical Volume Source Geometry 
UQ ^(a+H)u 

dR[l + kag(R - au) + kaau] 

1 au 

- ag(R-au) - aau 
3.143 

An upper limit of the flux is obtained when 

Uo 1 + l ^ ' ' 
a 

1/2 

and a lower limit is obtained when 

Uo 1 + Rs 
a + H 

1/2 



The r e s u l t i s , 

(D{a) - 3 ^ ( ( 1 + k) [E^+ziasi) - Uo'^ '^En+zltJauo)] 
ZOs 1̂  

+ k a a [ E n + l ( a a ) - U Q ^ E n + l ( a a UQ)] 

- (1 + k) [E^+ziaa + agH) - uo""'^ En+2(fJa ^o + OgH UQ)] 

- k ( a a + agH) [ E n + l ( a a OgH) - u o ^ E n + l ( a a Uo + OgH U Q ) ] ^ 

3.144 

D. C y l i n d r i c a l s u r f a c e s o u r c e , c y l i n d r i c a l wel l v i ewed on c e n t e r l i n e , 
Q3 = c o n s t a n t , B ( a R ) = 1 + k a R ; ( F i g u r e 3.17). 

F i g u r e 3.17 

C y l i n d r i c a l Su r f ace S o u r c e G e o m e t r y 
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1 
y 

" 

- ~ _ _ ^ ^ 
f~9 ~̂  

a 

X 
i 

\ 

\'l> 
— ^ - " - ^ t 

— " 

0(a) 
/

A 

% / 3 (1 + k a R g sec |3) s in^^ cos"^i3 e ' ^^^s sec/3 3 1 4 5 

Pi 

1. n = 0, m = 0, k = 0 

0(a) =^ | s e c i ( a R s , / 3 2 ) - s ec i (a Rg, i3i) | 

2. n = 0, m = 0, k = 0, a = 0 

3.146 

<|)(a) = - ^ s e c i ( a R s . ^ 2 ) 3.147 



Chapter 3 Problems 

1. Derive the formula for: 

a) the uncollided flux from a shielded infinite half space. 
b) the uncollided flux from a shielded line source . 
c) the uncollided flux from a shielded plane source . 
d) the uncollided flux from a shielded plane volume source . 

2. Repeat the derivat ion in 1-b, c, and d. 

a) after multiplying by cos 6 
b) after multiplying by e '^ '^R 
c) after multiplying by 1 + k a R 
d) after multiplying by 1 + kj aR + kz (aR)^ 

3. Derive the formula for the flux from a plane volume source 
an exponential distr ibution (equation 3.78). 



4. NEUTRON ATTENUATION* 

The predominant sources of neutrons that occur in a reac tor come, 
of cou r se , from the fission p r o c e s s . There a r e approximately 2.5 neu
t rons pe r f ission of u ran ium-235 , emit ted with energy descr ibed by the 
well-known fission spectrum.-^ The dis tr ibut ion of the neutron source is 
the same as the f ission or power dis t r ibut ion which, in a the rmal r eac to r , 
i s the same as the t h e r m a l neutron flux distr ibut ion. The magnitude of the 
neutron source is given by 

/ n e i | r o n \ ^ 3^^ ^ ^QXO | . / i i s s i o ^ \ ^ ^ / S£utron N . ^_^ 
^ \ cm^ s e c / V \ cm'' sec j \ f ission j 

Quite often it i s sufficient to a s s u m e that the neutron source s t rength i s 
uniformly d is t r ibuted over the co re volume as given by equation 4.1 For 
deep penetra t ion p r o b l e m s , it i s only those neiitrons with energies above 
one Mev that a r e significant. Such neutrons consti tute about two- th i rds of 
the total number of neut rons emit ted in the fission p r o c e s s . Those with 
energ ies equal to or gr-eater than six Mev contribute only two or th ree per 
cent to the total number of neu t rons . This may be taken into account by 
adjusting the niimber of neut rons per f ission in equation 4.1 to suit a p a r 
t icular s i tuat ion for which it appl ies . 

The ma in source of t he rma l neutrons a r i s e s from the p roces s of 
modera t ion of the fast neu t rons . In case the t he rma l neutron fl\ix at the 
core ref lec tor interface is des i red , it may be obtained from the co re 
physics calculat ions or e l se es t imated from the known power and fission 
c r o s s sect ion, that i s , f rom the solution of the equation 

P^ / watts \ 10 / f iss ions \ / neut cm \ / f issions \ 
V [ cm^ / -^-l ^ ^" i^watt s e c j " s \̂  cm^ sec j '^f \ neut cm / 

4.2 

for <t , the ave rage t he rma l neut ron flux in the co re . This express ion , 
incidentally, would have to be equal to an in tegra l of the product , ^{E)c^ (E) 
for a r e a c t o r in which f iss ions caused by neutrons other than those of 
t h e r m a l energy p redomina te . 

Other sou rces of neut rons may assume impor tance in the shield de
sign under ce r t a in c i r c u m s t a n c e s . One of these is the source of one-Mev 
neut rons genera ted by the reac t ion 0^'^(n,p)N^'^. This is a high threshold 

* While specific references to constants and data necessary for the calculation of neutron attenuation are 
given in the text, a complete summary of constants is given in Section 7 of ANL-5800, Reactor Physics 
Constants. In addition, the bibliography will contain literature that is not always specifically referred 
to in the text. 

1 235 
Watt, B. E., "Energy Spectrum of Neutrons from Thermal Fission of U , " Phys. Rev. 87, 1037 
(1952). 



reac t ion , •~'10 Mev, and the unstable product has a 4 ,2-second half-life, but 
it st i l l may contr ibute to the neutron dose when a rapidly circtxlating cool
ant containing oxygen is brought near inhabited a r e a s . The c r o s s section 
and p r o c e d u r e s for calculat ing this activation have been described.^'•^»'*''*^ 

Other neut rons may or ig inate from photo-neutron r e a c t i o n s ^ ' " in 
D2O or Be that may be located around the r e a c t o r c o r e . This r eac t ion 
usual ly does not contr ibute to the shielding p rob lem. Simi lar ly the delayed 
neut rons f rom the f iss ion p r o c e s s do not ord inar i ly r ece ive considera t ion 
in r e a c t o r shielding p r o b l e m s . 

The re a r e s eve ra l r e a s o n s for needing to know the neutron d i s t r i 
butions in a shield. The mos t obvious r eason , although usual ly not the one 
of p r i m a r y impor tance , is to know what shield th ickness is n e c e s s a r y to 
l imit the biological dose of neut rons (see Table 4.1) to r e q u i r e d levels at 
the ex te r ior of the shield. The neut ron dis t r ibut ion in the shield will be 
r equ i red to de te rmine heating effects and radia t ion damage in the shield 
m a t e r i a l s . The range of operat ion of ins t ruments may be predic ted , or 
their locat ions de te rmined , by these neutron d i s t r ibu t ions . More i m p o r 
tantly, at l eas t f rom a s t r i c t shielding viewpoint, is that the capture 
g a m m a - r a y source t e r m i s dictated by the neutron absorpt ion densi ty in 
the shield, and, of cou r se , this i s a fiinction of the neutron dis t r ibut ion in 
t e r m s of space and energy . These capttire gamma r a y s a r e usual ly the 
mos t p redominant source of rad ia t ion escaping the shield, amd, the re fo re , 
their descr ip t ion is a c r i t i ca l calculat ion for shield th ickness as well as 
for heating, ins t rumenta t ion , e t c . This i s pa r t i cu la r ly t rue of a g a m m a -
ray -con t ro l l ed shield such as conc re t e . Inasmuch as the s t rength of 
capture g a m m a - r a y sources is a function of neutron energy by vi r tue of 
the energy dependence of the neut ron absorption, c r o s s sect ion, the c a p 
tu re g a m m a - r a y source dis t r ibut ion may be quite comiplex. 

^Rockwell, T. , III, Editor. TID-7004, Reactor Shielding Design Manual, McGraw-Hill & 
D. VanNostrand. (March, 1956) p. 37. 

•̂ Roys, P. A., and K. Shure, "Production Cross Section of N^^ and N-"-"̂ ," NucL Sci. Eng., 
4(#6)536, (October 1958). 
Henderson, W. J,, and P. R. Tunnicliffe, " The Production of N-'-̂  and N"*-' in the Cooling 
Water of the NRX Reactor, " Nucl. Sci. Eng. 3(2) 145 (February 1958). 

^Rocklin, R. S., " Data Sheet #28, Fission Neutron Cross Sections for Threshold Reactions, " 
Nucleonics 17(#1)54, (January 1959). 

^Hogerton, J. F . . and R. C. Grass, The Reactor Handbook. Vol. 1, Physics, AECD-3645, 
McGraw-Hill Book Co., (1955) p. 158. 

"deSaussure, G., "Calculation of the Photo-neutron Flux in the Water Near the Bulk Shielding 
Reactor, " ORNL-2545 (July, 1958). 



Table 4.1 

NEUTRON FLUX - TO - DOSE CONVERSION FACTORS 
FIRST COLLISION RBE DOSE 

For Neutrons at Energy E, Multiply Neutron Flux, $(E), neutron/cm^ 
Conversion Fac tor , F , to Obtain Dose in m r e m / h r 

sec by 

Neutron 
Energy, 

E 

10 Mev 
5 Mev 
2.5 Mev 
1.0 Mev 
0.5 Mev 
0.25 Mev 
0.1 Mev 
0.05 Mev 

Conversion Factor , F , 
m r e m / h r 

neut /cm^-sec 

0.13 
O.II 
0.094 
0.097 
0.068 
0.047 
0.030 
0.019 

Neutr on 
Energy, 

E 

0.025 
0.01 
0.001 

100 
10 

1.0 
0.1 
0.025 

Mev 
Mev 
Mev 
ev 
ev 
ev 
ev 
ev 

Conversion Factor , F , 
m r e m / h r 

neut/cm^-sec 

0.010 
0.0036 
0.0026 
0.000054 
0.000072 
0.00016 
0.00043 
0.00086 

F rom "Protection Against Neutron Radiation up to 30 Million Electron 
Volts," NBS Handbook 63, National Bureau of Standards 
(April 10, 1957) 

The p r o b l e m of c a l c u l a t i n g the n e u t r o n a t t enua t ion in a sh i e ld i s 
one of c a l c u l a t i n g both s p a t i a l and e n e r g y d i s t r i b u t i o n s . In p r i n c i p l e th i s 
p r o b l e m can be so lved ; for s p e c i a l i z e d s i t u a t i o n s , such as a poin t i s o t r o p i c 
s o u r c e of f i s s i o n n e u t r o n s in w a t e r , m u c h work h a s been done.^>8 While 
the r e s u l t s a g r e e wel l wi th the e x p e r i m e n t a l o b s e r v a t i o n s , the p r a c t i c a l 
s ign i f i cance i s not a s g r e a t a s i t shou ld be i n a s m u c h as a r e a c t o r sh i e ld i s 
m o r e c o m p l i c a t e d in both g e o r a e t r y and m a t e r i a l d i s p o s i t i o n . 

P r o b a b l y the b e s t s u m m a r y of the m o r e s o p h i s t i c a t e d ways of 
d e t e r m i n i n g n e u t r o n d i s t r i b u t i o n s for sh ie ld ing p u r p o s e s i s g iven by 
G o l d s t e i n . 9 A m o r e r e c e n t s u m m a r y , a l though not as d e t a i l e d , i s g iven 
by E . P . B l i z a r d . l O 

Aronson, R., J. Certaine, H. Goldstein and S. Preiser, " Penetration of Neutrons from a Point 

8 

10 

Isotropic Fission Source in Water, " NYO-6267 (September 22, 1954). 
Aronson, R. , J. Certaine, and H. Goldstein, " Penetrations of Neutrons from Point Isotropic 
Monoenergetic Sources in Water, " NYO-6269 (December 15, 1954). 

^Goldstein, H., " The Attenuation of Gamma-Rays and Neutrons in Reactor Shields," U.S. Govt. 
Printing Office (May 1, 1957). 
Blizard, E. P., " The Shielding of Nuclear Reactors, " Paper P/2162 of the International 
Conference on Peaceful Uses of Atomic Energy, Geneva, Switzerland, June 1958. 



The British,•'••'• F rench^^ and Russ ians^3 all p resen ted approaches to the 
p rob lem at the 1958 Geneva Conference. They include exper imenta l work 
to support the theory and to enable application to shield design p r o b l e m s . 
The shielding work p re sen ted at this conference has been s u m m a r i z e d by 
Jone s. 14 

It is poss ib le to de te rmine shield m a t e r i a l s and th icknesses from 
observat ions of an a l ready exist ing r eac to r shield. This approach may 
r e s u l t in g ro s s ove re s t ima te s and lack of detai led knowledge of the neu
t ron or , for that m a t t e r , all radia t ion, d i s t r ibu t ions . The r e su l t is l ikely 
to be a m o r e expensive shield than n e c e s s a r y and, p e r h a p s , an inadequate 
shield in one or s eve ra l r e s p e c t s , although this ce r ta in ly does not m e a n 
that exper imenta l data on existing shields should be ignored. 

There is an approach which is between the two e x t r e m e s . This 
involves the calculat ions of the dis t r ibut ions by approximate methods that 
a r e not too t ime-consuming , but will s t i l l yield useful r e s u l t s in t e r m s of 
radia t ion d is t r ibut ions , A compar i son of these r e s u l t s with values der ived 
from exist ing shields and other exper imenta l data will indicate whether the 
calculat ions a r e se r ious ly in e r r o r . It will be the goal of this section to 
p r e s e n t those approxinaate methods which a r e of value in predic t ing neu
t ron flux leve ls throughout the shield, 

A useful engineer ing concept in neut ron-a t tenuat ion analysis i s 
that of " remova l theory ." It applies to the at tenuation of fast neu t rons , 
i .e . , those of ene rg i e s equal to or g r ea t e r than 1 Mev as they occur in the 
f ission s p e c t r u m . This concept was introduced by Alber t and Welton-'--''-'-" 
and has since been given a f i r m e r foundation and a somewhat different 
conceptual bas is by the work of Blizard-'-^'-^^'^^ and o thers in the OakRidge 

Cooper, C. , J. D. Jones and C. C. Horton, " Some Design Criteria for Hydrogen-Metal Reactor 
Shields. " Paper P/84 of the International Conference on Peaceful Uses of Atomic Energy. 
Geneva, Switzerland, June, 1958. 

•'•^Bourgeois, P. , et a l , , " Methods and Experimental Coefficients Used In the Computation of 
Reactor Shielding, " Paper P/1190 of the International Conference on Peaceful Uses of Atomic 
Energy, Geneva, Switzerland, June, 1958. 

*^Broder, D, L,, et a l . , " The Study of Spatial and Energetic Dlsuibution of Neutrons in Various 
Medium, " Paper P/2147 of the International Conference on Peaceful Uies of Atomic Energy, 
Geneva, Switzerland, June, 1958, 

1"* Jones, J, D.. " Radiation Shielding, " Engineering, 186 568 (October 31, 1958). 
15 Albert, R. D., and T, A, Welton, " A Simplified Theory of Neutron Attenuation and Its 

Application to Reactor Shield Design, " WAPD-15 (November 30, 1950). 
•'•^Rockwell, T, , III, Reactor Shielding Design Manual, TID-7004, McGraw-Hill & D.yanNostrand 

(March. 1956)pp. 6-48. 
1'^Blizard, E. P . . Ann. Rev. Nucl, Sci. 5, 73(1955) 
•̂ ° Chapman, G. T. , and C, L, Storrs, "Effective Neutron Removal Cross-Sections for Shielding," 

AECD-3078 (ORNL-1843) (September 19. 1955). 
' Hogerton, J. F . , and R. C. Grass, The 
McGraw-Hill Book Co,. (1955) p. 671. 

1^ Hogerton, J. F . , and R. C. Grass, The Reactor Handbook. Vol. I, Physics, AECD-3645, 



Shie ld ing G r o u p . The v a l u e of t h i s w o r k h a s a l s o been d e m o n s t r a t e d at 
the B r o o k h a v e n Shie ld ing F a c i l i t y ^ ^ ' ^ 1 and in Eng land .22 

The c e n t r a l c o n c e p t of the r enaova l t h e o r y i s the r e m o v a l c r o s s 
s e c t i o n . T h i s quan t i ty can b e s t be def ined by d e s c r i b i n g an idea l e x p e r i 
m e n t for m e a s u r i n g i t . C o n s i d e r , a s in F i g u r e 4.1 an inf ini te m e d i u m 
c o m p o s e d of m a t e r i a l #1 i n which t h e r e i s a p lane s o u r c e of n e u t r o n s wi th 
a c e r t a i n e n e r g y s p e c t r u m , u s u a l l y a f i s s i o n s p e c t r u m . At s o m e d i s t a n c e 
f r o m the s o u r c e , depend ing on the n a t u r e of the m e d i u m and upon the e n e r g 
and a n g u l a r d i s t r i b u t i o n of the s o u r c e , the n e u t r o n d i s t r i b u t i o n wil l have a 
c h a r a c t e r i s t i c shape tha t i s i ndependen t of the e n e r g y r e s p o n s e of the d e 
t e c t i n g i n s t r u m e n t u sed to m e a s u r e i t . 

MATERIAL I 

MATERIAL 2 

MEASURING 
INSTRUMENT 

F i g u r e 4 . 1 

A r r a n g e m e n t f o r R e m o v a l 
C r o s s - S e c t i o n M e a s u r e m e n t 

A s l a b of a n o t h e r m a t e r i a l , c a l l e d m a t e r i a l # 2 , i s n o w i n t r o d u c e d 
i n t o t h e m e d i u m , a n d t h e n e u t r o n f l u x i n t h e m e d i u m of m a t e r i a l #1 i s 
m e a s u r e d a t a s u f f i c i e n t d i s t a n c e f r o m t h e s l a b so t h a t t h e c h a r a c t e r i s t i c 
f l u x s h a p e i s a g a i n e s t a b l i s h e d . If t h e s l a b of m a t e r i a l # 2 i s n o w r e m o v e d , 
l e a v i n g a v o i d i n t h e p o s i t i o n w h i c h i t o c c u p i e d , t h e f l u x a s m e a s u r e d a t 
t h i s s a m e p o i n t -will i n c r e a s e . If t h i s e x p e r i m e n t i s r e p e a t e d f o r a r a n g e 
of s l a b t h i c k n e s s e s a n d p o s i t i o n s , a n d if i t i s f o u n d t h a t t h e a t t e n u a t i o n 
c a u s e d b y t h e s l a b of m a t e r i a l # 2 c a n b e d e s c r i b e d b y a n e x p o n e n t i a l f u n c 
t i o n of a c o n s t a n t of p r o p o r t i o n a l i t y t i m e s i t s t h i c k n e s s , t h i s c o n s t a n t i s 
t h e n d e f i n e d to b e t h e r e m o v a l c r o s s s e c t i o n of m a t e r i a l # 2 -with r e s p e c t t o 
m a t e r i a l # 1 . 

20 

21 

Schamberger, R. D,, and F. J. Shore, " A Review of the Brookhaven Shielding Program, " 
BNL-2713 (September 1, 1955). 
Schamberger, R. D. , and F. J. Shore, " The Effective Removal Cross Section of Iron, " 
BNL-2714 (November 22, 1955). 

22 Avery, A. F., and R. A. Dugdale, " Attenuation Studies in the Lids Pool, " AERE-R/R-2558 
(April, 1958). 



In cases in which this method is d i rect ly applicable, the neutron 
attenuation of the shield is accomplished principal ly by one dominant 
ma te r i a l , usually water or other hydrogenous ma te r i a l , and the effect of 
introducing other m a t e r i a l s , s t ruc tu re , e tc . , is descr ibed by use of the 
removal c ros s section. The exper iment descr ibed above i s , of course , 
highly idealized, and in both m e a s u r e m e n t and application geometr ica l 
compromises are made . Thus, most removal c ro s s sections have been 
measu red in the Lid Tank Facil i ty23 at Oak Ridge, which consis ts of a 
large tank of water containing a 28-inch diameter disc source of f ission 
neutrons . Hence, the values24 go obtained are removal c ro s s sections 
with r e spec t to water as the pr incipal neutron attenuating substance (see 
Tables 4.2, 4.3 and Figure 4.2). 

The concept of removal c r o s s section came about because of the 
at tempt to express the attenuation of fission neutrons within a ma te r i a l 
located in a hydrogenous medium by a simple exponential. Knowledge of 
the rapid moderat ion of the once-col l ided fission neutrons made this a 
reasonable assumption, and exper imenta l m e a s u r e m e n t s soon proved that 

Table 4 2 

REMOVAL AND TOTAL (at 8 Mev) CROSS SECTIONS FOR VARIOUS ELEMENTS 

(A = a tomic weight; N = Avogadro ' s n u m b e r ; Oj^ = m i c r o s c o p i c r emova l c r o s s sect ion; 
Cy= m i c r o s c o p i c total c r o s s sect ion; Zj^ = m a c r o s c o p i c r e m o v a l c r o s s sect ion; 
2.J, = m a c r o s c o p i c to ta l c r o s s sect ion; p= densi ty; Z / p = m a s s at tenuation coefficient) 

Elennent 

Hydrogen^ 
Lithium 
Beryllium 
Boron^ 
Carbon 
Oxygen^ 
Fluorine^ 
Aluminum 
Chlorine^ 
Iron 
Nickel 
Copper 
Tungsten 
Lead 
Bi smuth 
Uranium 

A 

1 008 
6 94 
9 01 
10 82 
12 01 
16 06 
19 00 
26 98 
35 46 
55 85 
58 69 
63 54 
183 92 
207 21 
209 00 
238 07 

N 0 6023 X 10'^ 
A 

5 
8 
6 
5 
5 
3 
3 
2 
1 
1 
1 

98 
70 
70 
57 
02 
76 
17 
23 
70 
08 
03 

9 50 
3 
2 
2 
2 

27 
91 
88 
53 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

A 

10-' 
10-^ 
10-2 

10-2 
10-2 

10-2 

10-2 

I0"2 

10-2 

10-2 

10-2 

10-3 

10-3 

10-3 

10-3 
10-3 

1 
I 
1 
0 
0 
0 
1 
1 
1 
1 
1 
2 
2 
3 

^R 
(barns 

00 ± 0 
01 ± 
07 ± 
97 + 
81 ± 
99 ± 

29 ± 
31 ± 
2 ± 
98 ± 
89 ± 
04 ± 
51± 
53 ± 

3 49± 
3 6 ± 

0 

) 

05 
04 

0 06 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

10 
05 
10 
06 
05 
8 
08 
10 
11 
55 
30 
35 
4 

^R - N Oj^ 
P A 

-> 
(cm^ g"') 

5 98 ± 
8 79 ± 
7 17 + 
5 40 ± 
4 07 ± 
3 72 ± 
4 09 + 
2 92 + 
2 0 + 
2 14 ± 
1 90 ± 
1 94 ± 
8 21 ± 
1 03 ± 
1 01 ± 
9 1 ± 

0 3) X 

0 35) X 

0 43) X 

0 54) X 

0 24) X 

0 37) X 

0 20) X 

0 12) X 

1 4) X 

0 09) X 
0 10) X 

0 11) X 

1 81) X 

0 09) X 
0 10) X 

1 0) X 

10-1 
10-2 

10-2 

10-2 

10-2 

10-2 

10-2 

10-2 

10-2 

10-2 

10-2 

10-2 

10-3 

10-2 

10-2 

10-3 

0 'Y a.t 8 M e v 

(barns) 

1 10 
1 80 
1 70 
1 50 
1 60 
1 20 
1 60 
1 80 
2 40 
3 20 
3 45 
3 65 
4 90 
5 20 
5 10 
6 10 

2j'-p 

— ^ at 8 Me 

(cm2 g-i) 

6 58 X 10"' 

1 57 X 10-' 

1 14 X 10-' 

8 36 X 10-2 

8 03 X 10-2 

4 51 X 10"' 

5.07 X 10-2 

4 01 X 10-2 

4 08 X 10-2 

3 46 X 10-2 

3 55 X 10"2 

3 47 X 10-2 

1 60 X 10-2 

I 51 X 10-2 

1 47 X 10-2 

1 54 X 10-2 

Derived Oĵ  va lues f rom m e a s u r e m e n t s behind compounds of the e l emen t s 

F r o m Chapman, G T , and C L S t o r r s , "Effective Neutron Removad C r o s s Sections for 
Shielding," AECD-3978 (ORNL-1843)(September 19, 1955) 

Clifford, C. E., " The ORNL Shield Testing Facility, " ORNL-402 (November 4, 1949) 
Chapman, G. T. , and C. L. Storrs, " Effective Neutron Removal Cross Sections for 
Shielding," AECD-3978 (ORNL-1843)(September 19, 1955). 



Table 4.3 

REMOVAL CROSS SECTIONS FOR VARIOUS COMPOUNDS 

Compound 

Boric Oxide, BjOj 
Boron Carbide, B4C 

Fluorothene, C2F3CI 
Heavy Water, DjO 

R. 
C 

M icrosc opic Remov 
ross Section (barns) 

4 30 
4 3 
5 I 
6.66 
2 76 

0.41 
0 4^ 
0 4^ 
0 8 
0 11 

al 
Compound 

Lithium Fluoride, LiF 
Oil, CH2 
Paraffin, CjoH^z 
Perfluoroheptane, C7F14 

j ^ , Microsc opic Rem.oval 
Cross Section (barns) 

2 43 
2 84 

80 5 
26 3 

0 34 
0 11 
5 2 
0.8 

^Twelve l - m -thick B4C slabs against source plate (Exp 42) 
"Solid slab against source plate (Exp 33) 

From Chapman, G. T , and C L Storrs , "Effective Neutron Removal Cross Sections for Shielding,' 
AECD-3978 (ORNL-1843)(September 19, 1955) 
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this was a p rac t i ca l thing to do. It was recognized that the re were l im i t a 
t ions , since this removal c r o s s section was not r ea l ly a constant and, 
the re fore , could be used only under l imited c i r c u m s t a n c e s . Subsequent 
invest igat ions did substant ia te the use of the remova l c r o s s section imder 
ce r t a in l imi ta t ions and with l imited accuracy. For a m o r e e laborate d i s 
cussion of the theore t ica l and exper imenta l implicat ions of removal theory 
the r e a d e r is r e f e r r e d to the s u m m a r y by Goldstein. Some of the m o r e 
obvious l imi ta t ions will be briefly given h e r e . 

In the f i r s t p lace , the use of remova l theory r e q u i r e s a fission 
neutron source and a hydrogenous medium, the l a y e r s of other m a t e r i a l s 
being i m m e r s e d in the hydrogenous medium and near the source . There 
have been meas i i r emen t s on the effect of the slab location on the removal 
c r o s s section^">^^ which indicate that this i s not a se r ious problem except 
when the slab is near the de tec tor . In this ca se the once-col l ided neut rons 
will not have had ample hydrogen in which to be modera ted and absorbed; 
as a r e su l t , t he re will be an inordinate number of i n t e rmed ia t e - ene rgy 
neutrons to give e r roneous read ings for remova l c r o s s - s e c t i o n m e a s u r e 
men t s . A layer of m a t e r i a l , for example , i ron, located too near the shield 
ex te r io r surface would r e su l t in the leakage of a l a rge number of 
i n t e rmed ia t e - ene rgy neu t rons . Additional, m o r e difficult, calculat ions 
would be r equ i r ed in o rde r to desc r ibe adequately such a s i tuat ion.^° 
To a l imi ted degree this same effect would be noticeable for the removal 
c r o s s sect ion of a m a t e r i a l d is t r ibuted tiniformly throughout the hydrog
enous medit im. The difference in the remova l c r o s s sect ion due to this 
d is t r ibuted effect has been m e a s u r e d ^ ^ and found to be re la t ive ly smal l . 
This does, however , r e q u i r e some considera t ion when remova l c r o s s 
sect ions a r e ut i l ized to desc r ibe at tenuation in conc re t e . The fact that 
m e a s u r e d re laxa t ion lengths in concre te a r e v e r y nea r ly the r e c i p r o c a l 
of the calculated remova l c r o s s sect ions (please re fe r to Table 4.4) 
indicates that the concept of a r e m o v a l c r o s s sect ion is appl icable , but 
a s s u r a n c e that the re is adequate hydrogen p re sen t is a lso n e c e s s a r y to 
ensure adequacy of the shield. 

25 
Goldstein, H., "The Attenuation of Gamma-Rays and Neutrons in Reactor Shields," U.S. Govt. 
Printing Office (May 1, 1957) p. 255 ff. 

^Schamberger , R. D. , and F.J. Shore, "The Effective Removal Cross-Section of Iron, " BNL-2714 
(November 22, 1955X 

2'Cooper, C . , J. D, Jones and C. C. Horton, "Some Design Criteria for Hydrogen-Metal Reactor 
Shields, " Paper P/84 of the International Conference on Peaceful Uses of Atomic Energy, 
Geneva, Switzerland, June, 1958. 

•'"Wood, D. E., "Intermediate Energy Neutron Leakage through Iron, " Nucl. Sci. and Eng. 
5„(#1) 45 (January, 1959). 

29Trubey, D.K., and G. T. Chapman, "Effective Neutron Removal Cross Sections of Carbon 
and Oxygen in Continuous Media, " Applied Nuclear Physics Division Annual Report, ORNL-2081, 
(November, 1956) Chap. 41 , p. 167. 



Table 4.4 

NEUTRON CONSTANTS FOR CONCRETES 

Conor 

0 1 -

0 2 -

0 3 -

04 -

F P -

BA-

M -

M 
BR-

I - l 
2 

MSl-

MS2-

L S -

LS 
F e 

e t e a 

a 
b 

c 
a 
b 

c 
a 
b 
c 

a 
b 
c 
a 
b 

c 
a 
b 

c 
a 
b 

c 

a 
b 
c 

a 
b 

c 
• a 

b 

c 
a 
b 

Dens i ty , 
gm/cnn^ 

2.33 

2.30 
2.22 

2.39 

2.47 
2.47 
2.35 

4.68 
4.57 

3.46 
3.35 

3.62 
3.52 

3.29 
4.26 

3.62 
3.62 
4.5 
4.4 

4.74 
4.64 

4.64 
4.54 
4.24 
7.85 

c m " ' 

0.0744 

0.130 
0.102 

0.127 

0.108 

0.474 
0.405 

0.200 
0.154 

0.379 
0.322 

0.477 

0.581 
0.454 
0.504 
0.436 

0.504 
0.436 

0.586 
0.528 

Ds . 
c m 

1.00 

0.531 
0.707 

0.558 

0.715 

0.348 
0.463 

0.484 
0.722 

0.418 
0.559 

0.387 

0.315 
0.442 
0.365 
0.472 

0.356 
0.458 

0.269 
0.324 

« r , 
C a l c . 

0.078 
0.072 

0.088 
0.081 

0.087 

0.087^ 

0.088 

0.13 
0.12 

0.095 
0.084 

0.11 
0.10 

0.12 

0.13 
0.11 
0.13 
0.12 

0.13 
0.12 

0.14 
0.13 

0.17 

c m - i 

Exp t l . 

0 .083^ 

0.086^ 

0 .15^ 

0 .13^ 

0.19^ 

X, c m 
(Exptl . ) 

11 .1 ' 

11.7^ 
11.S': 

8.0' 

8.75'^ 
6.3^= 

T, 

cm^ 

349 
581 

1370 
101 
205 

1530 
119 
222 

1250 

179 
316 

1450 
51.6 
92.4 

275 
86.9 

179 
1650 

75.4 
141 
708 

79.1 
153 
925 

69.0 
131 
713 

56.0 
113 
958 

Df, 
c m 

1.40 

1.14 
1.51 
2.04 
1.23 
1.39 
1.65 

1.31 
1.57 
1.73 

1.10 
1.29 
1.62 

.889 

0.814 
0.932 
1.00 

7.4^ 

A s s u m e d w a t e r r e t e n t i o n : a = 100%; b = 50%; c = 0% 
"Unpubl i shed r e s u l t s f r o m the c o U i m a t e d s o u r c e ANL Shield F a c i l i t y , "Shielding E x p e r i 

m e n t s , " Chap te r 6.2 p . 172, N u c l e a r R e a c t o r E x p e r i m e n t s ( P r i n c e t o n : D. Van N o s t r a n d 
Co. , 1958). 

"^Hogerton, J . F . , and R. C. G l a s s , " R e a c t o r Handbook," A E C D - 3 6 4 5 , Vol. 1, P h y s i c s , 
( M c G r a w H i l l Book Co. , M a r c h , 1955) p . 674, 

'^Hanford da ta , Tab le 5. 
<2Zobel W., and T. A. Love , "Applied N u c l e a r P h y s i c s Div is ion R e p o r t , " ORNL-2081 

( S e p t e m b e r , 1956) p . l 6 l . 
f B l i z a r d , E . P . , and J. M. M i l l e r , "Rad ia t ion At tenua t ion C h a r a c t e r i s t i c s of S t r u c t u r a l 

C o n c r e t e , " ORNL-2193 (August 29, 1958). 



There should be a var ia t ion of remova l c r o s s section with the 
th ickness of the s lab , but this has not been observed to date . F u r t h e r m o r e , 
the effect of geometry on the r emova l c r o s s section mus t be p roper ly 
accounted for. This includes the fact that the slab th ickness changes the 
path geomet ry of the neutrons in water , as well as the fact that the neutron 
sources in p rac t i ce a r e finite and iso t ropic r a the r than constituting the ideal 
infinite plane co l l imated source . Measuremen t s of col l imated source r e -
moval c r o s s sect ions for i ron have been miade-^"'-^^'-^ and the r e su l t s a r e 
c r o s s sect ions that a r e approximate ly 10% higher than the usual va lues . 
These cannot be ut i l ized in the usual calculat ions involving remova l c r o s s 
sect ions (see formtila 3.21) but, no doubt, could give r e s u l t s that would in
dicate the re la t ive m e r i t s of two m a t e r i a l s , or could be used in equations 
adjusted to be used with these c r o s s sec t ions . 

Many of the preceding effects a r e due to the r emova l p r o c e s s occu r 
r ing at different d i s t ances f rom the source and a r e to some extent a m e a s 
u rement of the energy dependence of the r emova l c r o s s sect ion. At tempts 
to define a theore t ica l r emova l c r o s s sect ion that is energy-dependent have 
been made33,34 for application to neu t ron-d is t r ibu t ion ca lcula t ions . The 
re stilts have been ve ry sa t i s fac tory , but at the p r e s e n t t ime it is not c lear 
jus t how much accu racy was gained by the energy dependency of the remova l 
c r o s s sect ion. This may r e su l t in a ref inement of the use of r emova l c r o s s 
sec t ions , but probably the g rea te s t difference will be noted in the case of a 
m a t e r i a l with a rap id ly varying c r o s s sect ion in the energy range of i n t e r e s t . 
As prev ious ly d i scussed , the re is not an apprec iable va r ia t ion of the r e 
moval c r o s s sect ion of i ron with the slab location, even though the re is a 
r easonab le spec t rum change. This m e r e l y points out the fact that , in 
genera l , t he re is not much var ia t ion in the total neut ron c r o s s sect ion of 
i ron in the h igh-energy region, nor is the re much var ia t ion for mos t m a t e 
r i a l s . The var ia t ion of the f iss ion neutron spec t rum as f i l tered through 
water is given in the Shielding Design Manual.-^^ 

.10 
Schamberger, R. D., and F. J. Shore, " A Review of the Brookhaven Shielding Program" BNL-2713 
(September 1, 1955). 
Schamberger, R. D., and F. J. Shore, " Cross-Sections with a Collimated Fission Neutron Source, " 
Reactor Shielding Information Meeting. WASH-292 Pt. 3 (May, 1955). 

•̂ - Unpublished results from ANL Shield Facility. 
•̂ ^ Cooper, C., J. D. Jones and C. C. Horton, " Some Design Criteria for Hydrogen-Metal Shields, " 

Paper P/84 of the International Conference on Peaceful Uses of Atomic Energy , Geneva, 
Switzerland, June, 1958. 

''•*Bourgeois, J,, et al , , "Methods and Experimental Coefficients Used in the Computation of 
Reactor Shielding, " Paper P/1190 of the International Conference on Peaceful Uses of Atomic 
Energy, Geneva, Switzerland, June, 1958. 

"'^Rockwell, T. , UI, Editor. Reactor Shielding Design Manual, TID-7004 (McGraw-Hill & 
D. VanNosuand, March, 1956) p. 55. 



Studies have been made of the re la t ive values of the removal c ro s s 
section as compared to the total neutron c ross section.^" '^ ' »-̂ ° The r e 
sults indicate that the neutrons which a re important a r e those of about 
8 Mev (please refer to Figure 4. 2). The decrease in number of fission neu
t rons with inc rease in energy, coupled with the more rapid attenuation of 
neutrons in water with dec rease in energy, tends to define an effective 
energy band at about eight Mev in a situation where fission neutrons a re 
attenuated by water . This , in addition to the relat ively small variat ion of 
the total c ro s s section for most m a t e r i a l s at high energy, gives the reason 
that the concept of a constant removal c ro s s section is relat ively valuable. 

-3 Q 

In addition to the removal c ro s s section, an attenuation kernel -̂  
for fission neutrons in water has been determined. This has been demon
s t ra ted to match very nicely a theore t ica l ly determined function: 

N(x) = 5.4(0x)°-29 exp [-0.928 {ex)°-^^ - Goo^ - (1 -0) Or^] , 4.3 

where N(x) gives the neutron flux at x cen t imeters from an infinite-plane 
source emitting 2.5 neutrons per cm^ sec in a para l le l beam. The m a c r o 
scopic oxygen removal c ro s s section is denoted by Qg and the macroscopic 
removal c ros s sections of the other heavy elements in the shield a re 
symbolized as O-^. The volume fraction of water in the shield is denoted 
as 0. While this formula is somewhat clumsy for analytical purposes , it 
may be quite eas i ly utilized by numer ica l ly integrating it in an expression 
such as equation 3.48. F o r convenience to this end, note Figure 4.3. 

Another concept frequently util ized in fast neutron calculations is 
that of the m e a s u r e d attenuation length. P resumably , if the fast neutron 
re laxat ion length, or attenuation length, i .e . , the distance in which the 
fast neutron flux is reduced by a factor of e, is measured for a concrete 
shield, it may be applied in the calculations for another concrete shield of 
the same composit ion. Appropriate cor rec t ions must be made. Of these 
the geometr ica l cor rec t ion will not be much of a problem, but a spect rum 
change would be r a the r complex, and extrapolation to slightly different 
concre tes may not be easy to do proper ly . There has not been very much 
re l iab le data in the past ,40,41,42 ^^^ the re a r e increasing efforts in this 

Chapman, G. T . , and C. L. Storrs, "Effective Neutron Removal Cross Sections for Shielding, " 
AECD-3978, (ORNL-1843XSeptember 19, 1955). 

on 

•^'Blizard, E. P. , "The Shielding of Nuclear Reactors, " Paper P/2162 of the International Conference 
on Peaceful Uses of Atomic Energy, Geneva, Switzerland, June, 1958. 

''^Goldstein, H., "The Attenuation of Gamma-Rays and Neutrons in Reactor Shields, " U.S. Govt. 
Printing Office (May 1, 1957), p. 275. 

39Rockwell, T . , III, Editor, Reactor Shielding Design Manual, TID-7004 (McGraw-Hill & 
D. van Nostrand, March, 1956), p. 52. 

^'^Hogerton, J. F . , and R. C. Grass, The Reactor Handbook, Vol.1, Physics, AECD-3645 
(McGraw-Hill Book Co. , 1955) p. 674. 

^•'^Clifford, C.E. , "The ORNL Shield Testing Facility, " ORNL-402 (November 4, 1949). 
"^^Pratt, W. W., et a l . , "The Attenuation Characteristics of Brookhaven Concrete, " ANL-145 

(December 17, 1951). 
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,. ^. 43,44,45,46,47,48,49,50 . . . . . . . ^. „ , . 
direct ion some of which include the effects of r e 
moving water by success ive heating (see Table 4.5). P r e l im ina ry work 
indicates that the removal c ro s s section is quite near ly the value of the 

515? rec ip roca l of the m e a s u r e d attenuation length for fast neutrons • and 
may be applied in a s imi lar fashion. 

Table 4.5 

MEASURED RELAXATION LENGTHS FOR SEVERAL CONCRETES 
AS A FUNCTION 

Concrete Type 

I ron-Limoni te 
Magnetite -Limonite 
Magnetite 
Ordinary 

(Sulfur 

Density 
gra/cm^ 

4.231 
3.39 
3.59(.') 
2.47 

o r CONCRETE TEMPERATURE 
Foil Activat ion Meth od) 

Relaxation Length, cm 

Unheated 

7.4 
8 9 
8.75 

11.8* 

Tempera ture 

100° C 

7.9 
9.7 
9 52 

-

185°C 

9.0 
10.5 

9.75 
-

3 20° C 

10 0 
10.5 
10.1** 

-

Reference 

b 
b 

a,c,d 
a,c,d 

*I1.8 cm for f irs t 2 ft; 12.4 cm for next 2 ft Measurements at higher 
t e m p e r a t u r e s m p r o g r e s s . 

**10.1 cm for f i rs t 28 m.; II I after Zb m. 

^Wood, D.E., "Neutron Attenuation of Magnetite Concrete Heated to 
100° C," HW-53395 (October, 1957) 

Bunch, W. L., "Attenuation P rope r t i e s of High-Density Port land 
Cement Concretes as a Function of Tempera tu re , " HV/-54656 
(January 22, 1958), p . 41 . 

''V/ood, D.E., and E. G. Pe te r son , "Neutron Attenuation m Magnetite 
Concrete Heated to 200° C," HV/-55372 (March 25, 1958) 

"V/ood, D.E., and E . G . P e t e r s o n , "Neutron Attenuation of Magnetite 
Concrete Heated to 100° C, 200° C, and 300° C," T r a n s . Amer . Nuclear 
Society, 1 (#1) 67 (June, 1958). 

43 
Davis, H. S. , "Thermal Considerations in the Design of Concrete Structures for Shielding Atomic 
Power Plants, " Paper #9, Nuclear Congress, Chicago (March 17-24, 1958). 
Bunch, W. L. , "Attenuation Properties of High Density Portland Concretes As a Function of 
Temperature, " HW-54656 (January 22, 1958). 

•̂ ^ Blizard, E. P . , and J. M. Miller, "Radiation Attenuation Characteristics of Structural Concrete, " 
ORNL-2193 (August 22, 1958). 
Peterson, E.G. , "Neutron Attenuation m Ordinary Concrete, " HW-55938 (1958), 
Blosser, T. V. , "A Study of the Nuclear and Physical Properties of the ORNL Graphite Reactor Shield, " 
ORNL-2195 (September 8, 1958). 

^° Wood, D. E. , and E.G.Peterson, "Neutron Attenuation Characteristics of Magnetite Concrete Heated 
to 100°C, 200°C, and 300°C, " Transactions of the American Nuclear Society, 1, #1, 67 (June 1958) 
Fryar, R, M., and E, G. Peterson, Private Communication 
Dyson, J. A, , and J, R, Harrison, "The Dependence of Fast Neutron Attenuation in Portland Concrete 
on Its Hydrogen Content, " AERE-RP/R-1942, Harwell, England (1956). 
Blizard, E.P., "Radiation Attenuation Characteristics of Structural Concrete, " ORNL-2193 
(August 29, 1958). 

^^ ANL-5800 "Reactor Physics Constants"(1952) Table 7-18, p. 477. 



In app ly ing any of the c o n c e p t s to the d e s i g n of c o n c r e t e s h i e l d s , 
one m u s t be c a u t i o u s r e g a r d i n g the w a t e r con ten t . Whi le the h i g h - e n e r g y 
flux wil l no doubt be f a i r l y we l l r e p r e s e n t e d by the r e m o v a l c r o s s s e c t i o n 
a n d / o r the a t t e n u a t i o n l eng th , the p r e d i c t i o n of the t o t a l n e u t r o n a b s o r p t i o n 
d e n s i t y m u s t be c o n s i d e r e d a l s o . If t h e r e i s an a b u n d a n c e of w a t e r in the 
s h i e l d the n e u t r o n s tha t l e a v e the f a s t r a n g e wi l l be r a p i d l y m o d e r a t e d and 
a b s o r b e d . In s u c h a c a s e the t o t a l n e u t r o n a b s o r p t i o n d e n s i t y m a y be 
a d e q u a t e l y r e p r e s e n t e d by the t h e r m a l n e u t r o n a b s o r p t i o n d e n s i t y and the 
t o t a l n e u t r o n d o s e wi l l be r e p r e s e n t e d by the f a s t n e u t r o n d o s e . If, h o w 
e v e r , no h y d r o g e n i s p r e s e n t , the flux of n e u t r o n s in the i n t e r m e d i a t e 
e n e r g y r a n g e wi l l t end to i n c r e a s e a n d m a y w e l l be the m a i n c o n t r i b u t o r 
to the t o t a l n e u t r o n dose and the t o t a l n e u t r o n a b s o r p t i o n d e n s i t y . E x a m p l e s 
of m a t e r i a l s in w h i c h t h i s m a y o c c u r a r e t h i c k l a y e r s of s o d i u m , 5 2 a 
iron-'-^ o r c o n c r e t e wi th a low w a t e r con ten t . The w a t e r con ten t h a s r e 
cen t ly b e e n d e t e r m i n e d to be a d e q u a t e a t 7%,^^'^^ a l t h o u g h m o r e w a t e r 
would c a u s e an i n c r e a s e in the n e u t r o n a t t e n u a t i o n . 

The c o n c e p t s of " r e m o v a l t h e o r y " and f a s t n e u t r o n r e l a x a t i o n l e n g t h 
a r e no t su f f i c i en t ly c o m p l e t e to do a s h i e l d d e s i g n . In o r d e r to p r e d i c t n e u 
t r o n a b s o r p t i o n d i s t r i b u t i o n s in the s h i e l d m a t e r i a l s , the d i s t r i b u t i o n of 
f luxes of the n e u t r o n s of l o w e r e n e r g y m u s t f i r s t be p r e d i c t e d . P e r h a p s 
the f i r s t m e t h o d one would th ink of i s t h e u s u a l t w o - g r o u p diffusion m e t h o d 
of c a l c u l a t i n g r e a c t o r f l u x e s : 

DfV^Of - Oaf'I'f + Qf = 0 4 .4 

DsV^Os -CJas <l>s + Qs " 0 4 .5 

The s o l u t i o n of t h e s e e q u a t i o n s would y i e l d a t h e r m a l n e u t r o n flux wh ich , 
in t u r n , would g ive a f i r s t a p p r o x i m a t i o n to the n e u t r o n a b s o r p t i o n d i s t r i b u 
t ion when m u l t i p l i e d by the t h e r m a l n e u t r o n a b s o r p t i o n c r o s s s e c t i o n . T h e s e 
e q u a t i o n s would d i f fer f r o m the t w o - g r o u p e q u a t i o n s for r e a c t o r c o r e c a l 
cu l a t i ons in t h a t the s o u r c e t e r m of f i s s i o n n e u t r o n s would be z e r o in the 
s h i e l d . T h e r e a r e a t l e a s t two d i s c r e p a n c i e s in t h i s u s e of the t w o - g r o u p 
e q u a t i o n s . F i r s t , t h i s f a s t n e u t r o n flux would not n e c e s s a r i l y be the s a m e 
a s the f a s t n e u t r o n flux d e t e r m i n e d by r e m o v a l t h e o r y and , t h e r e f o r e , 
could not be u s e d to d e t e r m i n e n e u t r o n d o s e r a t e o r r a d i a t i o n d a m a g e . 

52a Grotenhuis. M.. H, I. Kraig, and A. E. McArthy, "EBR-II Shield Design Calculations" Reactor 
Engineering Division Quarterly Report, ANL-5571, Section I, p. 146, (July, 1956X 

53 Wood, D. E., "Intermediate Energy Neutron Leakage through Iron, " Nuc. Sci. and Eng. S, 
(#1)45 (January, 1959). 

54 Blizard, E. P., "Radiation Attenuation Characteristics of Structural Concrete, " ORNL-2193 
(August 29, 1958X 

55 Dyson, J. A., and J, R. Harrison, "The Dependence of Fast Neutron Attenuation in Portland 
Concrete on Its Hydrogen Content, " AERE-RP/R-1942 (1956). 
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It rea l ly is a quanti ty which, with p rope r ly determined constants , s e rves 
as a source t e r m of the t h e r m a l neu t rons , and it includes all neutrons 
above t h e r m a l energy. This , of course , is p roper in the type of calcy-la-
t ionfor which it was intended, namely, core calcula t ions . Secondly, the 
quantity a e/^r i s not p rope r ly defined for such use in that it r e f e r s to 
the r ec ip roca l of the age of f ission neutrons in a m a t e r i a l when the fission 
neut rons a r e born in that m a t e r i a l . As the neutrons a re not born in shield 
m a t e r i a l s the spec t rum would be different from that in the core . This 
spec t rum, of c o u r s e , differs m o r e and m o r e from the core spectr iun as 
the distance, from the core becomes g r e a t e r . 

An extension of th is method to six energy groups has been used 
to de te rmine the neutron dis t r ibut ions in the SRE. Measurements a re now 
being made ' to t e s t the validity of the calcula t ions . Other analyses have 
been made with up to twenty neut ron energy groups . ° ' ' ^ ' 

In o rde r to avoid some of the difficulties of the two-group method, 
such as the de te rmina t ion of T and D£ in shield m a t e r i a l s , an adjusted 
ve r s ion may be adopted. This probably is m o r e co r r ec t ly called a o n e -
group p rob lem: 

Ds V2$g - <7as<^s + Q s = 0 . 4.6 

where Qs is de te rmined f rom the loss of fast neu t rons , and the other con
stants a r e the usua l ones . The fast neutrons in this ca se a r e those having 
an energy of one Mev and g r e a t e r as de te rmined by remova l theory . It is 
these neut rons which a r e the control l ing influence in deep shield p e n e t r a 
t ions . 

Assuming local slowing down, the source t e r m "Q" may be ex
p r e s s e d as the negative d ivergence of the fast cu r ren t : 

Qg = -Div Jf , 4.7 

since th is is the number of fast neut rons lost per unit voluine per sec . 

Fillmore, F. L., and R. J. Doyas, "Analysis of Neutron Flux in the Shielding of the Sodium Reactor 
Experiment," NAA-SR-2953 (October 15, 1958) 
Anderson, F. D., "An Experimental Method of M« 
Penetrations," Trans. Amer. NucL Soc, 1̂  (#2) 70 (December, 1958). 
Hungerford, H. E., and R, F. Maniey, "Shie 
Nucleonics }A (#11) 120 (November, 1958). 
Grotenhuis, M. , H. I. Kraig, andA.E. McAt 
Engineering Division Quarterly Report, Section I, ANL-5571 (July 1956) p. 146. 
Abrams, M. J., and J. Agresta, "Multi-group Treatmen 
Trans. Amer. NucL Soc. 1 (#2) 134 (December, 1958). 

5'̂  Anderson, F. D., "An Experimental Method of Measuring Neutron Streaming at Reactor Vessel Pipe 

CO 

Hungerford, H. E., and R, F. Maniey, "Shielding the Enrico Fermi Fast Breeder Reactor,' 

^^ Grotenhuis, M., H.L Kraig, and A. E. McArthy, "EBR-II Shield Design Calculations, " Reactor 

"^Abrams, M. J., and J. Agresta, "Multi-group Treatment of the 2. 8-Kev Sodium Resonance, 
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It is pes s imis t i c to a s s u m e that the fast neutron cur ren t is equal in m a g 
nitude to the fast neutron flux: 

I J f l - ' ^ f 

so that the source t e r m is given approximately by 

Qg = - D i v (g, <%) . 4.8 

Here n is a unit vector having the direct ion of the gradient of the flux. Fo r 
a fast neutron flux which is exponential in plane geometry, 

<I>£(x) - %(o) e" neut /cm^ sec ; 4,9 

the source t e rm becomes , 

Q (x) - a<J>.(o) e" neut/cm^ sec , 4,10 
s 

and the t h e r m a l neutron flux may be expressed in slab geometry a s , 

(I'g(x) = A e ^ + B e ^ + e neu t / cm ' ' s ec , 4,11 
Ds(/cJ - a') 

The coefficients A and B a r e to be determined by boundary conditions as in 
s imi lar problems that occur in r eac to r theory or diffusion theory. The 
boundary conditions include the usual continuity of flux and cur ren t at the 
interfaces of reg ions , and a known the rma l neutron flux at the init ial bound
ary . At black boundaries the flux may be set equal to zero at the black s u r 
face, or at the extrapolated boundary, and in the las t m a t e r i a l , which is 
usually quite tMck, the flux may be set equal to zero at infinity. Note that 
" O" need not be a c r o s s section. It i s the negative slope of the logar i thm 
of the fast neutron flux in the region under considerat ion: 

O^ - - — In Oix) cm-^ , 4,12 
dx 1 

Often the fast neutron flux i s not exponential. It may then be approxi
mated by an exponential, where O i s de termined by (refer to F igure 4.4) 

1 '^f(°) 

This makes possible the use of equation 4 .11 , which makes the calculation 
a re la t ively s imple one by hand computing methods . The fast neutron flux 
in the sotorce t e r m , equation 4.10, may also be r ep resen ted as a sum of 
two exponentials in circvtmstances where this would yield the n e c e s s a r y 
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accuracy . Of course , if a computing machine is available, the source t e r m 
may be put in point by point and this approximation may be avoided. The 
use of a machine will also make possible a somewhat more representa t ive 
geometry . 

/n<J> 

F i g u r e 4 ,4 

I l l u s t r a t i o n of F a s t N e u t r o n F l u x for 
the D e t e r m i n a t i o n of O. 

The a p p l i c a t i o n of F i c k ' s l aw , 

j£(x) = - D£ g r a d '^'^(x) n e u t / c m ^ sec 

in equa t ion 4.7 l e a d s to a change in equa t ion 4 ,11 ; 

0, 
/ \ A '< ŝx .,,, -/CoX a^DfOf(o) - a x / 2 
(x) = A e '̂  + B e ^ + ^ ^̂  ' e n e u t / c m ^ s e c . 

4 ,14 

4.15 
Ds(/c2 - a^) 

While t h i s l e a d s to m o r e a c c u r a t e r e p r e s e n t a t i o n of t h e t h e r m a l n e u t r o n 
flux"-'- in a spec i f i c c a s e , i t i s b e l i e v e d to be s o m e w h a t fo r tu i t ous s ince 
bo th a p p r o a c h e s g ive r e s u l t s r e a s o n a b l y c l o s e to the m e a s u r e d v a l u e s . 
The m a g n i t u d e of the change i s not a v e r y g r e a t one and s ince the va lue 
of Df to be u s e d i s not too obv ious in a l l m a t e r i a l s , t he gain in a c c u r a c y 
i s s o m e w h a t in doubt . 

61 Duncan, D. S,, "Application of Fast Neutron Removal Theory to the Calculation of Thermal 
Neutron Flux Distributions in Reactor Shields, " NAA-SR-2380 (July 1, 1958). 



If the p rocedure given by equations 4.6 and 4.10 is applied to the 
calculat ion of the t h e r m a l neutron flux in a t h e r m a l column, formulas for 
the t he rma l neut ron flux that will be useful for shielding calculat ions and, 
on a compara t ive b a s i s , for other s tud ies .may be obta ined. The usual 
diffusion equation with no source t e r m is 

V^ $ - ^ 2 ^ = 0 4.16 

where the fltix may be r e p r e s e n t e d as 

$ (x,y,z) = X(x) Y(y) Z(z) neu t /cm^ sec . 

Assuming the var iab les to be sepa rab le , it follows that 

4.17 

and 

X"YZ + XY"Z + XYZ" - <^ XYZ = 0 
s 

X" Y" Z" 2 

4.18 

4.19 

Defining the constants a , jS"̂ , and 7 p r o p e r l y yields 

X " Y" Z" - 0,2 ,2 _ 
X - ' ^ ; + - Y + ^ = °̂  - ^ - r = ^ 4.20 

which inay be broken into p a r t s that give the following solut ions , a s suming 
that the t h e r m a l neu t ron flux is ze ro for y = + b and z = - c, (see F i g 
u re 4.5), 

and, 

X(x) = A exp [-{icl + a2)l/2x] a^ = /32 + y 

Y(y) = B c o s P y , ^= ^ 

Z(z) = C cos 7 z. 7 = 
7T 

2^ 

4.21 

Figi i re 4.5 

G e o m e t r y for the Rec tangular 
T h e r m a l Colximn 



The thermal neutron flux in the absence of a source term is then 

0 (x,y,z) = K exp[-(/c| - a^) /̂̂ x] cosjBy cos7z neut/cm^-sec , 4.22 

Note that the above expression, except for the cosine terms, corresponds 
to the approximate formula given^^ for thermal neutron attenuation in a 
thermal column. An approximate solution for the thermal coliimn center-
line thermal neutron flux in the presence of an exponential source term is 

* 
, , . k x „ - k x f , / 2 
(x) = Ae + Be + ,2 zT' neut/cm sec 

4.23 

where the use of 

1 2 _ 2 , 2 
k - K„ T a 

instead of K;| accounts for the transverse leakage. 

In the case of a cylindrical thermal column similar considerations 
yield the following thermal neutron flux (see Figure 4.6): 

<I)(r,x) = $ (o) Jo(i6r) exp [-(/c| + ̂ ^^^^x] neut/cm^ s e c 

where 

^ 
2.4048 

4,24 

\ 
0̂ \ 

/ 
y 

Figure 4.6. Geometry for a Cylindrical Thermal Column 

The centerline thermal neutron flux with a source term becomes 

kx 
$(x) = A e + Be 

Dglk^+a^) 
neut/cm sec 4.25 

62 Hogerton, J. F,, and R. C. Glass, Reactor Handbook Vol. I, Physics AECD-3645 
(McGraw-Hill Book Co., March, 1955) p. 18 
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where , s imi l a r ly . 

k^ = / c | + jS^ 

"While the one-group method desc r ibed on pages 99 and 100 is not a 
"hajidbook" method that m a y be ind isc r imina te ly used, it has been checked 
agains t E B R - I data,63,64 compared to other calculat ions for EBR-II 
design work,65 and used as a bas i s for shield designs.°D>° '7 A compar i son 
of this p rocedure to BSF data^S indicates the accu racy of the approach in 
a water medium. 

If, for some type of r e a c t o r , such as a fast r e a c t o r , or , for some 
region of a shield, such as a thick l ayer of i ron , the t h e r m a l neutron flux 
is not an adequate r ep re sen t a t i on of the absorpt ion densi ty of neu t rons , an 
i n t e r m e d i a t e - e n e r g y group m a y be i n se r t ed : 

Di 7^^^ - aai $i + Qi = 0 . 4.26 

Now Q^ is the previous Qg in equation 4.6, and the Qg the re becomes 

Qg = Oai'=^i neut /cm^ sec . 4.27 

Equation 4.11 now becomes 

<I)i(x) = A e"^'^^'' + B e" '̂ '̂̂  + C e'^^"" n e u t / c m ^ s e c , 4.28 

where 

- g $ f ( o ) 

^ i ^ - Oai ^ - D . - c ^ - a . / ' 4.29 

Butler, J. W., M. Grotenhuis, "Analysis of Results of EBR Shielding Measurements, " Reactor 
Engineering Division Quarterly Report, ANL-5297 (July 1954) p. 63 
Grotenhuis, M., " Analysis of Results of EBR Shielding Measurements, " Reactor Engineering 
Division Quarterly Report, ANL-5371 (January 1954) p. 134 
Grotenhuis, M., H. I. Kraig, and A. E. McArthy, " EBR-II Shield Design Calculations," 
Reactor Engineering Division Quarterly Report ANL-5571, Section I, (July, 1956) p. 146 
Grotenhuis, M., and J. W. Butler, " Experimental Boiling Water Reactor (EBWR) Shield 
Design," ANL-5544 (August, 1956) 

^'^ Duncan, D. S.. "Results of Preliminary Shield Analysis in the 45. 5 MW OMR, " NAA-SR-2234 
(November 15, 1958) 

68 
Duncan, D. S., " Application of Fast Neutron Removal Theory to the Calculation of Thermal 
Neutron Flux Distributions in Reactor Shields, " NAA-SR-2380 (July 1, 1958) 
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and the t h e r m a l neutron flux is 

$g(x) = D e s + E e ^ + F e ^ + G e ^ + H e neut /cm'^sec 

4.30 
w^here 

-a .A 
F = r̂ P , 4.31 

s i a s 

-a .B 
G = f" , 4.32 

Ds S - ^as 
and 

-a .C 
H = f . 4.33 

^ s ^ - ^as 

This is not too c i imbersome to do by hand methods and r e s u l t s m a y be 
obtained^" which can at l eas t s e rve as a guide to thinking. 

The use of diffusion theory with a fast group de te rmined by remova l 
theory has been extended to t h r ee groups'^^'^^ with good r e s u l t s . In both 
cases the m a t e r i a l s w^ere i ron and water , the fast neutron group was based 
on r e m o v a l theory , and the in t e rmed ia t e constants were strongly dependent 
on exper imenta l r e s u l t s . The paper by Cooper et al., '-^ shows a mos t 
s ta r t l ing ag reemen t between ca lcula ted and m e a s u r e d t h e r m a l neut ron 
fluxes in r a t h e r e x t r e m e a r r a n g e m e n t s of i ron and w^ater. If machine s e r 
vices a r e avai lable and the p rob lem is of sufficient magnitude, the same 
type of approach may be used with many energy groups."^^ 

In o rde r to d i scuss the approach to be used in calculat ing neutron 
d i s t r ibu t ions , let us r e fe r to specific types of shields and specific energy 
r anges of neu t rons . Since fast neu t rons a r e subject to a sepa ra t e type of 
theory and are significant in that they a r e the chief cont r ibutors to the 
d i rec t neut ron dose, as well as the sou rce for all other energy neut rons far 
out in the shield, cons ider them f i r s t . 

Grotenhuis, M., H. I. Kraig, and A„ E. McArthy, Reactor Engineering Division Quarterly 
Report, ANL-5571, Section I (March, 1956) P. 146. 

'^ORockwell, T. , HI, Editor. Reactor Shielding Design Manual, TID-7004,(McGraw-Hill & 
D, van Nostrand, March, 1956) p. 66 

71 
Cooper, C., J. D. Jones, and C. C. Horton, et al . , " Some Design Criteria for Hydrogen-
Metal Shields, " Paper P/84 of the International Conference on Peaceful Uses of Atomic 
Energy, Geneva, Switzerland, June, 1958. 

'̂ ^ Butler, M., and Cook, Jo, "A Reactor Shielding Code for the IBM 7 04, " ANL-5859, unpublished. 



P r o b a b l y the b e s t known n e u t r o n d i s t r i b u t i o n i s t h a t of f a s t n e u t r o n 
dose in w a t e r a s m e a s u r e d in the BSF ' -^ ( F i g u r e 4.7) and L i d T a n k ^ ^ ( F i g 
u r e 4 .8) a t Oak R i d g e N a t i o n a l L a b o r a t o r y . T h i s d i s t r i b u t i o n h a s a l s o b e e n 
e s t a b l i s h e d t h e o r e t i c a l l y ; a s a r e s u l t t he n e u t r o n d i s t r i b u t i o n f r o m a f i s 
s i o n n e u t r o n s o u r c e in w a t e r i s we l l known. The t h e o r e t i c a l p l a n e c o U i m a -
t ed k e r n e l , N(x) , h a s b e e n d i s c u s s e d e a r l i e r in t h i s s e c t i o n ( p l e a s e r e f e r to 
e q u a t i o n 4.3 and F i g u r e 4 . 3 ) . T a k i n g f o r m u l a s 3.21 and 3.22 and i n t e g r a t i n g 
for a s h i e l d c o n s i s t i n g of w a t e r only , t h e r e i s o b t a i n e d 

*f(̂ ) = t 
Mn 

L̂i N(p) , n e u t / c m ^ s e c . 4.34 

In effect t h i s t a k e s t h e d a t a , wh ich h a s b e e n c o n v e r t e d to p l a n e c o U i m a t e d 
g e o m e t r y , and i n t e g r a t e s i t in s p h e r i c a l g e o m e t r y . I t i s i m p o r t a n t to no t e 
t h a t t he m e a s u r e m e n t s w e r e m a d e of d o s e r a t e and a r e , t h e r e f o r e , s o m e 
w h a t m o r e di f f icul t to n o r m a l i z e to a b s o l u t e n e u t r o n fltix t h a n the t h e o r e t 
i c a l c u r v e . 

In a p r a c t i c a l s i t u a t i o n t h e f a s t n e u t r o n s f r o m t h e c o r e m a y be 
e a s i l y s h i e l d e d by w a t e r , but the t h i c k n e s s of w a t e r t h a t s h i e l d s the f a s t 
n e u t r o n s wi l l not be n e a r l y t h i c k enough to s h i e l d the a s s o c i a t e d g a m m a 
r a y s . E x c e p t for a s w i m m i n g p o o l - t y p e r e a c t o r , w h i c h i s no t e f f i c i en t ly 
s h i e l d e d , s o m e h e a v y m a t e r i a l m u s t be a d d e d t o the w a t e r s h i e l d . T h e 
a s s o c i a t e d a t t e n u a t i o n of t h e f a s t n e u t r o n s due to t h i s a d d e d h e a v y m a t e r i a l 
wi l l be t a k e n in to a c c o u n t by u t i l i z i n g r e m o v a l c r o s s s e c t i o n in the s a m e 
formiula : 

s Mo 

1 ^ 
— y " a . a . 

1 = \ 

ne Ut/( c m s e c 4.35 

In o r d e r to m a k e t h i s c o n c e p t v a l i d , t h e h e a v y m a t e r i a l m u s t no t be the 
l a s t l a y e r of t h e s h i e l d ; t h e l a s t l a y e r m u s t be w a t e r , o r at l e a s t h y d r o g e 
n o u s , and a m i n i m u m of a b o u t s i x i n c h e s t h i c k . T h i s wi l l i n s u r e t h a t t he 
i n t e r m e d i a t e - e n e r g y n e u t r o n s do not a s s u m e too g r e a t an i m p o r t a n c e . 
S ince f o r m u l a 4 .35 c a n n o t be f u r t h e r i n t e g r a t e d , a n u m e r i c a l i n t e g r a t i o n 
i s n e c e s s a r y i n o r d e r t o o b t a i n n u m e r i c a l v a l u e s of t h e f lux . 

F o r a s i m p l e r c a l c u l a t i o n an a p p r o x i m a t i o n fo r t h e p l a n e c o l l i m a t e d 
k e r n e l m a y be m a d e : 

N(a) Al e ^ + A2 e ^ 4.36 
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The values of o^ and 02 to be used he re can be found in available r e f e r -
ences^^ ' ^^ or obtained by refi t t ing the data. Note that in the Design Manual 
the value of A1/A2 should be 35, not A ^ A j . If the spher ica l approximation, 
formula 3.40 is also included, the resul t ing formula is 

*f(a) 
Ri 

ZOg (Rg+a) 
[AiEi(aiRi +aa) + A2Ei(cr2Ri +0a)] neut /cm^ sec . 

4.37 

T h i s f o r m u l a r e p r e s e n t s t h e f a s t n e u t r o n f lux f r o m a s p h e r i c a l s o u r c e of 
f i s s i o n n e u t r o n s s h i e l d e d by w a t e r and m e t a l . The c h o i c e of f o r m u l a i s 
d e t e r m i n e d by t h e a c c u r a c y of o t h e r q u a n t i t i e s , s u c h a s s o u r c e g e o m e t r y , a s 
w e l l a s t i m e a v a i l a b l e and the a c c u r a c y t h a t i s r e q u i r e d . 

If the s h i e l d i s a l l m i a t e r i a l o t h e r t h a n w a t e r , o r a t l e a s t a m i n i m u m 
of w a t e r , s u c h a s a foot of r e f l e c t o r , f o r m u l a 4 .35 b e c o m e s 

<D(a) = _Q3 
2a, 

Mo 
djj e x p 

n 
E a.sL. 

1 1 
1 = 1 

ne u t / cm sec . 4.38 

In this case the water at tenuation will be exp re s sed by a r emova l c r o s s 
sect ion which, while somewhat i m p r o p e r , and although the remova l c r o s s 
sect ion is not a constant value, is accu ra t e enough over a l imited thickness 
of wa te r . If the same plane approximat ion for a sphere is uti l ized, fo rmu
la 4,37 becomes 

^a.) = R e Q3 

20^ ( R s + a ) 
Ej (0a) neu t /cm^ sec 4.39 

The subject of whether a substance like concre te may be t r ea ted by 
remova l theory is often r a i s e d . As far as the fast neut rons a r e concerned, 
this theory should be adequate . This s ta tement is supported by the fact 
that the m e a s u r e d fast neutron at tenuation lengths a r e very near ly the 
s ame as the r e c i p r o c a l of the ca lcula ted remova l c r o s s sec t ions ,^^ '7° o r , 
in the ca se of o rd ina ry conc re t e , the m e a s u r e d remova l c r o s s s e c t i o n ' " 
(please r e fe r back to Table 4.4), The r e a l question, however, is whether 
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the fast neut rons that a r e removed a r e adequately removed, i .e . , reduced 
to t h e r m a l energy rapidly . In o rde r to be sure of this the concre te mus t 
contain an adequate amount of water .80 Fo r example, while the use of 
r emova l c r o s s sect ions for calctilating fast neutron at tenuation in grave l 
will yield a fast neutron fliox which is r ep re sen ta t ive , it will make n e c e s 
s a ry detai led cons idera t ion of the neut rons in the in te rmedia te energy 
range, which will tend to s t r e a m through the shield in l a rge n u m b e r s . If 
adequate water is p r e sen t , the in te rmedia te neutron flux may be vi r tual ly 
ignored, pa r t i cu l a r ly in c a se s where it is the product of O^^-^ that is to be 
cons idered , such as in the de terminat ion of the capture g a m m a - r a y source 
s t rength . In this case the absorpt ion c r o s s section d e c r e a s e s with energy 
fas ter than the neutron flux i n c r e a s e s , and the resu l t ing product d e c r e a s e s 
with neut ron energy. 

The next neut ron energy to be cons idered is that of t h e r m a l neu
t r o n s . In s i tuat ions where t he re is adequate hydrogen p re sen t , a simplified 
p ic tu re , such as given by equation 4.11 will be adequate to de te rmine the 
t h e r m a l neut ron flux and, subsequently, the neutron absorpt ion density in a 
reasonably p e s s i m i s t i c fashion. The s lab geomet ry of equation 4,11 is not 
a s e r ious deviation from the t ru th in the fa r ther por t ions of the shield, and 
even close to the co re does not introduce grea t e r r o r s , usual ly l e s s by a 
factor of two. 

The value of 0 to be used m u s t be obtained f rom the fast neut ron 
ca lcula t ions , as indicated by equation 4.12 or 4 .13 . This number should 
be somewhat l a r g e r than the r emova l c r o s s sect ion for the region, s ince 
the t rue curve is always convex down from the exponential approximat ion. 
This deviation, which is at l eas t in p a r t due to the spher ica l geomet ry 
applied in calculat ing the fast neut ron flux, should d e c r e a s e with i n c r e a s 
ing dis tance f rom the c o r e . C a r e mus t be taken that , in fitting the expo
nent ia l s , the fas t neut ron flux does not become discontinuous at a boundary. 
The t h e r m a l neut ron flux may not be as r e p r e s e n t a t i v e . 

In o r d e r to apply equation 4.11 the boundary conditions mus t be set . 
At the core surface the t h e r m a l neutron flux mus t usual ly be specified. If 
this value i s not avai lable f rom core physics calculat ions it may be e s t i 
mated by equation 4.2 or some other suitable method. The usual boundary 
conditions at shield in te r faces a r e based on the r e q u i r e m e n t s of continuity 
of the flux and of the c u r r e n t . At black boundar ies or at an outer shield 
surface the flux may be set equal to ze ro at the ext rapola ted d i s t ance . The 
flixx may also be pe rmi t t ed to go to ze ro at a boundary which is a black 
sur face . This will of cour se r e s u l t in a somewhat higher c u r r e n t into the 
black surface than if the flux is ze ro at the extrapola t ion d i s t ances . C a r e 
mus t be e x e r c i s e d in the ca se of a low-absorbing ref lec tor followed by a 
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s t r o n g a b s o r b e r s u c h a s b o r a l . The b o u n d a r y cond i t i ons g iven wi l l no doubt 
be s a t i s f a c t o r y a s f a r a s t h e l o w - a b s o r b i n g r e f l e c t o r f lux i s c o n c e r n e d , but 
m a y o v e r - e s t i m a t e t h e t h e r m a l n e u t r o n f lux a t t e n u a t i o n by the b o r a l , and , 
a s a r e s u l t , u n d e r - e s t i m a t e the t h e r m a l n e u t r o n flux in the nex t r e g i o n . It 
m a y be b e s t to e s t i m a t e a n e w b o u n d a r y f lux for the r e g i o n fol lowing the 
b o r a l u s i n g b e t t e r e s t i m a t e s of t h e a t t e n u a t i o n p r o p e r t i e s of b o r a l . " ^ I t i s 
c o n v e n i e n t to u s e a s a b o u n d a r y c o n d i t i o n fo r the l a s t r e g i o n tha t the f lux 
goes to z e r o a f t e r an inf in i te t h i c k n e s s . T h i s wi l l r e q u i r e t h a t "A" in 
e q u a t i o n 4 .11 be z e r o and wi l l s imp l i fy the prob lenn for hajid c a l c u l a t i o n s 
wi thou t undue l o s s of a c c u r a c y . 

A c o n v e n i e n t d e v i c e for so lv ing the d e t e r m i n a n t t ha t r e s u l t s for t h e 
t h e r m a l n e u t r o n fltix for the e n t i r e s h i e l d i s to w o r k t h e p r o b l e m in p a i r s 
of r e g i o n s , t he l a s t of wh ich i s a l w a y s in f in i t e . As long a s the r e g i o n s a r e 
t h i c k , in t e r m s of u n i t s of d i f fus ion l e n g t h , t h e f lux a t t h e b o u n d a r y of r e 
g ions one and two wi l l r e m a i n u n c h a n g e d when r e g i o n two i s r e d u c e d in 
t h i c k n e s s f r o m inf in i ty to the p r o p e r f in i t e t h i c k n e s s . T h i s f lux wi l l t h e n 
b e c o m e the b o u n d a r y f lux for the nex t p r o b l e m , which i n v o l v e s r e g i o n two 
at i t s p r o p e r t h i c k n e s s and an in f in i t e r e g i o n t h r e e . The u s e of s l a b 
g e o m e t r y wi l l p e r m i t t he c o o r d i n a t e of e a c h r e g i o n to beg in at z e r o . A 
t y p i c a l s e t of b o u n d a r y e q u a t i o n s w i l l b e : 

•^sil^) - a p r e d e t e r m i n e d n u m b e r , 

<5si(ai) = *s2(o) , J s i ( a i ) = Js2(o) 

and 

«'S2(«') = 0 ( .-. A2 = 0) 

The r e s u l t i n g d e t e r m i n a n t i s 

Al Bi B2 

1 1 0 - N 

e " e * ' - 1 C2-Cie 
/c a - /c a 

-Dsi /Csie ^^ ^ DgiKg^e ^^ -Ds2'Cs2 Ds2a2C2-Dsi0 iCie 

A l i t t l e t hough t in a d v a n c e wi l l i n d i c a t e the r e g i o n s wh ich a r e not 
i m p o r t a n t . F o r e x a m p l e , a o n e - e i g h t - i n c h a l u m i n u m t a n k wi l l not affect 
t h e t h e r m a l n e u t r o n f lux a p p r e c i a b l y and , t h e r e f o r e , m a y be o m i t t e d f r o m 
a c a l c u l a t i o n of t h e n e u t r o n f lux . I t m a y be w o r t h c o n s i d e r i n g l a t e r a s a 
c a p t u r e g a m m a - r a y s o u r c e , and a t t h a t t i m e t h e t h e r m a l n e u t r o n f lux m a y 
be a s s u m e d to be t h a t w h i c h w a s c a l c u l a t e d at t he p o s i t i o n of t h e a l u m i n u m . 
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In case the re is a region which is too impor tant to be ignored, but 
st i l l is only of the o rde r of one diffusion length in th ickness , the same 
p rocedure may be applied as before but in a t h r e e - r e g i o n unit. This r e 
qu i re s that a f ive-by-five de te rminant be solved. One mus t be careful to 
note, however , any regions of heavy m a t e r i a l s in which this approach will 
not r e p r e s e n t the t he rma l neutron fltix adequately. If, for example , t he re 
is an i ron region which is thick, that i s , g r ea t e r than something like two 
inches , the t h e r m a l neutron flux will not be c o r r e c t . Judgment as to the 
validity m u s t be based on the exact si tuation, that i s , by noting the point 
where the p r i m a r y t h e r m a l neutron flux becomes dominated by the 
t h e r m a l neut ron flux c r ea t ed by modera t ion in i ron . Since the t rue mod
era t ion of neu t rons in i ron is quite smal l compared to that predic ted by 
this theory, that i s to say, the theory is not applicable in this s i tuation, 
the point at which the p r i m a r y t h e r m a l neutron flux becomes dominated 
is the locat ion beyond which the t h e r m a l neutron flux i s not to be given 
c redence . If it is not poss ib le to guess p e s s i m i s t i c a l l y the t h e r m a l neu
t ron flux in such a si tuation so that the rest i l t ing cap ture gamma r ays 
a r e not a dominating sou rce , then ftirther s teps mus t be taken. A s imi la r 
sor t of e r r o r ex i s t s in ca ses where this approach is used to r e p r e s e n t 
the t h e r m a l neut ron flux in thick l a y e r s of graphi te or heavy wa te r , except 
that the e r r o r is a p e s s i m i s t i c one r a t h e r than op t imis t i c . 

The fur ther s teps to be taken cotild include the inse r t ion of an 
in te rmedia te energy group (see equation 4.30). This p rob lem may st i l l be 
done by hand ca lcula t ions . Another step to be taken is the ut i l izat ion of 
existing data on i r o n - w a t e r shields82,83 or i r o n - m a s o n i t e shields ,84 This , 
of cou r se , would be a wise move in any si tuat ion. The next step would be 
to go to mul t i -g roup machine ca lcu la t ions , which is ce r ta in ly a l abo r - sav ing 
device but should not be r e g a r d e d as a c u r e - a l l . 

The l a s t neut ron energy to be d i scussed is that of the wide range of 
i n t e r m e d i a t e - e n e r g y neu t rons , those with energ ies above t h e r m a l and below 
one Mev. As indicated in a p rev ious p a r a g r a p h these neut rons m a y be 
t r ea t ed as a group if constants a r e ava i lab le . These constants could be, 
under ce r t a in circt im s tances , r a n d Df, o r thei r modified va lues . 85 The 
knowledge of the neutron spec t rum n e c e s s a r y in o rde r to de te rmine the 
modified value of T is usual ly not known; indeed, if it were , the p rob lem 
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would be solved. It is poss ib le at t imes to es t imate the spec t rum and to 
adjust T accordingly . It is a lso poss ib le that T may not be radica l ly changed 
when the upper energy l imit is reduced from the six Mev or so n e c e s s a r y 
for two-group calculat ions to the one Mev appropr ia te for the in te rmedia te 
neu t rons . In any case it i s wise to note the effect of a change in Ton the 
p rob lem, since it may well be that the uncer ta inty in r does not se r ious ly 
effect the knowledge of the neut ron flux. Actually the use of T is m e r e l y a 
way of de termining the averaging p r o c e s s of the cons tants . By separat ing 
the in te rmedia te range into a number of energy in te rva ls the averaging 
p r o c e s s becomes s imple r , but the solution of the problem becomes much 
m o r e tedious , or it becomes necessa ry to re ly on the ass i s t ance of a 
machine . 

The constants for an in te rmed ia te group may be determined expe r i 
menta l ly . F o r the pa r t i cu l a r case of i ron in hydrogenous medium accura te 
work has been done.86,87 it is t r u e that a l a r g e amount of data may be 
n e c e s s a r y before such constants may be known for all m a t e r i a l s , but it is 
also t rue that the same accuracy may not be r equ i red of some m a t e r i a l s 
because of the type of r e a c t o r for which they a r e m o r e likely to be used. 

In o rde r to improve upon the previous ly mentioned p rocedures it i s 
n e c e s s a r y to mock-up shields or at l eas t pa r t s of shields in exper imenta l 
fac i l i t i es . It is st i l l l ikely that the final r e su l t will not be known with 
cer ta in ty until the plant is built . This r e q u i r e s that m e a s u r e d conse rva t i sm 
be employed wherever poss ib le . A common and p rac t i ca l p rocedure is to 
p e r m i t a por t ion of the shield to r e m a i n flexible until the p r e l im ina ry 
opera t ional t e s t s a r e comple te . This is in r ea l i ty a bulk shield facili ty, but 
of cou r se need not be c a r r i e d to an ex t r eme in o rder to be valuable, nor 
need it be an uneconomical p r o c e d u r e . 

The p rob lem of neut ron t r a n s p o r t in r a r e media is one for which 
the r o u g h - a n d - r e a d y formulas a r e not as ready as in, for example, the 
same prob lem for gamma r a y s . The re a r e some formulas from the work 
of B i r a m and Tait88 that will prove useful on occas ions . The flux of neu
t rons re tu rn ing to the source after ref lec t ion from a plane non-captur ing 
ea r th is 

*f(d) = y ^ , 4.40 
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where d is the dis tance from the source to the ea r th s c a t t e r e r . The same 
source placed midway between two non-captur ing semi-inf ini te media , 
placed a dis tance 2 d apar t , will produce a sca t te red flux at the source of 
magnitude 

**'•" = ^ilf^ • 
where A is a factor between 1,5 and 4, depending on the angular d i s t r ibu 
tion of the ref lec ted neu t rons . If this source is placed at the center of a 
spher ica l room whose inner wall is of r ad ius "a" and whose outer wall is of 
r ad ius " b " the flux of re turn ing neutrons is 

$ ^ J9o^ ^ , 4.42 
^ 47rab 1 

where 1 is the sca t te r ing mean free path. There a r e other r e f e r e n c e s " " ' " ^ 
containing bas ic information that will be of use in p rob l ems of neutron 
sca t t e r ing in a i r . At the p r e s e n t tinne, however , the l i t e r a tu r e does not 
have a g rea t deal of information on neutron sca t te r ing in air since t h e r e 
has been no g rea t neces s i t y for this type of calculat ion in the power and 
r e s e a r c h r e a c t o r p r o g r a m s to da te . 

89 
Weller, G. S. , and B. J. Workman, " Single Scattering of Neutrons in Air, " CVAC-211T 
(January 22, 1954) , 

' Weller, G. S . , and 
Air, " CVAC-251T (December 4, 1953). 

^"Weller, G. S . , and B. J. Workman, "Angular Neutron Scattering Cross-Sections for 



Chapter 4 P rob lems 

1. Calculate the fast neutron flux for the Oak Ridge Bulk Shielding 
Reac to r . Check r e s u l t s for equation 4.34 against equation 4.38 
or 4 .39 . Compare to data given in ORNL-2518. 

2. Calculate the t h e r m a l neutron flux for the Oak Ridge Bulk Shielding 
Reac to r by the one-group method. Compare to data in ORNL-2518 
(Figure 4.7). 

3 . Calculate the neut ron dis t r ibut ions for a r eac to r such as EBWR 
(see ANL-5544 and ANL-5607). What mus t be done in the thick 
i ron region above the co re ? 

4. Calculate the neut ron fluxes in a g raphi te - re f lec ted r eac to r such as 
C P - 5 , Include a t h e r m a l column. 



5. GAMMA-RAY ATTENUATION* 

Gamma rays may originate wherever neutrons a re found. The 
sources of gamma rays that a re important in shielding considerat ions a re 
fission, neutron absorption, and neutron inelast ic sca t te r ing . All of these 
p roce s se s occur in the reac tor co re . The l a rges t contributor to the total 
g a m m a - r a y energy r e l ea se in the core is the fission p r o c e s s , which in
cludes the prompt fission gamma rays as well as those re leased by the f i s 
sion product decay. While the capture gamma rays a re not usually a great 
proport ion of the total g a m m a - r a y energy r e l ea se in the core , they are of 
higher energy and the i r more penetrat ing cha rac t e r i s t i c s may give them 
grea te r importance at some distance from the core . The fission gamma 
rays with the i r lower energy normal ly prove to be the major source of r a 
diation heating near the co re . All of the gamma-ray-produc ing p r o c e s s e s , 
excepting fission, also occur outside the core in the shield m a t e r i a l s . 
Gamma rays produced in the shield a r e not only born c loser to the exter ior 
surface, but also a re in general more energet ic , so they commonly de t e r 
mine the shield th ickness , (see Table 5.1 for the g a m m a - r a y flux to dose 
conversion factors) as well as prove to be a factor in cooling requ i rements 
and ins t rumenta t ion. 

Table 5.1 

GAMMA-RAY FLUX - TO - DOSE CONVERSION FACTORS 

For gamma rays of energy E Multiply gamma-ray flux, 
^ ( E ) m photons/cm^-sec by conversion factor N, or multiply 
gamma-ray flux ^(E) m Mev/cm^-sec by conversion factor 
M, to obtain dose m m r / h r . 

Conversion Factor 

Gannma-Ray Ene 
E 

(Mev) 

10 
9 
8 
7 
6 
5 
4 
3 
2 
1 
0.5 

From Rockw 
Manual, TID-

r g y 

e l l ,T . ,111, 

N 
(-/cm^-sec 

m r / h r ) 

10.8 X 10- ' 
9.8 
8.8 
8.0 
7.1 
6.2 
5.3 
4.3 
3.25 
1.93 
1.02 

M 
(Mev/cm^-sec 

mr /h r ) 

1.08 X 10- ' 
1.09 
1 1 
1.14 
1 18 
1.24 
1.32 
1.43 
1.62 
1.93 
2.06 

Editor, Reactor Shielding Design 
7004 (McGraw-Hill & D. Van Nostrand, 

March, 1956). 

''While specific references to constantsand data necessary for the calculation of gamma-ray attenuation 
are given m the text, a complete summary of constants is given in Section 7 of ANL-5800, Reactor 
Physics Constants. In addition, the Bibliography will contain literature that is not always specifically 
referred to in the text. 



The f i s s i o n p r o c e s s r e l e a s e s g a m m a r a y s at t h e i n s t a n t of f i s s i o n . 
T h e s e p r o m p t f i s s i o n g a m m a r a y s a r e not as e n e r g e t i c as the c a p t u r e 
g a m m a r a y s , but a r e a m u c h m o r e cop ious s o u r c e in the c o r e and, t h e r e 
f o r e , m u s t r e c e i v e c o n s i d e r a t i o n . The m a j o r a r e a of i m p o r t a n c e of t h e s e 
g a m m a r a y s i s in hea t ing m a t e r i a l s in and n e a r the r e a c t o r c o r e . R e c e n t 
s t u d i e s ^'^'-^ of g a m m a r a y s a s s o c i a t e d with f i s s i on ind ica t e the s p e c t r u m 
invo lved . F o r sh i e ld ing c o n s i d e r a t i o n s it is m o r e convenien t to r e p r e s e n t 
t h i s s p e c t r u m by equ iva l en t l i n e s . R e p r e s e n t a t i v e l ine s p e c t r a of the 
p r o m p t f i s s i o n g a m m a r a y s a r e r e p r o d u c e d h e r e for conven ience (Table 5.2). 

The f i s s i o n p r o c e s s i s t h e o r i g i n of m a n y uns t ab l e f i s s i on p r o d u c t s . 
The r a d i o a c t i v e d e c a y of t h e s e f i s s i o n p r o d u c t s r e p r e s e n t s a n o t h e r s o u r c e 
of g a m m a r a y s in the c o r e , which i s of about the s a m e m a g n i t u d e in to ta l 
e n e r g y r e l e a s e p e r unit t i m e as the p r o m p t f i s s ion g a m m a r a y s , but h a s an 
e n e r g y s p e c t r u m of a l o w e r m a x i m u m v a l u e . While it i s p o s s i b l e to c a l c u 
l a t e the f i s s i o n p r o d u c t g a m m a - r a y s p e c t r u m f rom the known f i s s ion p r o d 
u c t s , the t a s k is r a t h e r fo rb idd ing u n l e s s the de ta i l is r e a l l y a p p r o p r i a t e 

Table 5.2 

PROMPT FISSION GAMMA-RAY SPECTRA 

E 
(Mev) 

0.5 
1.0 
1.5 
2.0 
2.5 
3.0 
3.5 
4.0 
4.5 
5.0 
5.5 
6.0 
6.5 

Spectrum 

N(e) 
(7/fission) 

3.1 
1.9 
0.84 
0.55 
0.29 
0.15 
0.062 
0.065 
0.024 
0.019 
0.017 
0.007 
0.004 

7.028 

A* 

M(E) 
(Mev/fission) 

1.55 
1.90 
1.26 
1.10 
0.725 
0.450 
0.217 
0.260 
0.108 
0.095 
0.094 
0.042 
0.026 

7.827 

E 
(Mev 

1.0 

2.0 

3.0 

4.0 

5.0 

6.0 
7.0 

Spectrum B 

M(E) 
(Mev/fission) 

3.450 

2.360 

1.175 

0.477 

0.203 

0.136 
0.026 

7.827 

E 
(Mev 

1.0 

2.0 

4.0 

6.0 

Spectrum C 

M(E) 
(Mev/fission) 

3.45 

3.085 

1.035 

0.256 

7.827 

*Reproduced from Reactor Shielding Design Manual, Table 3.2° from data of 
R. L. Gamble.5 

Note: In addition, Bertini , et a l . ,^ est imate the effective prompt capture gamma-
ray source from U^'^ in a thermal reactor to be 1.18 Mev per fission, 
based on a value of 0.184 for alpha (ratio of capture to fission) of U^'^. 

1 
Maienschien, F. C. , et aL , "Gamma-Rays Associated with Fission, " Paper P/670, presented at the 
International Conference on Peaceful Uses of Atomic Energy held at Geneva, Switzerland 
(June, 1958). 

o 
Gamble, R. L. , "Prompt Fission Gamma-Rays from Uranium-235, " Reactor Shielding Information 
Meeting, WASH-292, Pt. 3 (May, 1955). 

"^Peele, R. W., "The Energy Spectrum of Gamma-Rays Accompanying the Fission of Uranium-235, " 
Reactor Shielding Information Meeting, WASH-292, Pt. 3 (May, 1955). 

'^Bertini, H. W. , et aL , "Basic Gamma-Ray Data for the ART Heat Deposition Calculations, " 
ORNL-2113 (October, 1956). 

°Gamble, R. L. , "Prompt Fission Gamma-Rays from Uranium-235, " WASH-292 Pt. 3 (September, 
1955), p. 28. 



and n e c e s s a r y . As a consequence, the f i rs t es t imate of the fission product 
g a m m a - r a y power behavior after shutdown^ was a more macroscopic con
siderat ion based on ear ly exper iments . Subsequent exper imental work and 
analysis indicated that the simple express ion of Way and Wigner: 

r ( t ) = 1.26 t"^-^ Mev/sec fission , 5.1 

was quite accura te and very often as accura te as neces sa ry . Refinements 
have been included" and compar isons have been made with more detailed 
compilations9.10,11 of the fission product g a m m a - r a y power after shutdown, 
so that the behavior of the f ission product gamma rays may be fair ly well 
predic ted. A rela t ively s imple , but informative, analysis^^ of the fission 
product power behavior after shutdown from cyclic or burs t - type operation 
is based on equation 5.1. Representa t ive line spec t ra during operation are 
tabulated (see Table 5.3) and shown graphical ly as a function of t ime after 
shutdown. 1 3 

Table 5.3 

EQUILIBRIUM FISSION PRODUCT GAMMA-RAY SPECTRA 

Spectrum A Spectrum B 

M(E) M(E) 

Energy Effective Mev Mev/(sec)(watt)* Effective Mev Mev/(sec)(watt) 
Energy Range Energy per of Energy per of 
Group (Mev) (Mev) Fission Reactor Power (Mev) Fission Reactor Power 

1 
2 
3 
4 
5 
6 
7 

Total 

•Dat 

^Rock^.,ell, T . , 

0.1 -0.4 
0.4 -0.9 
0.9 -1.35 
1.35-1.8 
1.8 -2.2 
2.2 -2.6 

2.6 

0.4 
0.8 
1.3 
1.7 
2.18 
2.5 
2.8 

0.645 
3.87 
0.645 
1.06 
0.677 
0.290 
0.032 

7.219 

a from Reactor Shielding Design 

, III, Editor, Reactor 

2.0 
1.2 
2.0 
3.3 
2.1 
9.0 
1.0 

2.24 

X 10'° 
X 10" 
X 10'° 
X 10'° 
X 10'° 
X 10' 
X 10' 

X 10" 

Manual, Table 3. 

Shielding Design Manual, 

1 5.16 1.6 X 10" 

2 1.737 5.38 x 10'° 

3 0.322 1.0 X 10'° 

5," 3.1 fissions/(watt)(sec) assumed. 

TID-7004, McGraw-Hill and D. Van 
Nostrand (March, 1956). 

"^Way, K., and E. P. Wigner, "Decay of Fission Product Gamma-Rays, " Phys. Rev. 7£, 115 (1946). 
^Untermyer, S. , and J. T. Weills, "Heat Generation in Irradiated Uranium, " ANL-4790 (AECD-3454) 
(February 25, 1952). 

^Clark, F. H. , "Decay of Fission Product Gamma-Rays, " NDA-27-39 (December 30, 1954). 
'^Moteff, J., "Fission Product Decay Gamma-Ray Spectrum, " APEX-134. 

•'••'•Perkins, J. F . , and R. W. King, "Energy Release from the Decay of Fission Products, " Nucl. Sci. Eng. 
3. (#6)726 (June, 1958). 

12 
Butler, J. W., and M. Grotenhuis, "The Decay of Fission Product Activity for Cyclic Operation of a 
Reactor, " Nucl. Sci. Eng. 3 (#6) 47 (June 1958). 

•"•SRockwell, T . , III, Editor, Reactor Shielding Design Manual, TID-7004 (McGraw-Hill and D. Van 
Nostrand, March, 1956) p . 34. 



The integral of equation 5.1, 

T + t 
5.2 

i s 

KG P - P o - ^ [t-°-2 - (T +t)-°-2] Mev / sec . 5.3 

This may be rewr i t t en as 

™ . _ n . ? "1 

t * Mev / sec 5.4 ^ ^ KG 
P = Po 

rp \ —0 .2 

0.2 

It is c l ea r that as T becomes la rge this express ion reduces to 

P = Po ^ t"° '^ M e v / s e c 5.5 

A convenient graph of the tv/n por t ions of equation 5.4 is given in F igure 5.1 
The function 

f(T, t) = 1 - I 1 +jj 5.6 

r e p r e s e n t s a c o r r e c t i o n t e r m in equation 5.5 to adjust the fission product 
po'wer after an infinite opera t ing t ime to that for a finite operat ing t i m e . 
The total p rompt and delayed f iss ion g a m m a - r a y power is about six or 
seven per cent of the total f iss ion power . The source s t rength may be 
de te rmined by the equation 

cm^ s e c / ~ • ^ V j^cm^ sec / '^U^^^ 

in which it i s a s s u m e d the source s t rength is constant over the core volume. 
The power d is t r ibut ion would be a m o r e accura te represen ta t ion of the 
sou rce d is t r ibut ion; for t h e r m a l r e a c t o r s the t h e r m a l neutron dis t r ibut ion 
would be equally a c c u r a t e . The values of N7 a r e the in tensi t ies of the v a r 
ious l ines chosen to r e p r e s e n t the spec t rum as given in Tables 5.2 and 5.3. 
The total energy as given in Tables 5.2 and 5.3 is actual ly 15 Mev r a the r 
than the l a t e r value of 13 Mev given in re fe rence 1. 

Neutron absorpt ion gives r i s e to an unstable nucleus . The in s t a 
bi l i ty is re l ieved to some extent by the p rac t i ca l ly instantaneous emiss ion 
of a capture g a m m a ray . The source of these capture gamma rays may be 
r e p r e s e n t e d by the equation 



tSJ 
O 

f(T,t) - [ 1 - (1 • I)-0«2 ] « d t-0»2 

Figure 5.1 

Power F r o m Fiss ion Products After Shutdown 
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Q3( 7 U a J - ^ ^ ^ ) ^ f ^ ^ g ^ ^ ] N ^ f ^ l . 5.8 
cm^ s e c / "^ \ nexit cm J \ c m 3 s e c / ' \ abs 

In c a s e the c a p t u r e g a m m a r a y s b e i n g c o n s i d e r e d a r e c r e a t e d wi th in t h e r e 
a c t o r c o r e the s o u r c e cou ld a l s o b e r e p r e s e n t e d by app ly ing a m u l t i p l i c a t i v e 
f a c t o r to e q u a t i o n 5 .2 : 

7 '\ _ , 1 „ loio P / ^ i s s ^ ^ a / a b s ] ^y_ ( 7 Q3 . 3 . 1 x l 0 ^ ° - i - — ^ ^ N-Y - i - , 5.9 
\ c m 3 s e c / V \ c m 3 s e c / a £ \ f i s s / y a b s / 

w h e r e CTg. ̂ ^ ^^^ m a c r o s c o p i c a b s o r p t i o n c r o s s s e c t i o n of the m a t e r i a l f r o m 
wh ich t h e c a p t u r e g a m m a r a y s a r e b e i n g e m i t t e d and O^ i s the m a c r o s c o p i c 
f i s s i o n c r o s s s e c t i o n fo r t h e c o r e . In any c a s e , the g a m m a - r a y s o u r c e 
t a k e s t h e s p a t i a l d i s t r i b u t i o n of t h e n e u t r o n s tha t p r o d u c e i t . In the c o r e a l l 
g a m m a - r a y s o u r c e s m a y b e c o n s i d e r e d c o n s t a n t o v e r t h e c o r e v o l u m e o r , a 
l i t t l e m o r e a c c u r a t e l y , to fo l low t h e p o w e r d i s t r i b u t i o n . In t h e c a s e of c a p 
t u r e g a m m a r a y s o u t s i d e t h e c o r e , t h e f l u x " $ , " in e q u a t i o n 5 .3 , wh ich i s 
u s u a l l y t h e r m a l in e n e r g y , i s often e x p o n e n t i a l in c h a r a c t e r ; t h e r e f o r e , t h e 
s o u r c e t e r m Q3 m u s t a l s o be e x p o n e n t i a l . The v a l u e s of Hy, t he c a p t u r e 
g a m m a - r a y e m i s s i o n p e r c a p t u r e in t h e e l e m e n t s h a v e b e e n s u m m a r i z e d 
in s e v e r a l r e f e r e n c e s l^^'^^,16 a.nd in T a b l e 5 .4 . V a l u e s of N-y for s o m e 
of t h e c o n c r e t e s u s e d in r e a c t o r s h i e l d s m a y b e found in T a b l e 5 .5 . 

T h e g a i n m a r a y s c a u s e d by n e u t r o n i n e l a s t i c s c a t t e r i n g a r e not a s 
w e l l known, n o r a r e t h e c r o s s s e c t i o n s for t h e i r c r e a t i o n . 1 ' T h e s e g a m m a 
r a y s a r e , a s a r u l e , no t a s e n e r g e t i c a s t h o s e f r o m n e u t r o n c a p t u r e and a r e 
c a u s e d by h i g h - e n e r g y n e u t r o n s wh ich a r e g e n e r a l l y not a s abundan t n o r do 
t h e y h a v e a s l a r g e a c r o s s s e c t i o n a s t h e n e u t r o n s of l o w e r e n e r g y . A c o m 
b i n a t i o n of u s e s of t h e s e f a c t s c a n l e a d to a p p r o x i m a t i o n s t h a t s e r v e to m a k e 
p e s s i m i s t i c e s t i m a t e s of t h e i n e l a s t i c s c a t t e r i n g g a m m a r a y s and m a y show 
t h e m to b e n e g l i g i b l e . 

T h e u n s t a b l e n u c l e u s m a y r e m a i n u n s t a b l e a f t e r t h e e m i s s i o n of a 
c a p t u r e g a m m a r a y . T h i s r a d i o a c t i v e n u c l e u s m a y then d e c a y b y the e m i s 
s i on of g a m m a r a y s , b e t a r a y s , e t c . The g a m m a r a y s t h u s g iven off a r e 
known a s r a d i o a c t i v e d e c a y g a m m a rays.- '^" Whi le t h e y r a r e l y d o m i n a t e 
t h e f i s s i o n g a m m a r a y s o r c a p t u r e g a m m a r a y s , t h o s e due to d e c a y m a y 

Bartholomew, G. A., and L. A. Higgs, "Compilation of Thermal Neutron Capture Gamma Rays, " 
CRGP-784. Chalk River, Ontario (July, 1958). 

' Mittleman, P., and R. A, Lii 
Nucleonics 13 (#5) 50 (1955). 

' Deloume, F. E. 
(August, 1958). 

Mittleman, P., and R. A, Liedtke, "Gamma Rays Resulting from Thermal Neutron Captures,' 
1 

1 f\ 
Deloume, F. E., "Gamma-Ray Energy Spectra from Thermal Neutron Capture, " APEX-407 

17 
Cranberg, et a_L , Physics and Mathematics, Chapter 4 Progress in Nuclear Energy Series 1, Vol. 1, 
McGraw-Hill Book Co. (New York, 1956), 

•'•^Bopp, C. Do, and O. Sisman, "How to Calculate Gamma Radiation Induced in Reactor Materials, " 
Nucleonics, 14 (#1) 46 (January 1956). 



Table 5.4 

PROMPT GAMMA RAYS RESULTING FROM NEUTRON CAPTURE 

Element 

Aluminum 
Antimony 
Arsenic 
Barium 
Beryllium 
Bismuth 
Boron ( B " ) * 
Cadmium 
Calcium 
Carbon 
Chlorine 
Chromium 
Cobalt 
Copper 
Fluorine 
Gadolinium 
Gold 
Hafnium 
Hydrogen 
Indium 
Iron 
Lead 
Lithium (Li*)** 
Magnesium 
Manganese 
Mercury 
Molybdenum 
Nickel 
Niobium 
Nitrogen* * * 
Phosphorous 
Platinum 
Potassium 
Praseodymium 
Rhodium 
Samarium 
Silicon 
Silver 
Sodium 
Strontium 
Sulphur 
Tantalum 
Thallium 
Tin 
Titanium 
Tungsten 
Uranium {V^^^)f 
Vanadium 
Zirconium 

Atomic 
Number 

13 
51 
33 
56 
4 
83 
5 
48 
20 
6 
17 
24 
27 
29 
9 
64 
79 
72 
1 

49 
26 
82 
3 
12 
25 
80 
42 
28 
41 
7 
15 
78 
19 
59 
45 
62 
14 
47 
11 
38 
16 
73 
81 
50 
22 
74 
92 
23 
40 

0.5 ± . 

C 

0-1 

.46 

.07 

.40 

.05 

.21 

.07 

.24 

.53 

.80 

.40 

.14 

.30 

2b 

apture Gamma-Ray 

1-2 

.34 

.94 

.30 

.50 

.06 

.61 

.21 

.37 

.39 

1,59 

+ Adde 

Energy of 

2-3 

.40 

.41 

1.57 

2.23 

.20 

.62 

.56 

.04 

.83 

.77 
1.61 
.24 
1.44 

1.77 

.08 

.43 

**^n 

3-4 

1.29 
.78 
1.01 
1.89 
.85 

1.08 
1.10 
1.07 
.26 
.77 

.64 
1.01 

.76 

.37 

2.68 

1.35 
1.93 
.20 
1.22 
1.15 
2.17 
1.07 
1.80 
.76 
.82 
1.21 
2.14 
1.52 
1.05 
1.46 
1.62 

.94 
3.64 
.37 
1.28 

.39 
2,52 

y Li* 

d to origins 

Energy in Mev per 

Emitted Gamma-Ray 

4-5 

1.29 
.64 
.93 
1.08 

4.17 
3.51 

1.96 
3.47 
1.57 
.29 
.87 
.61 
1.83 
.30 
1.53 
.50 

.55 

.45 

.25 
1.24 
1.94 
1.41 
.51 
.88 
.72 
1.51 
.71 
1.86 
.59 
,68 
.55 
3.89 
1.28 

1.03 
1.92 
,05 
2.15 
1.89 
,72 
.77 

.50 
1.71 

5-6 

.51 

.45 

.65 

.69 

.52 
1.28 

1.45 
.62 
1.57 
.62 
3.20 
.15 
1.31 
.51 

.26 

.84 

.31 

.98 
1.91 
.90 
.81 
.68 
5.06 
.66 
,75 
1.99 
.45 
.45 
.28 
.47 
.81 
.33 
.91 
4.64 
.10 
2.68 
1.24 
.09 
.58 

1.33 
1.07 

6-7 

.42 

.28 

.64 

.10 
5.12 

.19 

.13 
2.32 

1.89 
.75 
1.70 
.94 
2.82 
.06 
1.10 
.17 

.67 

.51 

.27 
1.11 
.63 
.66 
1.32 
.20 
1.07 
1.04 
.08 
.24 

.17 

.08 

.92 

.23 

.83 
2.18 
.29 
.04 
.96 
.65 
6.58 
.33 

2.16 
1.15 

= 0.023 + .008b 

Neutron Capture 

5, Mev 

7-8 

1.90 

.17 

.01 

.11 

.07 

1.06 
1.87 
.57 
3.13 

.01 

.026 

2.66 
7.40 
.94 
.01 
1.78 
.04 
.16 
1.35 
.04 
.66 
.58 
.06 
.39 

.07 

.62 

.04 

.79 

.22 

.25 

.11 

.03 

1.07 
.15 

* * 

1 Deloume compilation 

8-9 9-10 

.01 

.05 

.03 

.12 
3.93 

.016 

.25 

.26 

.05 
4.57 

.35 

.01 

.14 

.29 

.09 

.02 

.008 

.11 

*-n,r N 

.01 

.02 

1,11 

.20 

.05 

.98 

.02 

,04 
.01 

References 

B,P 
K 
K 
L 

C.G.T 
A 

L,N,0,P 
D.P.S 
C,G 
D,P,T 
E,P 
F 
F 
B 
L 
K 

K 
E,Q 
A,N 

B,I,P 
F 
L,N 
L 

E,P,S 

C 
D,P 
L 

D.J.P.S 
K 
K 
L,N 

B.P.Q 
K 

B,0,P,T 
L 

D.P.T 
K 
K 
L 

E,P,Q 
L 
R 
F.P 
L 

= 0.080 + .020b 

From F. E. Deloume, "Gamma-Ray Energy Spec t ra from Thermal Neutron Capture , 
DC-58-1-30 (January 2, 1958). 
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CAPTURE GAMMA-RAY SPECTRA OF CONCRETES 

N(E) 
Effective Number of Capture Gamma 

Rays of Energy £ Emitted per 
Neutron Absorption 

Concrete* 

01 

02-a 
02-b 

03 

04 

FP-a 
b 

BA-a 
b 

M-a 
b 

BR 

I-la 
2a 

MSl-a 
b 

MS2-a 
b 

LS-a 
b 

cm ' 

0.00553 

0.0089 
0.0074 

0.00895 

0.00836 

0.0781 
0.0759 

0.0193 
0.0171 

0.0600 
0.0581 

0.0879 

0.0888 
0.0941 

0.0939 
0.0897 

0.0962 
0.0942 

0.0923 
0.0903 

2 Mev 

0.655 

0.830 
0.788 

0.693 

0.745 

0.154 
0.129 

0.663 
0.620 

0.384 
0.365 

0.137 

0.807 
0.710 

0.225 
0.208 

0.182 
0.215 

0.176 
0.158 

4 Mev 

0.832 

0.678 
0.953 

0.512 

0.834 

0.281 
0.289 

0.555 
0.624 

0.252 
0.260 

0.243 

0.299 
0.287 

0.247 
0.251 

0.248 
0.243 

0.232 
0.237 

6 Mev 

0.699 

0.211 
0.296 

0.454 

0.335 

0.230 
0.237 

0.301 
0.339 

0.374 
0.386 

0.232 

0.758 
0.686 

0.289 
0.295 

0.265 
0.260 

0.216 
0.221 

8 Mev 

0.066 

0.168 
0.236 

0.077 

0.129 

0.444 
0.457 

0.120 
0.135 

0.349 
0.360 

0.448 

0.163 
0.204 

0.435 
0.445 

0.453 
0.444 

0.451 
0.461 

•Assumed water retention, a = 1007o; b = 50% 

**2^ = Thermal neutron absorption cross section at 20''C 
corrected (0.8862) for l / v absorption in a Maxwell 
distribution. 

crea te a shielding problem when a 
ma te r i a l is removed from the reac to r 
shield environment, ei ther for r e 
placement or r epa i r , or by a coolant 
s t r e a m . These gamma rays will be 
dealt with in the next sect ion. 

Since all of the gamma rays 
a r i s e from p r o c e s s e s involving neu
t rons it becomes c lear that, not only 
must the neutron distr ibut ions be 
t rea ted f i rs t , but that the accuracy 
of these distr ibutions controls the 
accuracy of the value of the gamma-
ray source . It is quite often t rue 
for g a m m a - r a y problems that the 
attenuation methods a re more accu
ra te than the source representa t ion . 
An evaluation of the relat ive accu
rac ies involved in a problem should 
be made to determine whether incon
s is tencies exist and, is so, how they 
should be el iminated. 

The basic cha rac t e r of g a m m a - r a y attenuation is exponential in 
na tu re . Fo r the na r row beam, thin sample , or "good," geometry this is 
exactly t rue since any sca t te red photons cannot reach the detector (Fig
ure 5.2). 

Collimator 

Source 
D — - ^ I I Detector 

I 

Figure 5.2 

Narrow Beam Gamma-Ray Absorption 
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Under these c i r cums tances the detector response will be given by 

<I>'y(x) = <I'-y(0) e " ^ ^ 7 / c m ^ sec 5 . 10 

This would also be t rue for a plane coll imated g a m m a - r a y beam, such as 
in F igure 5.3, 

Source n Detector 
I 

Figure 5.3 

Broad Beam Gamma-Ray Absorption 

if the only type of interact ion were absorption. This same plane beam 
actually has a la rge port ion of sca t t e red gamma rays by the tinne it pene
t r a t e s a shield, and thus the detector response would be much g rea t e r 
than equation 5.5 would predic t . In a broad beam thick shield geometry 
with a source that is i so t ropic , or near ly so, which is typical of all r e a c 
tor shields , the uncoUided flux given by equation 5.10 could be too low by 
an order of magnitude or m o r e . In fact the rapid build-up of sca t te red 
low-energy photons in light e lements leads to the somewhat ridiculous 
appearing fact that the measu red dose through a given thickness of water 
is l a rge r than it would be were the water not p resen t . ^ 9 This phenomena 
occurs only at a short distance from the source and it has been exper i 
mental ly verified.^0 In any case a cor rec t ion factor, commonly r e fe r red 
to as the build-up factor, must be applied to the uncoUided flux. The r e 
sult is 

(D^(x) = 0^(0) B(nix) e-^^^ 7/( cm sec 5.11 

This factor is obviously a function of such things as g a m m a - r a y energy, 
shield m a t e r i a l , and shield th ickness . These a re conveniently lumped 

19 Goldstein, H., "The Attenuation of Neutrons and Gamma-Rays in Reactor Shielas, " U. S. Government 
Printing Office (May, 1957) p. 178, Figure 5.24. 

20van Dilla, M. A. and G. J. Hine, "Gamma-Ray Diffusion Experiments in Water, " Nucleonics 10, 
(#7) 54 (July, 1952). 



together in the form of [ix, the number of mean- f ree -pa ths t r a v e r s e d by the 
ray from source to detec tor . This factor also var ies with the quantity 
being observed, i .e . , the dose as compared to the energy flux. 

It would be of obvious advantage to have an explicit function to r e p 
resent the build-up. His tor ical ly one of the f irs t at tempts to r ep resen t 
build-up in a convenient analytical form was the l inear function 

B(/ix) = 1 + jux , 5.12 

without much r ega rd as to whether it was a build-up of dose or energy flux. 
Time has proven this to be not only a convenient but, comparat ively, a 
r a the r accura te form that tends to be an overes t imat ion. Additional work 
by the combined NDA-NBS study^l has yielded more accura te resu l t s for 
thick shields containing a single ma te r i a l (see Table 5.6). Utilizing this 
information enables one to adjust equation 5.7 by the introduction of a 
constant: 

Bijix) = 1 + k/ix , 5.13 

which will reduce the degree of p e s s i m i s m to some extent. This constant 
"k" i s , for example, approximately one-half to one- thi rd for a plane mono-
direct ional source of hard gamma rays in lead. 

In addition to the l inear approximation, build-up has been descr ibed 
in a more complex fashion by Fano.^^ R. L,. Ashley^^ of Atomics Interna
tional has extended the l inear form to a quadrat ic : 

B(|Ux) + 1 + ki/ux + k2(/ix)^ . 5.14 

The constants "kj" and "kz" a re determined by the resu l t s in Goldstein.^"* 
J. J. Taylor^5,26 of WAPD has fit the same NDA-NBS data to the sum of 
two exponentials: 

B(JUX) = Aj exp [-ttijux] + A2 exp [-azjix] . 5.15 

^•'•Goldstein, H. , "The Attenuation of Gamma-Rays and Neutrons in Reactor Shields, " U. S. Government 
Printing Office (May 1, 1957) p. 181. 

^ F a n o , U., "Gamma-Ray Attenuation, " Nucleonics 11 (#8) 8 (August, 1953) and Nucleonics 11 (#9) 
55 (September, 1953). 

OQ 

Personal communication 
24Goldstein, H. , and J. E. Wilkins, Jr., "Calculationsof the Penetrations of Gamma Rays, " NYO-3075, 

U. S. Government Printing Office (June 30, 1954). 
25 Taylor, J. J. , "Application of Gamma-Ray Build-Up Data to Shield Design, " WAPD-RM-217 

(January 25, 1954). 
26 Rockwell. T . , III, Editor, The Reactor Shielding Design Manual, TID-7004, McGraw-Hill and 

D. Van Nostrand (March, 1956). 



Table 5.6 

DOSE BUILD-UP FACTOR FOR A POINT ISOTROPIC SOURCE 
Gamma-Ray Energy, Mev 

Water 

Aluminum 

Iron 

Tungsten 

Lead 

Uranium 

'^t'' 

1 
2 
4 
7 

10 
15 
20 

1 
2 
4 
7 

10 
15 
20 

1 
2 
4 
7 

10 
15 
20 

1 
2 
4 
7 

10 
15 
20 

1 
2 
4 
7 

10 
15 
20 

I 
2 
4 
7 

10 
15 
20 

0.5 

2.52 
5.14 

14.3 
38.8 
77.6 

178 
334 

2.37 
4.24 
9.47 

21.5 
38.9 
80.8 

141 

1.98 
3.09 
5.98 

11.7 
19.2 
35.4 
55.6 

1.28 
1.50 
1.84 
2.24 
2.61 
3.12 

1.24 
1.42 
1.69 
2.00 
2.27 
2.65 
2.73 

1.17 
1.30 
1.48 
1.67 
1.85 
2.08 

1.0 

2.13 
3.71 
7.68 

16.2 
27.1 
50.4 
82.2 

2.02 
3.31 
6.57 

13.1 
21.2 
37.9 
58.5 

1.87 
2.89 
5.39 

10.2 
16.2 
28.3 
42.7 

1.44 
1.83 
2.57 
3.62 
4.64 
6.25 
7.35 

1.37 
1.69 
2.26 
3.02 
3.74 
4.81 
5.86 

1.31 
1.56 
1.98 
2.50 
2.97 
3.6.7 

2.0 

1.83 
2.77 
4.88 
8.46 

12.4 
19.5 
27.7 

1.75 
2.61 
4.62 
8.05 

11.9 
18.7 
26.3 

1.76 
2.43 
4.13 
7.25 

10.9 
17.6 
25.1 

1.42 
1.85 
2.72 
4.09 
5.27 
8.07 

10.6 

1.39 
1.76 
2.51 
3.66 
4.84 
6.87 
9.00 

1.33 
1.64 
2.23 
3.09 
3.95 
5.36 
6.48 

3.0 

1.69 
2.42 
3.91 
6.23 
8.63 

12.8 
17.0 

1.64 
2.32 
3.78 
6.14 
8.65 

13.0 
17.7 

1.55 
2.15 
3.51 
5.85 
8.51 

13.5 
19.1 

1.36 
1.74 
2.59 
4.00 
5.92 
9.66 

14.1 

1.34 
1.68 
2.43 
3.75 
5.30 
8.44 

12.3 

1.29 
1.58 
2.21 
3.27 
4.51 
6.97 
9.88 

4.0 

1.58 
2.17 
3.34 
5.13 
6.94 
9.97 

12.9 

1.53 
2.08 
3.22 
5.01 
6.88 

10.1 
13.4 

1.45 
1.94 
3.03 
4.91 
7.11 

11.2 
16.0 

1.29 
1.62 
2.41 
4.03 
6.27 

12.0 
20.9 

1.27 
1.56 
2.25 
3.61 
5.44 
9.80 

16.3 

1.24 
1.50 
2.09 
3.21 
4.66 
8.01 

12.7 

6.0 

1.46 
1.91 
2.76 
3.99 
5.18 
7.09 
8.85 

1.42 
1.85 
2.70 
4.06 
5.49 
7.97 

10.4 

1.34 
1.72 
2.58 
4.14 
6.02 
9.89 

14.7 

1.20 
1.43 
2.07 
3.60 
6.29 

15.7 
36.3 

1.18 
1.40 
1.97 
3.34 
5.69 

13.8 
32.7 

1.16 
1.36 
1.85 
2.96 
4.80 

10.8 
23.0 

8.0 

1.38 
1.74 
2.40 
3.34 
4.25 
5.66 
6.95 

1.34 
1.68 
2.37 
3.45 
4.58 
6.56 
8.52 

1.27 
1.56 
2.23 
3.49 
5.07 
8.50 

13.0 

1.14 
1.32 
1.81 
3.05 
5.40 

15.2 
41.9 

1.14 
1.30 
1..74 
2.89 
5.07 

14.1 
44.6 

1.12 
1.27 
1.66 
2.61 
4.36 

11.2 
28.0 

10.0 

1.33 
1.63 
2.19 
2.97 
3.72 
4.90 
5.98 

1.28 
1.55 
2.12 
3.01 
3.96 
5.63 
7.32 

1.20 
1.42 
1.95 
2.99 
4.35 
7.54 

12.4 

1.11 
1.25 
1.64 
2.62 
4.65 

14.0 
39.3 

1.11 
1.23 
1.58 
2.52 
4.34 

12.5 
39.2 

1.09 
1.20 
1.51 
2.26 
3.78 

10.5 
28.5 

From H. Goldstein and J. E. Wilkins, J r . , "Calculations of the Penetrat ions 
of Gamma-Rays - Final Repor t , " NYO-3075 (June 30, 1954). 



The b u i l d - u p f a c t o r m a y be a s s u m e d to be a funct ion of the p e r p e n 
d i c u l a r d i s t a n c e t r a v e r s e d in the s h i e l d in un i t s of m e a n - f r e e - p a t h s . T h i s 
i s a fa i r a s s u m p t i o n and c e r t a i n l y h a s the f e a t u r e of s i m p l i c i t y . The u n -
co l l ided g a m m a - r a y flux f r o m a p l ane i s o t r o p i c s o u r c e s h i e l d e d by a t h i c k 
n e s s of " a " c m , 

$(a) =-r^Ei( jUa) 7 / c m ^ s e c , 5.16 

would then be c o r r e c t e d to accoun t for s c a t t e r e d flux b y mu l t i p ly ing it by 
B(|Ua), 

*{a) = -Y B (iua) E l (f/a) 7 / c m ^ s e c , 5.17 

w h e r e B{/^a) would be ob t a ined f r o m T a b l e 5.6 o r in r e f e r e n c e 27 . A m o r e 
c o r r e c t way would be to t a k e the o r i g i n a l i n t e g r a l , 

r Q-^J-R 
(|){R) = d A Q z , 5.18 

Jj^ 47rR2 

and c o r r e c t it by an a n a l y t i c a l f o r m of the b u i l d - u p funct ion b e f o r e 
i n t e g r a t i o n : 

r g-MR 
(D{r) = d A Q 2 B ( M R ) • 5.19 

Jj^ 47TR2 

The f o r m of B(jLtR) i s p r o b a b l y b e s t r e p r e s e n t e d by equa t ion 5.15 if a s ing le 
m a t e r i a l i s u s e d for the s h i e l d . The equa t ions tha t d e v e l o p f r o m t h i s f o r m 
of the b u i l d - u p in the v a r i o u s g e o m e t r i c a l c o n f i g u r a t i o n s a r e g iven in the 
D e s i g n M a n u a l . ^ ° The e q u a t i o n s tha t d e v e l o p f r o m l i n e a r f o r m s of the 
b u i l d - u p have b e e n d i s c u s s e d in Sec t ion 3. 

The b u i l d - u p f a c t o r i s a l s o g iven for e n e r g y flux o r d o s e , " a l though 
the d i f f e r ence i s g e n e r a l l y neg l i g ib l e u n l e s s m o r e e l egan t c a l c u l a t i o n s a r e 
app l i ed . C e r t a i n l y the s o u r c e d i s t r i b u t i o n should be b e t t e r r e p r e s e n t e d 
than i s u s u a l l y the c a s e b e f o r e g r e a t c o n c e r n i s g iven to t h e s e d i f f e r e n c e s 
in b u i l d - u p f a c t o r s . At t h e p r e s e n t t i m e the a c c u r a c y in the c a l c u l a t e d 
b u i l d - u p f a c t o r s ^ ^ i s b e t t e r t han tha t of the a t t e n u a t i o n coef f i c ien t s as 
app l i ed to s o m e sh i e ld d e s i g n p r o b l e m s . 

97 ' Goldstein, H., "The Attenuation of Neutrons and Gamma Rays in Reactor Shields, " U. S. Government 
Printing Office (May 1, 1957) p. 181. 

^^ Rockwell, T . , III, Editor, Reactor Shielding Design Manual, TID-7004, McGraw-Hill and D. Van 
Nostrand (March, 1956) p. 412^ 

^^ Goldstein, H., and J. E. Wilkins, Jr., "Calculations of the Penetrations of Gamma Rays, " NYO-3075, 
U. S. Government Printing Office (June 30, 1954). 

30 
Goldstein, H., "The Attenuation of Neutrons and Gamma Rays in Reactor Shields, " U. S. Government 
Printing Office (May, 1957) p. 180. 
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P r o b a b l y the m o s t i m p o r t a n t f e a t u r e of b u i l d - u p i s not wh ich of the 
b u i l d - u p f a c t o r s o r wh ich of the a n a l y t i c a l f o r m s should be u s e d to r e p r e 
s e n t b u i l d - u p , bu t how any of t h e s e m a y b e s t be c o m b i n e d to r e p r e s e n t 
b u i l d - u p in a s h i e l d c o n t a i n i n g m o r e t h a n one m a t e r i a l . In a c a s e w h e r e 
t h e s h i e l d i s p r e d o m i n a n t l y one m a t e r i a l , t he u s e of the equa t ion 

B(jLtx) = Bi (iUiXi) + B2 (M2X2) 5 .20 

i s a r e a s o n a b l e a s s u m p t i o n . T h e s u b s c r i p t r e f e r s to the n u m b e r of t h e 
m a t e r i a l . If t h e m a t e r i a l s a r e m o r e o r l e s s h o m o g e n e o u s an ef fec t ive 
a t o m i c n u m b e r m a y b e a s s i g n e d and t h e b u i l d - u p d e s c r i b e d as though 
t h e r e w e r e one m a t e r i a l of t h e a s s u m e d a t o m i c n u m b e r and a p p r o p r i a t e 
d e n s i t y . T h e e f fec t ive a t o m i c n u m b e r of a m i x t u r e m a y be e s t i m a t e d by 
c o m p u t i n g the t o t a l g a m m a - r a y c r o s s s e c t i o n ( s ee T a b l e s 5.7 and 5.8) for 
the m i x t u r e and c o m p a r i n g i t to t h e c r o s s s e c t i o n s of the e l e m e n t s . The 
e l e m e n t t h a t h a s m o s t n e a r l y t h e s a m e c r o s s s e c t i o n a s the m i x t u r e in t h e 
e n e r g y r a n g e in w h i c h the C o m p t o n s c a t t e r i n g i s i m p o r t a n t d e t e r m i n e s the 
e f fec t ive a t o m i c n u m b e r for the m i x t u r e . The b u i l d - u p f a c t o r s c a n t h e n be 
d e t e r m i n e d by i n t e r p o l a t i o n in Z . F o r d e t a i l s a s to a c c u r a c i e s e t c . , t h e 
r e a d e r i s r e f e r r e d to Go lds te in .^^ ' - ^^ 

In a m u l t i - l a y e r s h i e l d t h a t d o e s not fit t he above c o n d i t i o n s one 
m u s t d e r i v e e f fec t ive b u i l d - u p func t ions f r o m the c h a r a c t e r i s t i c s of the 
m a t e r i a l s and t h e e n e r g y of t h e g a m m a r a y s . F o r e x a m p l e , if m a t e r i a l 
1 i s l e a d and m a t e r i a l 2 i s w a t e r , and t h e g a m m a - r a y e n e r g y i s be low 
3 Mev , the t o t a l b u i l d - u p m a y be r e p r e s e n t e d a s 

B(iLix) = B I ( M I X I ) X BZIMZXZ) • 5.21 

T h e r e s u l t i n g b u i l d - u p i s qu i t e h igh and so it shou ld b e s i n c e the s c a t t e r e d 
p h o t o n s f r o m l e a d m a y s t i l l be a b l e to p e n e t r a t e t h r o u g h w a t e r f a i r l y e a s i l y . 
In c a s e w a t e r i s t h e f i r s t l a y e r , t h e d e g r a d e d pho tons a r e e a s i l y r e m o v e d 
b y t h e l e a d in t h e s e c o n d l a y e r and t h e b u i l d - u p i s s u b s t a n t i a l l y r e d u c e d . 
In t h i s c a s e i t m a y be r e p r e s e n t e d a s 

B(jLtx) = BzijUiXi + jlzKz) . 5.22 

In s o m e s p e c i f i c c a s e s of l e a d and w^ater c o m b i n a t i o n s s t u d i e s h a v e l e d to 
r a t h e r a c c u r a t e bu t c o m p l e x f o r m s . - ' - ' Of c o u r s e , t h e r e a r e c o m b i n a t i o n s 
of m a t e r i a l s t h a t h a v e a s i m i l a r enough a t o m i c n u m b e r so t h a t t h e b u i l d - u p 
of t h e c o m b i n a t i o n wou ld b e a p p r o x i m a t e l y the s a m e a s the b u i l d - u p for a n y 

31 
Goldstein, H., "The Attenuation of Gamma-Rays and Neutrons in Reactor Shields, " U. S. Government 
Printing Office (May 1, 1957). 

on 

Goldstein, H., and J. E, Wilkins, Jr., "Calculations of the Penetrations of Gamma Rays, " NYO-3075, 
U. S. Government Printing Office (June 30, 1954), 
Goldstein, H., "The Attenuation of Gamma Rays and Neutrons in Reactor Shields, " U. S. Government 
Printing Office (May 1, 1957) p. 180. 



Table 5.7 

TOTAL GAMMA-RAY MASS ATTENUATION COEFFICIENTS 

(m cm^/gm) 

Gamma-Ray Energy Mev 

Material 

H 
Be 
C 
N 
O 
Na 
Mg 
Al 
Si 
P 
S 
A 
K 
Ca 
Fe 
Cu 
Mo 
Sn 
I 
W 
Pt 
Tl 
Pb 
U 
Air 
Nal 
H2O 

Concrete 
Tissue 

0 1 

295 
132 
149 
150 
151 
151 
160 
161 
172 
174 
188 
188 
215 
238 
344 
427 

1 03 
1 58 
1 83 
4 21 
4 75 
5 16 
5 29 
1 06 
151 

1 57 
167 
169 
163 

0 15 

265 
119 
134 
134 
134 
130 
135 
134 

139 
137 
144 
135 
149 
158 
183 
206 
389 
563 
648 

1 44 
1 64 
1 80 
1 84 
2 42 
134 
568 
149 
139 
144 

0 2 

243 
109 
122 
123 
123 
118 
122 
120 
125 
122 
127 
117 
127 
132 
138 
147 
225 
303 
339 
708 
795 
866 
896 

1 17 
123 
305 
136 
124 
132 

0 3 

212 
0945 
106 
106 
107 
102 
106 
103 
107 
104 
108 
0977 
106 
109 
106 
108 
130 
153 
165 
293 
324 
346 
356 
452 
106 
155 
118 
107 
115 

0 4 

189 
0847 
0953 
0955 
0953 
0912 
0944 
0922 
0954 
0928 
0958 
0867 
0938 
0965 
0919 
0916 
0998 
109 
114 
174 

191 
204 
208 
2 59 
0953 

111 
106 
0954 

100 

0 5 

173 
0773 
0870 
0869 
0870 
0833 
0860 
0840 
0869 
0846 
0874 
0790 
0852 
0876 
0828 
0820 
0851 
0886 
0913 
125 
135 
143 
145 
176 
0868 
0901 
0966 
0870 
0936 

0 6 

160 
0715 
080 5 

080 5 

0806 

0770 

079 5 

0777 

0802 

0780 

0806 

0730 

0786 

0809 
0762 

0751 

0761 

0776 

0792 

101 
107 
112 
114 
136 
0804 

0789 
0896 

0804 

0867 

0 8 

140 
0628 
0707 
0707 
0708 
0676 

0699 
0683 
0706 
0685 
0707 
0638 
0689 
0708 
0664 
0654 
0648 
0647 
0653 
0763 
0800 
0824 
0836 
0952 
0706 
0657 
0786 
0706 
0761 

1 0 

126 
0565 
0636 
0636 
0636 
0608 
0627 
0614 
0635 
0617 
0635 
0573 
0618 
0634 
0595 
0585 
0575 
0568 
0571 
0640 

0659 
0675 
0684 
0757 
0655 
0577 
0706 
0636 
1683 

1 25 

113 
0504 
0568 
0568 
0568 
0546 
0560 
0548 
0567 
0551 
0568 
0512 
0552 
0566 
0531 
0521 
0510 
0501 
0502 
0544 
0554 
0563 
0569 
0615 
0567 
0508 
0630 
0567 
o6ao 

1 5 

103 

0459 
0518 
0517 
0518 
0496 
0512 
0500 
0517 
0502 
0519 
0468 
0505 
0518 
0485 
0476 
0467 
0459 
0460 
0492 
0501 
0508 
0512 
0548 
0617 
0465 
0576 
0517 
0556 

2 

0876 
0394 
0444 
0446 
0445 
0427 
0442 
0432 
0447 
0436 
0448 
0407 
0438 
0461 
0424 
0418 
0414 
0408 
0409 
0437 
0446 
0452 
0457 
0484 
0445 
0412 
0493 
0446 
0478 

3 

0691 
0313 
0356 
0367 
0369 
0348 
0360 
0353 
0367 
0358 
0371 
0338 
0365 
0376 
0361 
0357 
0366 
0367 
0370 
040 5 
0414 
0420 
0421 
0445 
0357 
0367 
0396 
0363 
0384 

4 

0579 
0266 
0304 
0306 
0309 
0303 
0315 
0310 
0323 
0316 
0328 
0301 
0327 
0338 
0330 
0330 
0349 
0355 
0360 
0402 
0411 
0416 
0420 
0440 
0307 
0351 
0339 
0317 
0329 

6 

0502 
0234 
0270 
0273 
0276 
0274 
0286 
0282 
0296 
0290 
0302 
0279 
0305 
0316 
0313 
0316 
0344 
0355 
0361 
0409 
0418 
0423 
0426 
0446 
0274 
0347 
0301 
0287 
0292 

6 

0446 
0211 
0245 
0249 
0254 
0254 
0266 
0264 
0277 
0273 
0284 
0266 
0289 
0302 
0304 
0309 
0344 
0358 
0365 
0418 
0427 
0433 
0436 
0455 
0250 
0 347 
0275 
0268 
0267 

8 

0371 
0180 
0213 
0218 
0224 

0229 
0242 
0241 
0254 
0252 
0266 
0248 
0274 
0285 
0295 
0303 
0349 
0368 
0377 
0438 
0448 
0464 
0459 
0479 
0220 
0354 
0240 
0243 
0233 

10 0 

0321 
0161 
0194 
0200 
0206 
0215 
0228 
0229 
0243 
0242 
0255 
0241 
0267 
0280 
0294 
0305 
0359 
0383 
0394 
0465 
0477 
0484 
0489 
0511 
0202 
0366 
0219 
0229 
0212 

F r o m Gladys White Grodstem, "X-Ray Attenuation Coefficients from 10 kev to 100 Mev," 
NBS Circular 583 (April 30, 1957), Chapts. 1-3. 
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Table 5.8 

TOTAL GAMMA-RAY ATTENUATION COEFFICIENTS 

(in cm"^) 

G a m m a - R a y E n e r g y , Mev 

M a t e r i a l Dens i ty 0. 1 0. 15 0. 2 0. 3 0. 4 0. 5 0. 6 0. 8 1. 0 1. 25 1. 5 Z 3 4 5 6 8 10. 0 

Be 

C 

Na 

Mg 

Al 

Si 

P 

S 

K 

Ca 

Fe 

Cu 

Mo 

Sn 

I 

W 

Pt 

Tl 

Pb 

U 

Nal 

HjO 

1.85 

2. 25 

. 9712 

1. 741 

2. 70 

2.42 

1. 83 

2. 07 

0. 37 

1. 55 

7.86 

8. 933 

9. 01 

7. 298 

4. 94 

19. 3 

21. 37 

11.86 

11. 34 

18. 7 

3. 667 

1. 00 

2. 35 

. 244 

. 335 

. 147 

.279 

. 435 

. 416 

. 318 

. 389 

. 187 

. 369 

2. 704 

3.814 

9. 230 

11. 53 

9. 040 

81.25 

101. 51 

61. 20 

59.99 

19.82 

5. 757 

. 167 

. 397 

. 220 

. 302 

.126 

. 235 

.362 

. 336 

.251 

. 298 

. 130 

. 245 

1.438 

1.840 

3. 505 

4. 109 

3. 201 

27. 79 

35. 05 

21. 35 

20. 87 

45. 25 

2.08 3 

. 149 

. 327 

. 202 

.275 

. 115 

. 212 

. 324 

. 303 

. 223 

. 263 

. 110 

. 205 

1. 085 

1. 313 

2. 027 

2. 211 

1. 675 

13. 66 

15. 99 

10. 27 

10. 16 

21.88 

1. 113 

. 136 

.291 

. 1748 

.239 

.099 

. 185 

. 278 

.259 

. 190 

. 224 

. 092 

.169 

.833 

.965 

1. 171 

1. 117 

.815 

5. 655 

6.924 

4. 104 

4. 037 

3.452 

. 568 

. 118 

. 251 

. 1567 

. 2144 

. 0836 

. 1643 

. 2489 

. 2309 

. 1698 

. 1983 

. 0316 

. 1496 

. 7223 

. 8183 

. 8991 

.795 

. 563 

3. 353 

4. 032 

2.419 

2. 359 

4.343 

. 407 

. 106 

. 2242 

. 1430 

. 1958 

.0309 

. 1497 

.2268 

. 2103 

. 1548 

. 1809 

. 0741 

. 1358 

.6503 

. 7325 

. 7663 

. 6466 

. 4510 

2. 413 

2. 385 

1. 696 

1.644 

3. 291 

. 3304 

. 0966 

. 2045 

.1323 

.1811 

.0748 

. 1334 

. 2098 

. 1941 

. 1427 

. 1663 

.0684 

. 1254 

. 5989 

. 6709 

. 6857 

. 5663 

.3912 

1. 949 

2. 287 

1. 328 

1. 293 

2. 543 

. 2893 

.0896 

. 1889 

. 1162 

.1591 

. 0657 

. 1217 

. 1844 

. 1709 

. 1254 

. 1463 

. 0599 

. 1097 

. 5219 

. 5842 

. 5333 

.4722 

. 3226 

1.473 

1. 710 

. 9773 

. 9480 

1. 780 

. 2409 

. 0786 

. 1659 

. 1045 

. 1431 

.0590 

. 1092 

. 1658 

. 1537 

. 1129 

. 1314 

.0538 

.0933 

.4677 

. 5226 

. 5181 

. 4145 

. 2821 

1. 235 

1. 408 

.3005 

. 7757 

1. 416 

. 2116 

.0706 

. 1492 

.0932 

. 1273 

.05 30 

. 1975 

.1480 

. 1372 

. 1008 

. 1176 

. 0430 

.0877 

.4174 

. 4654 

.4595 

. 3656 

. 2480 

1.050 

1. 184 

. 6677 

. 6452 

1. 150 

. 1863 

.0630 

. 1332 

.0349 

.1166 

.0482 

.0891 

. 1350 

. 1251 

.0919 

. 1074 

. 0439 

. 0803 

. 3812 

.4252 

. 4203 

. 3350 

. 2272 

.9496 

1. 071 

. 6025 

. 5806 

1.025 

. 1705 

. 0575 

. 1215 

.0729 

.0999 

.0415 

. 0770 

. 1166 

. 1082 

.0798 

.0927 

.0381 

.0699 

. 3333 

. 3734 

. 3730 

. 2973 

. 2020 

.8434 

.9510 

.5361 

. 5182 

. 9051 

. 1511 

.0493 

. 1046 

.0579 

. 0301 

.0338 

.0627 

.0953 

. 0888 

.0655 

.0763 

. 0318 

.0583 

. 2337 

. 3189 

.3289 

. 2678 

. 1828 

. 7317 

.3847 

.4981 

.4774 

.3322 

. 1346 

.0396 

. 0853 

.0492 

. 0684 

. 0294 

. 0548 

.0837 

. 0782 

.0573 

.0679 

. 0284 

.0524 

. 2594 

. 2948 

. 3144 

. 2591 

. 1778 

. 7759 

.8783 

. 4934 

.4763 

.8228 

. 1287 

.0339 

.0745 

. 0433 

. 0608 

.0266 

.0498 

.0761 

. 0716 

.0531 

. 0625 

.0265 

.0490 

. 2460 

. 2323 

. 3099 

. 2591 

. 1733 

. 7894 

.8933 

. 5017 

.4831 

.8 340 

. 1272 

. 0301 

. 0674 

. 0390 

.0551 

.0247 

. 0463 

. 0713 

.0670 

. 0500 

. 0588 

.0251 

.0468 

. 2339 

. 2760 

. 3099 

. 2613 

. 1803 

. 8067 

.9125 

.5135 

. 4944 

.8509 

. 1272 

. 0275 

. 0630 

.0333 

.0479 

.0222 

. 0421 

. 0651 

.0615 

. 0461 

. 0551 

. 0238 

. 0442 

. 2319 

. 2707 

. 3144 

. 2686 

. 1362 

.8453 

.9574 

. 5 384 

. 5205 

.8957 

. 1298 

. 0240 

.0571 

.0293 

.0437 

.0209 

.0397 

.0618 

.0588 

.0443 

.0328 

.0232 

.0434 

. 2311 

. 2725 

. 3190 

. 2795 

. 1946 

.8975 

1.019 

. 5740 

. 5545 

. 9556 

. 1342 

.0219 

. 0533 



of the ind iv idua l l a y e r s . F o r t h o s e s i m p l e c a s e s the b u i l d - u p m a y be e x 
p r e s s e d by equa t ion 5.20 o r 5 .22. To c h e c k the a c c u r a c y of t h i s a s s u m p t i o n 
the b u i l d - u p m a y b e c o m p a r e d to t ha t of the m a t e r i a l which h a s the c l o s e s t 
va lue of Z and for which t h e b u i l d - u p has b e e n c o m p u t e d ; e x a m p l e s a r e 
b e r y l l i u m , s u g a r , h e a v y w a t e r , and w a t e r . The b u i l d - u p s for t h e s e m a t e 
r i a l s o r c o m b i n a t i o n s t h e r e o f m a y be c o m p a r e d to t h e c o m p u t e d b u i l d - u p 
for w a t e r o r a l u m i n u m . The b u i l d - u p in c h r o m i u m , n i c k e l , z i n c , o r c o p p e r 
m a y , s i m i l a r l y , be r e g a r d e d as e s s e n t i a l l y the s a m e as t ha t for i r o n . The 
s i t u a t i o n at p r e s e n t i s tha t one m u s t c a r e f u l l y e x a m i n e e a c h con f igu ra t ion , 
s e e tha t a c o m b i n a t i o n such as l e a d s to equa t ion 5.21 d o e s not unknowingly 
e x i s t , and then p r o c e e d with a conven ien t ana ly t i c f o r m . 

Ano the r c o n s i d e r a t i o n in g a m m a r a y p r o b l e m s i s tha t of s l an t 
p e n e t r a t i o n of shields .-^ '* '^^ All the p r e v i o u s c o n s i d e r a t i o n s h a v e been for 
r a d i a t i o n which i s n o r m a l to the s h i e l d s u r f a c e . While t h i s i s u s u a l l y not 
a r e s t r i c t i v e c o n s i d e r a t i o n , it i s n e c e s s a r y to be a w a r e of the i n h e r e n t 
d a n g e r s of s l an t p e n e t r a t i o n . A s i m p l e i l l u s t r a t i o n of s l a n t p e n e t r a t i o n i s 
g iven in F i g u r e 5.4 . R a y pa th A r e p r e s e n t s the inc iden t r a y wh ich is n o r 

m a l to the s h i e ld s l a b . It i s ef
f e c t i v e l y s h i e l d e d by a t m e a n -
f r e e - p a t h s . R a y B m i g h t be 
s u p p o s e d to be s h i e l d e d by a t s e c 
Q m e a n - f r e e - p a t h s ; h o w e v e r , t he 
p r o b a b i l i t y for a photon to be 
s c a t t e r e d at s o m e poin t S in the 
s h i e l d t ak ing the s h o r t e r pa th to 
the s u r f a c e of the s h i e l d r e p r e 
s e n t e d by C i s too l a r g e to d i s 
coun t . L i k e s c a t t e r e d g a m m a 
r a y s in pa th A the s c a t t e r e d 
c o m p o n e n t m a y b e c o m e the d o m i -

F i g u r e 5.4 nan t one and, t h e r e f o r e , the e f fec
t i ve t h i c k n e s s of the s h i e l d for 

I l l u s t r a t i o n of Slant P e n e t r a t i o n for r a y pa th B m u s t be l e s s than 
G a m m a R a y s a t s e c 6. 

The c o n s i d e r a t i o n s g iven a r e for m o n o e n e r g e t i c s o u r c e s of g a m m a 
r a y s . Whi le , in t r u t h , t h i s i s s e l d o m r e a l i z e d , it m a y b e a r e a s o n a b l e a p 
p r o x i m a t i o n , and t h e i n f o r m a t i o n r e q u i r e d to w o r k p r o b l e m s is u s u a l l y 
p r e s e n t e d in a f o r m conven i en t for t h i s p u r p o s e . Often a s i n g l e photon 
e n e r g y is a s s u m e d to be r e p r e s e n t a t i v e and th i s m a y b e r e a s o n a b l e . It 
m u s t be kept in m i n d , t hen , t ha t t h i s e n e r g y m a y be r e p r e s e n t a t i v e of one 

34 fi A 1 '̂ 7 

Kirn, F. S., et al . , "Oblique Attenuation of Gamma Rays from Co"" and Cs in Polyethylene and 
Lead," NBS-2125 (December 23, 1952). 

"̂ ^ Zerby, C. D., "Transmission of Obliquely Incident Gamma-Radiation Through Stratified Slab 
Barriers," ORNL-2224 (December 13, 1956). 



si tuation and not another . F o r example, the same assumption would not be 
as t rue for a heating problem as for a shield penetra t ion problem. Similar ly, 
a t h r e e - M e v photon may be r ep resen ta t ive of a fission source shielded by 
lead, and this assumpt ion rnay not se r ious ly be affected by the p resence of 
gamma rays due to neutron capture in wa te r . However, a change would be 
quite in o rde r if a g a m m a - r a y sou rce , due to capture of neutrons in s tee l , 
were p r e sen t . This l a t t e r si tuation may pe rmi t the th ree -Mev assumption 
nea r the core with a lead shield, but r equ i r e s a seven-Mev assumption 
fa r the r out in the shield with no lead p r e sen t . The bes t compromise is to 
u s e a l ine spec t rum with as many l ines as is deemed prac t ica l or n e c e s s a r y . 
The data on source spec t r a a r e p resen ted in adequate detail for this purpose 
A reasonable compromise for a complete r eac to r shield is to r ep re sen t all 
source s p e c t r a by a min imum of t h r ee l ines ranging from one Mev to 
seven Mev. 

The preceding d iscuss ion , supported by the formulas that appear in 
Section 3, provides the n e c e s s a r y tools for the calculat ion of the gamma-
r a y fluxes in a r e a c t o r shield. One of the f i r s t s teps is to put down in 
o r d e r l y fashion all the information n e c e s s a r y for the solution of the p r o b 
l em: m a t e r i a l s , t h i cknesses , c r o s s sections^ geometry , e tc . The select ion 
of the appropr ia te formula is s t rongly dependent on the geomet ry and, b e 
cause an exact r ep re sen ta t ion is never poss ib le , t he re may be m o r e than 
one reasonable geomet r i ca l approximat ion. Because of the r eac to r physics 
cons idera t ions a r e a c t o r co re is usual ly designed to be a cylinder with a 
ra t io of height to d i ame te r of n e a r l y one. Since the actual core will not 
t r u l y be a cyl inder , but some mechan ica l ly feasible approximation, it 
might be equally well r ep re sen t ed by a cyl inder or a sphe re . Thus the 
co re gcumma rays could be computed by cyl indrical geomet ry^" or by 
sphe r i ca l geomet ry , formulas 3.40 and 3.46, with essent ia l ly the same 
r e s u l t s . Close to the co re , before the R^ effect becomes l a rge , a slab 
geome t ry would no doubt a lso suffice. A more accura te represen ta t ion 
could be made , but it does not usual ly yield correspondingly accura te r e 
sults unless all ingredients of the calculat ion a r e known equally well . It 
is not, for example , worth the effort to carefully r ep re sen t the geomet ry 
to within 10% accu racy when the bui ld-up is not known to within 50% nor 
the sou rce s t rength to within a factor of two. 

A reasonably s imple , yet often sufficiently accu ra t e , formula is the 
following: 

$ = f :r e~^ 7/cm^ sec . 6.23 
2MS VRg + ^ / 

This is the same formula as der ived in Section 3, equation 3.40, with a 
l inea r bui ld-up included. It will apply when jUa > 1 and the build-up can be 

Rockwell, T., III, Editor, Reactor Shielding Design Manual, TID-7004, McGraw-Hill and 
D. Van Nostrand (March. 1956). 



Core 
Centerhne 

reasonably approximated by B(/ia) = jua. It may be used equally well to 
r ep resen t prompt fission, fission product , or capture gamma rays in a 
core that is nea r ly a sphere and has a uniform power dis tr ibut ion. 

In o rde r to judge whether a cons tan t - source representa t ion is ade
quate for the core gamma rays , compare this constant source to the actual 
distr ibution of the fissions (see F igure 5.5). Since the major contribution 

of gamma rays that leak out of a 
source come from within the ou te r 
most mean-f ree-pa th , a look at the 
relat ive location of that dis tance 
may determine the most p roper 
source representa t ion . If "a" r e p 
resen t s one mean- f ree-pa th from 
the outside boundary of the core , 
the cons tan t -source representa t ion 
would c lear ly be an overes t imat ion, 
the magnitude of which is s t r ic t ly 
a function of the individual r eac to r . 
If "b " is one mean- f ree -pa th , the 
constant source may possibly be 
an underes t imate , a condition that 
is t radi t ional ly avoided by shield 
des igne r s . 

Outer 
Boundary 

Figure 5.5 

Core Gamma-Ray Source 
Distribution 

The regions outside the core 
will generate capture gamma rays 
that may at t imes be approximated 
by a uniform source , but as a rule 
will tend to be more or l ess expo
nential . An exponential source some 

dis tance from the core and out in the shield may well be represen ted by 
slab geometry as given by formula 3.78. An exponential source cannot 
be s imply represen ted in spher ical geometry except by replacing the ex
ponential source by a suitable constant source . For example, in slab 
geometry an average value for an exponential source may be represen ted 
as 

dx Qo exp [-kx - ag (t - x)] 

Q 7 •i/. cm sec . 5.24 

dx exp [-ag (t - x)] 

which, re fe r r ing to F igure 5.6 yields the resu l t 

QoOg {l - exp [-(k - as)t]} 

Q 7 ^ k ag) [exp (+ agt) - 1] •V' cm sec 5.25 
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-Zx\ Q 

Figure 5.6 

I l lustrat ion for Average of 
Exponential Source 

Since the slab representa t ion is a 
pess imis t i c one, but not always ex
cess ive ly so, it is usually employed 
whenever the source distribution is 
exponential. It is convenient, and 
usual ly there is not a ser ious loss 
in accuracy, to utilize the exponen
tial source formulas (equations 3.81 
ff) to determine the capture gamma-
ray fluxes at the surface of the r e 
gion in which they are produced and 
then to extend these fluxes through
out the remainder of the shield by 
equation 5.23. This is a par t icu lar ly 
appreciable t ime saver when the 
gamma-ray distr ibution throughout 
a shield mate r ia l is required in 
some detai l . 

While the considerat ions of fuel element t ransfer have not been ex
plicit ly d iscussed, the basic information required has been covered. The 
f i rs t considerat ion is the geomet ry to be selected to represen t the problem. 
Quite often this will be a line source , as indicated in Section 3, since a fuel 
element is commonly long and thin. The strength of this line source may 
be determined by considerat ions of the power level, operating t ime and 
cooling t ime as given in equations 5.3 and 5.7. The spectrum changes 
with t ime ; therefore the equi l ibr ium spect rum will have to be adjusted to 
the value appropr ia te for the t ime after shutdown.-^''38,39,40 Examples 
of such calculations a re given in the literature.'*-'^ • 

The g a m m a - r a y scat ter ing that occurs within a dense media can 
be t rea ted by the build-up concept as d iscussed previously. There a r e , 
however, regions around a r eac to r in which the scat ter ing occurs in a 

37 

38 

Rockwell, T . , III, Editor, Reactor Shielding Design Manual, TID-7004, McGraw-Hill and 
D. Van Nostrand (March, 1956). 
Moteff, J. , "Fission Product Decay Gamma-Ray Spectrum," APEX-176 (December 1, 1954). 

•̂ ^ Ashley, R. L. , "Effective-Energy Method for Spent Fuel Shielding, " Nucleonics 16 (#10) 78 
(October, 1958). 

40ciark, F. H., "Decay of Fission Gamma-Rays, " NDA-27-39 (December 30, 1954). 
41 Stern, H. E., "Calculations of Shielding for Burned-Out Reactor Fuel Elements, " ORNL-1840 

(December 22, 1953). 
^2 "The EBWR Experimental Boiling Water Reactor," ANL-5607 (May, 1957) p. 215. 



r e l a t i v e l y p e n e t r a b l e m e d i u m , such a s a i r o r water. '*-^' ' - ' ' ' * Under 
t h e s e c i r c u m s t a n c e s the s c a t t e r i n g p r o b l e m m u s t be t r e a t e d on a s o m e w h a t 
m o r e m i c r o s c o p i c b a s i s . One m u s t t hen de lve a l i t t l e d e e p e r into the m o r e 
b a s i c p r o c e s s e s and the p h y s i c a l l aws by which t h e y a r e g o v e r n e d . 

T h e r e a r e s e v e r a l ways in which g a m m a r a y s m a y be s c a t t e r e d . ' ° 
T h e s e inc lude Compton , R a y l e i g h , T h o m s o n , and n u c l e a r r e s o n a n c e . The 
one of the m o s t p r a c t i c a l i m p o r t a n c e i s Compton s c a t t e r i n g , which invo lves 
a change in d i r e c t i o n a s we l l a s e n e r g y of t h e photon . T h e pho ton e n e r g y 
a f te r be ing s c a t t e r e d t h r o u g h an angle 6 i s g iven by 

7 = 7 o [1 +7o( l - cos e)]-^ , 5.26 

w h e r e 7 i s h v / m c ^ , o r E ( M e v ) / 0 . 5 1 

Equa t i on 5.21 i s d e r i v e d f r o m the l aws of c o n s e r v a t i o n of e n e r g y and m o 
m e n t u m as app l i ed to the c o l l i s i o n b e t w e e n a photon of e n e r g y E(Mev) and 
an e l e c t r o n . It i s usefu l to note tha t a l a r g e ang le s c a t t e r of h i g h - e n e r g y 
photon ( 7 » 1) r e s u l t s in a photon of e n e r g y a p p r o x i m a t e l y g iven b y 

E.V = ;̂ a Mev 5.27 
' 1 - cos B 

If 9 i s 90° o r g r e a t e r t h e n the s c a t t e r e d photon e n e r g y i s 0.51 Mev or l e s s ; 
s i m i l a r l y , if the ang le i s 180° the s c a t t e r e d photon e n e r g y i s 0.25 Mev o r 
l e s s , no m a t t e r wha t the in i t i a l e n e r g y of the gannma r a y m a y have b e e n . 

The change in d i r e c t i o n i s not qui te so s i m p l y s t a t e d . The d i f f e r e n 
t i a l c r o s s s e c t i o n p e r uni t so l id angle Q, i s g iven by the K l e i n - N i s h i n a 
f o r m u l a : 

d a I'D 1 + COS^ 6 1 
dr2 2 2 [1 +7o( l - cos Of] 

i 7 ^ ( 1 - c o s 6)2 I cm^ 
X <1 + ; y , 5.28 

[ (1 + cos^S) [1 + 7 o ( l " cos 0 ) ] j e l e c t . - s t e r a d i a n 

43Horton, C. C . , "Some Worked Examples in Radiation Shielding, " AERE-RS/L-3A, Harwell, England 
(1957). 

*^Moran, H. S. , "Air Scattering of Co^*^ Gamma Rays; Theory Versus Experiment, " ORNL-2019 
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•̂ ^ Jones, B. L., J. W. Harris and W. P. Kunkle, "Air and Ground Scattering of Cobalt-60 Gamma 
Radiation, " CVAC-170T (March 30, 1955). 
Woodruff, L. V. , J. W. Harris and W. P. Kunkel, "Air and Ground Scattering of Co^*^ Gamma 
Rays in a Shadow Shield Geometry, " CVAC-198-T (December 16, 1953). 
Heitler, W., "The Quantum Theory of Radiation, " Oxford University Press (London, 1950). 

'*^Fano, U. , "Gamma-Ray Attenuation, " Nucleonics, 8 (#8) (August, 1953) and Nucleonics 11 (#9) 55 
(September, 1953). 



e^ 
w h e r e 7o = r = 2.818 x 10 ^̂  c m , the c l a s s i c a l r a d i u s of the e l e c t r o n . If 

the s u b s t i t u t i o n 

7 
P = — 

7o 

is m a d e , equa t ion 5.28 is s imp l i f i ed to 

da To _2 /̂  1 ^ . z a\ cm^ ^ .,„ 
- 3 ^ P M — + P - sin^ 0 — 5.29 

dO, 2 \ P / e l e c t . - s t e r a d i a n 

A usefu l plot of the K l e i n - N i s h i n a f o r m u l a m a y be s e e n in r e f e r e n c e 49 and 
50 a m o r e d e t a i l e d se t of g r a p h s is g iven by N e l m s . A s tudy of t h i s i n fo rma

t ion wi l l i n d i c a t e tha t for c e r t a i n e n e r g i e s and c e r t a i n ang le s s i m p l i f i c a 
t ions m a y b e m a d e . F o r e x a m p l e , the d i f f e ren t i a l c r o s s s e c t i o n for 
0 . 5 1 - M e v pho tons i s n e a r l y c o n s t a n t f r o m 90° to 180° and for 5.1-Mev 
pho tons i s of n e a r l y exponen t i a l f o r m f r o m 0° to 60°. Under t h e s e c i r c u m 
s t a n c e s an i n t e g r a l e x p r e s s i o n involving the K l e i n - N i s h i n a f o r m u l a m a y be 
g r e a t l y s i m p l i f i e d s i n c e d a / d ^ would be a c o n s t a n t , o r at l e a s t a m o r e 
m a n a g e a b l e ana ly t i c r e p r e s e n t a t i o n . 

A s i m p l e p r o b l e m in s c a t t e r i n g i s tha t g iven in F i g u r e 5.7. The 
g a m m a r a y s s c a t t e r e d f r o m the th in m i r r o r to the d e t e c t o r X m a y be 
g iven by 

Qo N Q M Z d a 

47Tri A r 2 dQ, 
0-y= 2 2 ~ 7 / cm ' ' s e c 5.30 

Since ©j i s 90° the photon e n e r g y at X wi l l be 0.51 Mev o r l e s s , and s i n c e , 
in add i t ion , t he s c a t t e r e r i s s m a l l , the c r o s s s e c t i o n wil l be a c o n s t a n t . 
If r j and r2 a r e s m a l l c o m p a r e d to the m e a n - f r e e - p a t h of the g a m m a r a y s 
in a i r (~400 ft), t hen m u l t i p l e a i r s c a t t e r i n g m a y b e n e g l e c t e d . Should the 
m i r r o r be l a r g e r , but not t h i c k e r , so tha t m u l t i p l e s c a t t e r i n g in the m i r r o r 
i s s t i l l not i m p o r t a n t , then an i n t e g r a t i o n m u s t be p e r f o r m e d o v e r the e x 
ten t of the m i r r o r and the va lue of 0 m a y not be c o n s i d e r e d c o n s t a n t . 
Should the s c a t t e r e r be not only l a r g e , but t h i c k and d e n s e , then an i n t e 
g r a t i o n m u s t be p e r f o r m e d o v e r the s c a t t e r i n g v o l u m e , and m u l t i p l e s c a t 
t e r i n g in the s c a t t e r e r m u s t be i nc luded . T h i s p r o b l e m would not be a 
s i m p l e one , p r o b a b l y be ing beyond the r a n g e of hand c o m p u t a t i o n . 

In the s a m e p r o b l e m s c a t t e r i n g f r o m the wa l l s and ce i l ing m u s t 
a l s o be c o n s i d e r e d and th i s too invo lves nnultiple s c a t t e r i n g . If the sh ie ld 

49price, B. T., C. C. Horton, and K. T. Spinney, "Radiation Shielding, " Pergamon Press, N. Y. 
(1957) p. 26. 

SONeims, A. T., "Graphs of the Compton Energy-Angle Relationship and the Klein-Nishina Formula 
from 10 kev to 500 Mev, " NBS Circular 542 (August 28, 1953). 
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Figure 5.7 

Gamma-Ray Scattering Problem 
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is such that the sca t te r ing a r e a on the ceilin-g is c i r cu la r , the problem may 
be eas i ly approximated. The flux at the ceiling is nea r ly uniform and given 
by 

'^z = %- 7 /cm^ sec . 5.31 
47rr3 

The sca t t e red flux at X is then given by 

3)3 = / dA —=~ 7/cm2 gg^ ^ 5 3 2 
J 47rr | 

where |3 is the reflect ion coefficient, or albedo, of the ma te r i a l in the ce i l 
ing.^1 Equation 5.32 in tegra tes r a t h e r eas i ly for the center l ine of a disk 
source (formula 3.47), which geomet ry m a y be reasonably assumed in this 
p rob lem. Since 9^ is between 90° and 180° the sca t t e red photons a re b e 
tween 0.51 Mev and 0.25 Mev or l e s s . 

An example of a i r sca t t e r ing is that of an opened reac to r vesse l 
(Figure 5.8) that emi t s a somewhat col l imated beam of gamma rays that 
is ref lected from the cei l ing. This ref lect ion from the ceiling could be 
es t ima ted by the method of the previous pa ragraph ; the a i r sca t te r ing 
may be es t ima ted as follows. The g a m m a - r a y flux in the a i r , $^, may 
be cons idered to be n e a r l y constant from A to B and cyl indrical m shape. 
The sca t t e r ed source is then a lso cyl indr ical in shape and of magnitude 

da 
Z N o C | > ^ - , 

where Z NQ is the e lec t ron densi ty of the a i r . The observat ion that the 
angle of sca t t e r is between 90° and 180° will indicate the energy range of 
the s ca t t e r ed photon. If da/dQ may be approximated by a constant or at 
l eas t by a m o r e convenient analyt ical express ion than in equation 5.28, 
the p rob lem i s that of computing the flux from a cyl indr ical volume source 
of rad ius R. F o r example , the source m a y b e considered i so t ropic and of 
magnitude "|U<ty," where "ji" is the total g a m m a - r a y c r o s s section for a i r . 
Multiple a i r sca t te r ing may be neglected unless the ceiling is 400 or m o r e 
feet high. Should the sca t te r ing a i r volume not be so conveniently defined, 
it m a y be poss ib le to work out the individual s ca t t e r ed contributions from 
many e l emen ta ry volume s o u r c e s , pe rhaps a r r anged in a convenient ana
lyt ical fashion. The total s ca t t e r ed flux would then be the summed con
t r ibut ions from all such e l emen ta ry vo lumes . 

Rockwell, T, , III, Editor, Reactor Shielding Design Manual, TID-7004, McGraw-Hill and 
D. Van Nostrand (March, 1956) p. 332. 
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F i g u r e 5.8 

G a m m a - R a y A i r S c a t t e r i n g P r o b l e m 

A n o t h e r of t h e a p p l i c a t i o n s of the a i r s c a t t e r i n g of g a m m a r a y s i s 
tha t in h a z a r d s e v a l u a t i o n p r o b l e m s . T h i s i nvo lves an e s t i m a t i o n of the 
g a m m a - r a y d o s e , bo th d i r e c t and by a i r s c a t t e r i n g , f r o m a bu i ld ing full of 
g a s e o u s f i s s i o n p r o d u c t s . A r e c e n t e v a l u a t i o n of t h i s type of p r o b l e m w a s 
given at the G e n e v a C o n f e r e n c e . - ' 

52 Geller, L., and R. Epstein, "A General Method for Evaluating Containment Shielding Under Normal 
and Emergency Conditions, " Paper P/435, presented at the International Conference on Peaceful Uses 
of Atomic Energy held at Geneva, Switzerland (June, 1958). 



Chapter 5 P rob lems 

What should be the th ickness of an EBWR fuel element t r ans fe r f l a sk? 
See ANL-560 7 for detai ls on the fuel e lement and the predic ted flask 
th ickness . 

What would be the shutdown radia t ion at the top of the r eac to r vesse l 
when the EBWR r e a c t o r is shut down and the vesse l head removed? 
What water level is r equ i red? 

Determine whether it would be hazardous to stand at the side of the 
open vesse l with no water above the co re? How much water should 
t h e r e be? 



6. NEUTRON-INDUCED ACTIVITY 

Wherever neutron fluxes occur , neutron absorpt ions will take place 
The nucleus that absorbs a neutron becomes excited and r e l e a s e s its exci 
tation in the form of radiat ion of one sor t or another and at a t ime cons i s 
tent with physical laws of the nucleus . Capture gamma rays emerging at 
the instant of absorption a r e one avenue of relief for this unstable nucleus. 
Many m a t e r i a l s r emain in an excited state after the emiss ion of capture 
gamma r a y s . These e lements t r ans fe r to a m o r e stable state with the 
emiss ion of additional radiat ion according to the laws of radioactive decay. 
The half-life va r i e s from a few seconds for some nuclei to many yea r s for 
o the rs . The radiation emit ted va r i e s in both energy and form according to 
the isotope^ »^'3 concerned (see Table 6.1). The problems caused by these 
radioactive nuclei depend strongly on the form of the radiation as well as 
the half-l ife. A strong g a m m a - r a y emi t t e r may be a shielding problem. A 
strong b e t a - r a y enaitter, while not general ly a shielding problem, may be 
an ingestion hazard , the se r iousness depending on the be t a - r ay energy, the 
radioactive half-life, and the body half-life (that i s , the t ime it takes the 
human body to excrete one half of i t . ) 

T a b l e 6.1 

INDUCED A C T I V I T I E S F R O M SOME R E A C T O R COOLANTS 

T a r g e t 
I so tope 

N a " 

K « 

Q l S 

O l 6 

O^^ 

I s o t o p i c 
% 

100 

6.8 

0.204 

99.8 

0.039 

C r o s s Sec t ion a t 
2200 m e t e r / s e c , 

b a r n 

0 

0 

0.53 

1.15 

0.00021 

.019 x I O " ' ^ ^ 

.0052 X lO"'^^ 

R a d i o a c t i v e 
P r o d u c t of 

R e a c t i o n 

Na^^ 

^AZ 

O ' ' 

Ni6 

N'^ 

Ha l f -L i f e 

14.9 h r 

12.4 h r 

29.4 s e c 

7.4 s e c 

4.1 s e c 

E n e r g y of 
R a d i a t i o n , 

Mev (7) 

2.76; 1.38 

1.51 

1.6 

6 . 1 3 ; 7 . 1 0 

I ( n e u t r o n ) 

G a m m a s p e r 
D i s i n t e g r a t i o n 

I e a c h 

0.25 

0.7 

0 .76;0 .06 

1 (neu t ron) 

^ F a s t (n,p) r e a c t i o n s ; c r o s s s e c t i o n s a v e r a g e d o v e r f i s s i o n s p e c t r u m . Da ta 
quo ted i s f r o m Roys and S h u r e . A p r e v i o u s d e t e r m i n a t i o n by H e n d e r s o n and 
Tunnic l i f fe g ives c r o s s - s e c t i o n s for N of 0 .0185 x 10"^ b a r n and for 
N ' ' ' of 0 .0093 X 10-^ b a r n . 

F r o m Rockv/e l l , T . , I l l , E d i t o r , R e a c t o r Sh ie ld ing D e s i g n M a n u a l , T I D - 7 0 0 4 , 
M c G r a w - H i l l and D. Van N o s t r a n d , ( M a r c h , 1956). 
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Neutron fluxes high enough to cause ex t reme activation do not 
usual ly exis t outside a shielded environment . An obvious exception to this 
i s , of cour se , the fluxes from an exper imenta l beam por t . Thus, normal ly , 
radioact ive m a t e r i a l s a r e found behind m o r e than adequate shielding. There 
a r e , however , many ways in which these m a t e r i a l s may get outside the r e 
ac to r shield during the n o r m a l operat ion of a r e a c t o r . Tes t m a t e r i a l s may 
be i n se r t ed ajid removed for examinat ion; dust or jus t a i r , may drift into, 
and l a t e r , out of high neutron-flxix zones . Coolant m a t e r i a l s m u s t normal ly 
be c i rcu la ted from the r e a c t o r core to a location outside the r eac to r shield 
p rope r to a heat exchanger , or may be c i rcula ted alnaost anywhere in case 
of a leak; fuel e lements m u s t be r ep l aced per iodical ly , and mechanica l 
p a r t s m a y need r ep lacemen t . These p rob lems have a l l been met and solved 
one way or another . It i s n e c e s s a r y to recognize these problems and thei r 
magni tudes in advance of the ac tua l operat ion in o rde r to prevent harmful 
exposure to pe r sonne l . 

The radia t ion emit ted by the act ivated m a t e r i a l is r a r e l y as energet ic 
as the capture gammia r a y s in the core or shield m a t e r i a l s , nor does it o c 
cur in as l a rge quant i t ies . This radia t ion does have the feature of getting 
outside the shield in one way or another ; operat ing c rews may then ingest 
the radioac t ive pa r t i c l e s or be o therwise exposed to the radiat ion. The a c 
tual p rob lem of shielding the radia t ions involved is essent ia l ly the same as 
shielding r e a c t o r gamma r a y s , as has been d iscussed , except that the source 
geome t r i e s m a y be quite different. The equations governing the build-up 
and decay of the radioac t ive nuclei a r e d i scussed in this sect ion. 

The differential equations governing the build-up of activi ty in a 
m a t e r i a l a r e , neglect ing the burnup of act ive nucl ides . 

A'( t ) = N(t)aa<I)(t) -?^.A(t) act ive a t o m s / c m ^ sec 6.1 

and 

N'( t ) = -N(t)aa*(t) a toms /cm^ sec . 6.2 

In these equations A(t) is the number of act ive a toms per cubic cent imeter 
and N(t) i s the number of t a rge t a toms p e r cubic cen t ime te r . Fo r many 
ca se s the burnup of the i r r a d i a t e d m a t e r i a l i s a l so negligible. Under th i s 
condition the differential equation governing the bui ld-up of activi ty is 

^'{t) = No0a*(t) - ^•A-(t) ac t ive a t o m s / c m ^ s e c 6.3 

The number of act ive a toms p r e s e n t after i r r ad ia t ion for a t ime "t" and 
cooling for a t ime "T" in a constant neut ron flux "OQ" is then 

A(t) = ^°^a^° [1 - exp(-Xt)] exp(-XT) act ive a t o m s / c m ^ , 6.4 



and the activity is 

XA(t) = NflCTâ o [1 - exp(-Xt)] exp(-XT) d i s / c m ' sec . 6.5 

Here "NQ" is the number of a toms of the m a t e r i a l to be i r r ad i a t ed at t ime 
t = 0, "%" is the neutron flux, "ag." the act ivat ion c r o s s sect ion, and "X" 
the decay constant. 

F o r a s i tuat ion in which the naater ia l is cycling in and out of the 
neut ron flux, as would be the case with the r eac to r coolant m a t e r i a l , the 
act ivi ty build-up af ter "n" such cycles of "t^," sec for the complete cycle 
and "ty" sec in the act ive zone would be 

X A(ntc) = Noaa1>o \\ ~ ^""^i",^!^!] [l - exp(-nA.tc)] ^\^ . 6.6 
V c ' " a " 1̂1 _ exp(-Xtc)J cm^sec 

This a s s u m e s no ini t ial act ivi ty, i . e . , A(0) = 0. The above equation may be 
simplified under ce r t a in c i r c u m s t a n c e s ; for example , after a l a rge number 
of cyc les , 

XA(nte) — Noaa*o \] ' " " ^ i t ^ j l " 4 ^ 6.7 
'̂  " a " îX _ exp(-Xtc)J cm^sec 

as n 

Also, if Xtj, (and hence Xtj.) is a very sma l l number , 

XA(ntc) = No aa*OT^ [l - exp (-nXt^,)] d i s / cm^sec . 6.8 

Final ly , if n becomes la rge and t̂ , is sma l l , 

XA(ntj,)—•Noaa'I^OT^ d i s / cm^sec 6.9 

as n —»oo . 

If it is de s i r ed to include the burnup of the or iginal a t o m s , an 
approximate r e su l t i s 

X A(nt^) ~ Noa^ Oo 0 [1 - exp(-Xtr)] exp(-nXtc) 

^[1 - exp(nXtc - nOa^otr)] dis ^ ^^ 
[exp (-Xtc - CTĝi* 0 t r ) " ̂ ] cm^sec ' 

where 

1 ^ 0 <;exp (a^^o tj.). 
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A n o t h e r t r e a t m e n t of t h i s p r o b l e m , inc lud ing b u r n u p , i s g iven by A U a r d . ^ 

E q u a t i o n s (6.6) t h r o u g h (6.10) a r e su i t ab l e for c a l cu l a t i ng the 
n u m b e r of a c t i v e a t o m s p e r cub ic c e n t i m e t e r of coo lan t . It m u s t be r e 
m e m b e r e d tha t <^o i s a s s u m e d not to v a r y with t i m e and i s a l s o a s s u m e d 
to be a s u i t a b l e a v e r a g e flux v a l u e . In c a s e of a t h r e s h o l d r e a c t i o n ^ s u c h 
a s O^^ (n,p) N^^6,7,8,8a the d e t e r m i n a t i o n of % i s m o r e difficult than for 
the t h e r m a l n e u t r o n a b s o r p t i o n s b e c a u s e the a v e r a g e effect ive t h r e s h o l d 
n e u t r o n flux i s no t a s e a s i l y d e t e r m i n e d . 

E q u a t i o n s (6.6) t h r o u g h (6.10) a r e a l s o s u i t a b l e for the c a l c u l a t i o n 
of r a d i o a c t i v e a t o m s in a coo lan t due to the i r r a d i a t i o n of i m p u r i t i e s in the 
coo lan t . T h e s e i m p u r i t i e s m i g h t be due to e r o s i o n o r c o r r o s i o n p r o d u c t s 
in the w a t e r , in wh ich c a s e "N" i s a funct ion of t i m e . 

The p r o b l e m of the a c t i v a t i o n of c o r r o s i o n and e r o s i o n p r o b l e m s 
m a y be w o r k e d out if s o m e a s s u m p t i o n s a r e m a d e r e g a r d i n g the coolan t 
s y s t e m . Le t u s a s s u m e tha t the r e a c t o r i s a bo i l ing w a t e r r e a c t o r ( F i g 
u r e 6.1) s u c h a s E B W R . C o r r o s i o n a n d e r o s i o n p r o d u c t s e n t e r the coolan t 

a t a r a t e " r " a t o m s p e r second , 
and l e a v e a t a r a t e d e t e r m i n e d 
by the w a t e r flow r a t e t h r o u g h 
the f i l t e r , "fi" g r a m s of coolant 
p e r s econd , which r e t u r n s p u r e 
w a t e r to the s y s t e m . The c o r 
r o s i o n and e r o s i o n p r o d u c t s 
a l s o l e a v e with the s t e a m but a t 
a r e d u c e d r a t e d e t e r m i n e d by 
the s t e a m flow r a t e , "afz" g r a m s 
of s t e a m p e r s econd , w h e r e "a" 
i s the d i s t i l l a t i o n f ac to r of the 
w a t e r to s t e a m , and "fz" i s the 
s t e a m flow r a t e . Th i s d i s t i l l a 
t ion f a c t o r i s not a s i m p l e q u a n 
t i ty to d e t e r m i n e s i n c e it i s a 

K^ 
F i g u r e 6 .1 

I l l u s t r a t i o n of t h e R e a c t o r C o o l a n t C y c l e 

^AUard, G. A., "Activation of Fluid Circulating Through A Reactor, " KDPL-665 (1951) 
SRocklin, R. S., "Data Sheet No. 28-Fission Neutron Cross Sections for Threshold Reactions, " 

Nucleonics, J//, (#1) 54 (January 1959). 
6 Rockwell, T., III, Editor, Reactor Shielding Design Manual, McGraw-Hill and D. Van Nostrand, 

(March, 1956) p. 87 and 229. 
'7 Roys, P. A., and K. Shure, "Production Cross Section of N-'-̂  and N "̂̂ , " Nucl. Sci. Eng., ^(#6) 

536 (December 1958). 
^Henderson, W. J., and P. R. Tunnicliffe, "The Production of N^^ and N-'-'̂  in the Cooling Water 

of the NRX Reactor, " Nucl. Sci. Eng., 3̂ , 145, 1958. 
8a Martin, H. C., "Cross-Sections for the. Ol6(n, p) NI'^ Reaction from 12 to 18 Mev, " Phys. Rev. 93 

498, (1954). 



funct ion of the s o m e w h a t u n p r e d i c t a b l e and c e r t a i n l y v a r i a b l e c h e m i s t r y of 
the coo lan t a n d / o r the i m p u r i t i e s in the s y s t e m . 

The d i f f e r en t i a l equa t i on g o v e r n i n g the n u m b e r of a t o m s of c o r r o 
s ion a n d e r o s i o n p r o d u c t s p e r g r a m of coo lan t in the above m o d e l i s 

N'(t) + F N(t) - r / M . 6.11 

H e r e M i s the t o t a l m a s s of the coo lan t in g r a m s and 

F := (fi + af2)/M sec"^ . 

The so lu t ion i s 

N(t) = T ^ [1 - exp ( -F t ) ] a t o m s / g m . 6.12 

The d i f f e r en t i a l equa t i on g o v e r n i n g the n u m b e r of a c t i v e a t o m s p e r g r a m 
of coo lan t in the s y s t e m is 

A ' ( t ) + (X+ F ) A(t) = a^<l>oN(t), 6.13 

w h e r e O^ i s the a c t i v a t i o n c r o s s s e c t i o n in c m / a t o m . The so lu t ion i s 

Af te r o p e r a t i o n for an in f in i te ly long t i m e , i . e . , (X+ F ) t and F t a r e l a r g e , 

. / X "^a o''̂  1 a c t i v e a t o m s , , ^ 
Alool r7^=;- 77 zrr . 0 . 1 5 

^ ' M F (X+ F ) gm 
The a c t i v i t y in d i s i n t e g r a t i o n s p e r g r a m p e r s e c o n d i s , of c o u r s e , XA(t). 

The n u m b e r of a c t i v e a t o m s in the t u r b i n e m a y b e o b t a i n e d if s i m 
plifying a s s u m p t i o n s a r e m a d e . If i t i s a s s u m e d tha t a l l the a c t i v e a t o m s 
tha t l e a v e the r e a c t o r in the s t e a m d e p o s i t in the t u r b i n e and only in the 
t u r b i n e , the fol lowing m a y be w r i t t e n ; 

Ax'(t) + XAi(t) =af2A(t) 6.16 



The solution is 

A,(t) = ^^^^'^"^ 1 exp(-Ft) 
'\-F) 

, f ^ (X+ F ) ( X - F ) \(X + F ) 

MXF [ ( X + F ) " (X - F ) 

1 1 . / X 

X 
( ^ - F ) 

^ ' F 

- 1 
exp[-(X+ F)t] 

exp(-Xt) act a tom. 

6.17 

After an infinite t ime of operat ion, i .e . , Xt, (X+ F)t and Ft becomes large , 

6.18 . , . afzCTa'I'or 1 . . 
Ai(oo) =—z . _ /.. . „x act a toms, M F (X+ F) 

In real i ty this is the total number of active atoms that leave the r eac to r . 

Similar considerat ions may be made for the escape of fuel into the 
sys tem due to a fuel element rup tu re . The activity of the fuel may be r e p 
resen ted as given in Section 5: 

P(t,T) = ̂ ^ [ t - 0 - ^ - (t + T)-0-^] M £ Z Z i ^ 
0.2 gram fuel 

5.3 

Please re fe r to F igure 5.1 for a convenient graph of this function in the 
following form: 

(-f) 
.0.2 _0.2 Mev/sec 

g ram fuel 
5.4 

Equation 5.3 is the resu l t obtained from the formula due to Way and 
Wigner." Fo r the symbols in equations 5.3 and 5.4 the following definitions 
a r e employed: 

PQ = steady state r eac to r power, w a t t s / g r a m of fuel, 
K = 3.1 X 10^° f i s s /wat t sec , 
G = 1 . 6 (gamma-ray power only), 
t = t ime after shutdown, sec , 
T = t ime of operat ion, sec 

After a long per iod of operation, this may be expressed as 

•p( ) - P Q K G 0.2 Mev / sec 
^^' ~ 0.2 g r a m fuel 

5.5 

9 Way, K. and E. P. Wigner, "Decay of Fission Product Gamma Rays, " Phys. Rev. 70 115(1946). 
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The amount of fuel in the sys tem at any given t ime after the r e l ea se of fuel 
is governed by the equation 

N'{t) - F N(t) = 0, 6.19 

which leads to the formula 

N(t) = No exp[-Ft ] g r a m s fue l /g ram coolant, 6.20 

where No is the amount of fuel r e l e a s e d into the sys tem in a bu r s t . The 
act ivi ty of the coolant may then be exp re s sed as 

„,^ X PoKGNo r « -, , -r. 1 M e v / s e c , _, P(t.°°) = \ -, expr-0.2 In t - Ft] ^ ; . 6.21 
^ ' 0.2 "̂̂  •• g ram coolant 

The act ivi ty from this source that gets into the turb ine , or m o r e co r rec t ly , 
the sum of the f ission product ac t iv i t ies in the ex terna l loop is then 

p^(t,co) ^ I ^ ^ ^ N o ^ _ exp (-Ft)] t - ° -2 M e v / s e c 6.22 

Here ^ is a t r ans fe r factor , such as a , which governs the amount of fuel 
act ivi ty that goes from the water to the s t eam. 

The calculat ion of the activi ty involved in a r eac to r coolant usual ly 
is a fa i r ly complex p rob lem. Fluxes mus t be appropr ia te ly averaged , c i r 
culation t imes m u s t be accura te ly known and, pe rhaps , mos t difficult of a l l , 
the chemis t ry of the act ive m a t e r i a l s m u s t be known. It i s , however , p o s 
sible to make simplifying assumpt ions that can guide the design of the 
per t inent p a r t s of the r e a c t o r . Resu l t s of the analys is of such p r o b l e m s , 
both theore t i ca l and exper imenta l , have been r epor t ed .10 ' i l ' ^^>13 ' l ' * ' ^^ ' ^ ° 

°Small, W. J., J. L. Zegger, A, L. Medin, "Long-Lived Circulating Activity in the Army 
Package Power Reactor. " APAE-20, (August 28, 1957). 

l lpearce, W„ R., "Analysis of Water Activation and Component Shielding for the ORNL Package 
Reactor Power Plant, " CF-53-10-168, (November 10, 1954)„ 

12FaulI, N., "An Experimental Study of Neutron-Induced Activities in Water, " AERE-R/R-1919, 
(1957). 

13Meem, J. L., "Activity Buildup from Stainless Steel in Pressurized Water Reactors, " Trans. Amer. 
Nucl. Sec., 1, (#2). 73 (December 1958). 

^Lewis, W. B,, "Data Sheet No. 19 - Radiation from Neutron-Activated Slabs and Cylinders, " 
Nucleonics, 15, (#4). 84 (April 1957). 

ISpersiani, P. J., "The Calculation of Induced Gamma Activity in Commercial Materials, " 
ANL-4487. (August 8, 1957). 

16 Haag, F. G., "Activity Transport in Sodium-Cooled Systems, " Nucleonics, JL5,(#2) 58 
(February 1957). 



Chapter 6 P r o b l e m s 

1. How much shielding is r equ i r ed on a 12-inch EBWR water pipe? 
(Assume t^ = 10 sec , tj. = 2 sec . ) 

2. What i s the act ivi ty of the Na in the EBWR coolant water if there is 
1 ppm and no loss of Na a toms to the f i l te r? 

3. Es t ima te the Na activi ty due to Al '̂̂  (n,a) Nâ "* if the EBWR fuel was 
a luminum clad. Compare with p rob lem 2. 

4. Could you safely inhale a i r that pa s sed through a t h e r m a l neutron 
flux of 1 X 10^° nvt? 



7. RADIATION HEATING 

The subject of radia t ion heating is usual ly t r ea t ed on a r a the r 
m a c r o s c o p i c b a s i s , that is to say, the deta i ls of how the radiat ion energy 
is actual ly t r ans fo rmed to heat energy is not cons idered in detail . A 
gamma ray , for example , is a s s u m e d to be absorbed according to the 
energy-absorp t ion c r o s s sect ion without r e g a r d to the detai led cons ide ra 
tions of e l ec t rons , b r ehmss t r ah lung , e tc . This may be done simply b e 
cause often the dis t r ibut ions of secondary products do not vary excess ive ly 
from the absorp t ion of the p r i m a r y product , the gamma ray . In the core 
regions the beta r a y s from fission m u s t be considered, since they a r e a 
ma jo r source of heat , but only neut rons and gamma rays constitute vehicles 
for t r anspor t ing significant quanti t ies of energy from the core to surrounding 
m a t e r i a l s . 1 >^ 

High-energy neutrons may t r a n s p o r t energy in the form of kinetic 
energy, which, of cou r se , is d i rec t ly r e l a t ed to the energy they p o s s e s s . 
The r a t e of energy r e l e a s e by the e las t i c sca t te r ing of neut rons is given by 

r°° 
H = l dEEnO(E)cJs(E) g Mev /cm^sec , 7.1 

where $(E) dE is the flux of neut rons with energ ies in the range E to E + dE, 
as is the e las t i c c r o s s sect ion, and "g" is the ave rage fract ional energy loss 
of the neut ron . This power m a y be approximated by 

H = a3<l>£ i E^ Mev /cm^sec , 7.2 

where cjg is the neutron sca t te r ing c r o s s sect ion, $£ is the fast neutron flux, 
^ is the ave rage logar i thm of the energy l o s s , and K^ is the energy of the 
neutron. While this is t rue for neut rons of al l energ ies above t h e r m a l , 
genera l ly only those in the range of energy above one Mev "have enoughkinetic 
energy to be significant, although even these neut rons produce l e s s heat 
than do the gamma r a y s . 

High-energy neut rons m a y a l so r e l e a s e energy by the p r o c e s s of 
inelas t ic s ca t t e r ing , which may be e s t ima ted by the following formula: 

H^a^^^iE^ Mev /cm^sec 7.3 

Here O^ is the ine las t ic sca t t e r ing c r o s s section-^ and fE^^ is the neut ron 
energy loss pe r col l is ion. Inelast ic s ca t t e r is a lso not a ma jo r source of 

1 Rockwell. T., III. Editor. Reactor Shielding Design Manual. TID-7004, McGraw-Hill and 
D. Van Nostrand, (March 1956) p. 76 

^Byrum, B. L., and J. A. Biggerstaff, "Nuclear Radiation Heating: Preliminary Design Considera
tions, " Nucl. Sci. and Eng. , 5, (#1) 28 (1959) 

"^Cranberg, et a l . , Physics and Mathematics. Chapter 4 Progress in Nuclear Energy Series 1, Vol. 1, 
McGraw-Hill Book Co., Inc. , (New York. 1956) 



heat ; because of the complicat ions , as well as the re la t ive inadequacy of 
the data, it is usual ly only n e c e s s a r y to prove that this is not a major 
source of heat by s imple cons idera t ions such as through the use of equa
tion 7.3. It should be ment ioned that the energy is l ibera ted in the form of 
gamma rays so that , if it should become a significant source of energy r e 
l ea se , the ac tual heat r e l e a s e would be via the subsequent g a m m a - r a y a b 
sorpt ion. As such, equation 7.3 is to be cons idered as r e fe r r ing to a source 
of gamma r a y s c rea ted by ine las t ic s ca t t e r . These gamma rays a r e usual ly 
of a lower energy than those c rea ted by neutron absorpt ion and a r e thus a b 
sorbed n e a r e r the point of c rea t ion . Simplifying assumpt ions regard ing 
the i r absorpt ion, such a s that they a r e absorbed a t the point of creat ion, 
make equation 7.3 adequate under many c i r c u m s t a n c e s . 

The mos t profuse source of heat brought about by neutron i n t e r a c 
t ions is due to the absorpt ion p r o c e s s . This in terac t ion does not usual ly 
produce i t s heat d i rec t ly , but indi rec t ly in the form of gamma r ays that do 
not give up the i r energy in the immedia te vicinity of the absorpt ion of the 
neutron. Of cou r se , reac t ions leading to par t ic le emiss ion a r e a noteworthy 
exception, the ideal example of which is neutron absorpt ion in boron. In 
th is case the energy is c a r r i e d off in the form of kinetic energy by an 
alpha pa r t i c l e , which is essen t ia l ly absorbed at the place it was c rea ted . 
The neut ron absorp t ion d is t r ibut ion genera l ly i s a source dis t r ibut ion for 
the emit ted gamma ray . This source dis t r ibut ion is 

^ 7 = ^^a'̂ nN-y T /cm^sec . 7.4 

Usually this is the t h e r m a l neut ron absorpt ion c r o s s section t i m e s the 
t h e r m a l neut ron flux t imes the number of gamma rays emit ted pe r neutron 
absorp t ion . This may be s ta ted because the product cJa'̂ n is usual ly g rea t e r 
for t h e r m a l neu t rons than for the sum of al l other ene rg i e s , N-y being con
s ide r ed independent of neut ron energy . In the m a t e r i a l s where in te rmedia te 
neutron fluxes become significantly l a r g e r than the t h e r m a l neutron fluxes, 
such as in i ron , the i n c r e a s e of the absorpt ion c r o s s section with decreas ing 
energy may be off-set by the higher in te rmedia te energy neutron fluxes. 
Under c i r c u m s t a n c e s such as these the neutron absorpt ion density cannot be 
desc r ibed m o r e accu ra t e ly than is the flux of in te rmedia te neu t rons . 

The r e l e a s e of heat by the absorpt ion of gamma r a y s may be ex
p r e s s e d as 

H=ii-£^yEy Mev/cm^ sec , 7.5 

where jUg is the energy absorp t ion coefficient (see Tables 7.1 and 7.2) 
and E-y the g a m m a - r a y energy . The g a m m a - r a y flux, O-y, has been p r e 
viously independently de t e rmined from al l s o u r c e s , as d i scussed in sect ion 5 
us ing the fo rmulas in sect ion 3, and then t r ea t ed a s indicated in equation 7.5. 
If the g a m m a - r a y fluxes a r e de t e rmined by energy l ines , then equation 7.5 
should be applied for each l ine , or for each g a m m a - r a y energy. The total 
heat will then be the sum of the r e s u l t s obtained by consider ing each l ine. 



Table 7.1 

GAMMA-RAY ENERGY ABSORPTION MASS ATTENUATION COEFFICIENTS 

(in c m V g m ) 

G a m m a - R a y Ene rgy , Mev 

M a t e r i a l 0.1 0.15 0.2 0.3 0.4 0.5 0.6 0.8 1.0 1.25 1.50 2 3 4 5 6 8 10.0 

H 
Be 
C 
N 
O 
Na 
Mg 
Al 
Si 
P 
S 
A 
K 
Ca 
Fe 
Cu 
Mo 
Sn 
I 
W 
Pt 
Tl 
Pb 
U 
Air 
Nal 
H2O 

Concrete 
Tissue 

.0411 

.0183 

.0215 

.0224 

.0233 

.0289 

.0335 

.0373 

.0435 

.0501 

.0601 

.0729 

.0909 

.111 

.225 

.310 

.922 
1.469 
1.726 
4.112 
4.645 
5.057 
5,193 
9.63 
.0233 

1.466 
.0253 
.0416 
.0271 

.0487 

.0217 

.0246 

.0249 

.0252 

.0258 

.0276 

.0283 

.0300 

.0315 

.0351 

.0368 

.0433 

.0489 

.0810 

.107 

.294 

.471 

.557 
1.356 
1.556 
1.717 
1.753 
2.337 
.0251 
.476 
.0278 
.0300 
.0282 

.0531 

.0237 

.0267 

.0267 

.0271 

.0266 

.0278 

.0275 

.0286 

.0292 

.0310 

.0302 

.0340 

.0367 

.0489 

.0594 

.141 

.222 

.260 

.631 

.719 

.791 

.821 
1.096 
.0268 
.224 
.0300 
.0289 
.0293 

.0575 

.0256 

.0288 

.0288 

.0289 

.0279 

.0290 

.0283 

.0291 

.0289 

.0301 

.0278 

.0304 
,0318 
.0340 
.0368 
.0617 
.0873 
.100 
.230 
.262 
.285 
.294 
.392 
.0288 
.0889 
.0321 
.0294 
.0312 

.0589 

.0263 
,0296 
.0296 
.0296 
.0283 
.0294 
.0287 
.0293 
.0290 
,0301 
.0274 
.0298 
,0309 
.0307 
,0316 
,0422 
,0534 

.0589 

.121 

.138 
,152 
,156 
,208 
.0296 
.0542 
.0328 
.0297 
,0317 

.0591 

.0264 

.0297 

.0297 

.0297 

.0284 

.0293 

.0286 

.0290 

.0290 

.0300 

.0272 

.0295 

.0304 
,0294 
.0296 
.0348 
.0403 
.0433 
.0786 
.0892 
.0972 
.0994 
.132 
.0297 
,0410 
.0330 
.0296 

.0320 

.0590 

.0263 

.0296 

.0296 

.0296 

.0284 

.0292 

.0286 
,0290 
,0287 
.0298 
.0270 
,0291 
,0300 
,0287 
,0286 
,0315 
.0346 
.0366 
.0599 
.0666 
.0718 
.0738 
.0968 
.0296 
,0354 
.0329 
.0295 

,0319 

.0575 

.0256 

.0289 

.0289 

.0289 

.0276 

.0285 

.0278 

.0282 

.0280 

.0288 

.0260 

.0282 

.0290 

.0274 

.0271 

.0281 

.0294 

.0303 

.0426 

.0465 
,0491 
.0505 
.0628 
.0289 
.0299 
.0321 
.0287 

.0311 

.0557 

.0248 

.0280 

.0280 

.0280 

.0268 

.0276 

.0270 

.0274 

.0271 

.0279 

.0252 

.0272 

.0279 

.0261 

.0260 
,0263 
,0268 
.0274 
.0353 
.0375 
.0393 
,0402 
,0482 
.0280 
.0273 
.0311 
.0278 

.0300 

.0533 

.0237 

.0268 

.0268 

.0268 

.0257 

.0265 

.0259 

.0263 

.0260 

.0268 
,0242 
.0261 
.0268 
.0250 
.0247 
.0248 
.0248 
.0252 
.0302 
.0315 
.0326 
.0332 
.0383 
.0268 
.0253 
.0298 
,0272 

.0288 

.0509 

.0227 

.0256 

.0256 

.0257 

.0246 

.0254 

.0248 

.0252 

.0250 

.0258 

.0233 

.0251 

.0258 

.0242 

.0237 

.0239 

.0239 

.0241 

.0281 

.0293 

.0301 

.0306 

.0346 

.0256 

.0242 

.0285 

.0256 

.0276 

.0467 

.0210 

.0237 

.0238 

.0238 

.0229 

.0237 

.0232 

.0236 

.0234 

.0242 

.0220 

.0237 

.0244 

.0231 

.0229 

.0233 

.0233 

.0236 

.0271 

.0280 

.0288 

.0293 

.0324 

.0238 

.0235 

.0264 

.0239 

.0256 

.0401 

.0183 

.0209 

.0211 

.0212 

.0207 

.0215 

.0212 

.0217 

.0216 

.0224 

.0206 

.0222 

.0230 

.0224 

.0223 

.0237 
,0243 
,0247 
,0287 
,0296 
,0304 
.0305 
.0332 
.0211 
.0241 
.0233 
.0216 

.0220 

.0354 

.0164 

.0190 

.0193 

.0195 

.0194 

.0203 

.0200 

.0206 

.0206 

.0215 

.0199 

.0217 

.0225 

.0224 

.0227 

.0250 

.0259 

.0265 

.0311 

.0320 

.0326 

.0330 

.0352 

.0194 

.0254 

.0213 

.0203 

.0206 

.0318 

.0151 

.0177 

.0180 

.0183 

.0185 

.0194 

.0192 

.0198 

.0200 

.0209 

.0195 

.0214 

.0222 
,0227 
.0231 
,0262 
.0276 
.0283 
.0335 
.0343 
.0349 
.0352 
.0374 
.0181 
.0268 
.0198 
.0194 

.0192 

.0291 

.0141 

.0166 

.0171 

.0175 

.0179 

.0188 

.0188 

.0194 

.0197 

.0206 

.0195 

.0212 

.0223 

.0231 

.0237 

.0274 

.0291 

.0299 

.0355 

.0365 

.0354 

.0373 

.0394 

.0172 

.0281 

.0188 

.0188 

.0182 

.0252 

.0127 

.0153 

.0158 

.0163 

.0171 

.0182 

.0183 

.0190 

.0194 

.0206 

.0194 

.0215 

.0225 

.0239 

.0248 

.0296 

.0316 

.0327 

.0390 

.0400 

.0406 

.0412 

.0443 

.0160 

.0303 

.0173 

.0180 

.0168 

.0255 

.0118 

.0145 

.0151 

.0157 

.0168 

.0180 

.0182 

.0189 

.0195 

.0206 

.0197 

.0219 

.0231 

.0250 

.0261 

.0316 

.0339 

.0353 

.0426 

.0438 

.0446 

.0450 

.0474 

.0153 

.0325 

.0165 

.0177 

.0160 

F r o m Gladys White Grodstein, "X-Ray Attenuation Coefficients from 10 kev to 100 Mev," 
NBS Circular 583 (April 30, 1957), Chapts. 1-3. 



Table 7.2 

GAMMA-RAY ENERGY ABSORPTION ATTENUATION COEFFICIENTS 

{in cm"') 

GaTnma-R9.y Energy, Mev 

Mate rial Density 0. I 0. 15 0. 2 0. 3 0.4 0. 5 0. 6 0.8 1. 0 1. 25 1. 50 2 3 4 5 6 8 10. 0 

Be 

C 

Na 

Mg 

Al 

Si 

P 

s 
K 

Ca 

Fe 

Cu 

Mo 

Sn 

I 

W 

Pt 

Tl 

Pb 

U 

Nal 

HP 
Concrete 

1. 85 

2. 25 

.9712 

1. 741 

2. 70 

2.42 

1.33 

2. 07 

0.87 

1.55 

7.86 

8.933 

9. 01 

7. 298 

4.94 

19. 3 

21. 37 

11. 86 

11. 34 

18. 7 

3.667 

1. 00 

2. 35 

1. 

2. 

8. 

10. 

8. 

79. 

99. 

59. 

58. 

180. 

5, 

0339 

0484 

0281 

0583 

1007 

1053 

0917 

1244 

0791 

172 

769 

769 

307 

721 

704 

362 

264 

976 

839 

08 

376 

0253 

0978 

. 0401 

. 0554 

. 0251 

.0481 

.0764 

. 0726 

. 0576 

.0727 

. 0377 

. 0758 

. 6367 

.956 

2.649 

3.4 37 

2.752 

26. 171 

33.252 

20. 364 

19.879 

43. 702 

1.745 

. 0278 

.0705 

1. 

1. 

1, 

12. 

15, 

9. 

9. 

20, 

,0438 

, 0601 

, 0258 

, 0484 

, 0743 

,0692 

, 0534 

, 0642 

, 0296 

, 0569 

. 3844 

, 5306 

, 270 

.620 

. 284 

. 178 

. 365 

. 381 

. 310 

. 495 

.8214 

. 0300 

, 0679 

. 0474 

.0648 

.0271 

. 0505 

. 0764 

. 0704 

. 0529 

. 0623 

. 0264 

. 0493 

. 2672 

. 3287 

. 5559 

. 6371 

.494 

4.439 

5.599 

3. 380 

3. 334 

7. 330 

. 3260 

. 0321 

. 0691 

. 048 7 

. 0666 

. 0275 

.0512 

.0775 

. 0709 

. 0531 

. 0623 

. 0259 

. 0479 

. 2413 

. 2823 

. 3802 

. 3897 

. 2910 

2.335 

2.949 

1.803 

1. 769 

3.890 

. 1988 

. 0328 

. 0698 

.0438 

. 0668 

.0276 

. 0510 

.0772 

.0702 

. 0531 

. 0621 

. 0257 

. 0471 

. 2311 

. 2644 

. 3135 

. 2941 

.2139 

1.517 

1. 906 

1. 153 

1. 127 

2.468 

. 1503 

. 0330 

. 0697 

.0487 

. 0666 

. 0276 

. 0508 

. 0772 

. 0702 

. 0525 

. 0617 

. 0253 

. 0465 

. 2256 

. 2555 

. 2331 

. 2525 

. 1808 

1. 156 

1. 423 

.8515 

. 8369 

1.810 

. 1293 

. 0329 

. 0693 

. 0474 

.0650 

.0268 

.0496 

.0751 

. 0682 

. 0512 

. 0596 

. 0245 

. 0450 

. 2154 

. 2421 

. 2532 

. 2146 

. 1497 

. 3222 

.9937 

. 5823 

.5727 

1. 174 

. 1096 

. 0321 

. 0674 

. 0459 

. 0630 

. 0260 

. 0431 

. 0729 

. 0663 

. 0496 

. 0578 

. 0237 

. 0432 

. 2051 

. 2323 

. 2370 

. 1956 

. 1354 

. 6813 

. 8014 

.4661 

. 4559 

. 9013 

. 1001 

. 0311 

. 0653 

. 0438 

.0603 

.0250 

. 0461 

. 0699 

. 0636 

. 0476 

. 0555 

. 0227 

. 0415 

. 1965 

. 2206 

. 2234 

. 1810 

. 1245 

. 5829 

. 6732 

. 3366 

. 3765 

. 7162 

.0928 

. 0298 

. 0639 

.0420 

. 0576 

.0239 

. 0442 

. 0670 

.0610 

. 0458 

. 0534 

. 0218 

. 0400 

. 1902 

. 2117 

.2153 

. 1744 

. 1191 

. 5423 

. 6261 

. 3570 

. 3470 

. 6470 

. 0887 

. 0235 

. 0602 

.0 389 

. 0533 

. 0222 

. 0413 

. 0626 

. 0571 

. 0428 

. 0501 

. 0206 

. 0378 

. 1816 

. 2046 

.2099 

. 1700 

. 1166 

. 5320 

. 5984 

. 3416 

. 3323 

.6059 

. 0362 

. 0264 

. 0562 

. 0339 

.0470 

.0201 

. 0374 

. 0572 

. 0525 

. 0395 

. 0464 

.0193 

. 0357 

. 1761 

. 1992 

.2135 

. 1773 

. 1220 

.5539 

. 6326 

. 3605 

. 3459 

. 6203 

. 0884 

.0233 

. 0508 

.0303 

.0427 

.0183 

. 0353 

. 0540 

.0499 

. 0377 

. 0445 

.0189 

. 0349 

. 1761 

. 2028 

. 2253 

. 1890 

. 1309 

. 6002 

. 68 33 

. 3366 

. 3742 

.6582 

. 0931 

. 0213 

. 0477 

. 0279 

.0398 

.0180 

. 0338 

. 0518 

. 0479 

.0366 

. 0433 

. 0186 

. 0 344 

. 1734 

. 2064 

. 2361 

. 2014 

. 1398 

. 6466 

. 7330 

.4139 

. 3992 

.6994 

. 0983 

. 0198 

. 0456 

. 0261 

. 0374 

.0174 

.0327 

. 0508 

.0469 

. 0361 

. 0426 

. 0184 

. 0 346 

. 1816 

. 2117 

.2469 

. 2124 

. 1477 

.6852 

. 7300 

. 4193 

. 4230 

. 7368 

. 1030 

. 0188 

. 0442 

. 0235 

. 0 344 

.0166 

. 0317 

. 0494 

. 0460 

. 0355 

. 0426 

. 0187 

. 0 349 

. 1879 

. 2215 

. 2667 

. 2306 

. 1615 

. 7527 

.8548 

. 4815 

. 4672 

. 3234 

. nil 

. 0173 

. 0423 

. 0218 

. 0326 

. 0163 

. 0313 

. 0491 

. 0457 

. 0357 

. 0426 

. 0191 

. 0358 

. 1965 

. 2332 

. 2847 

. 2474 

. 1744 

.3222 

.9360 

. 5290 

. 5103 

. 8364 

. 1192 

. 0165 

.0416 



Since the genera l shape of the heat dis tr ibut ion will be exponential , 
subsequent calculat ions to de te rmine s t r e s s e s and t e m p e r a t u r e d is t r ibut ions 
mus t be on the bas i s of an exponentially dis t r ibuted heat sou rce . The ana ly
s is of such p rob lems is contained in the l i t e r a t u r e . ' * ' ^ ' " ' ' ' ° 

The r e su l t s of such analyses m u s t be in t e rp re ted as to p e r m i s s i b l e 
l i m i t s . These a r e , for example , the conventional l imi t s innposed by boi ler 
codes , e tc . , when applied to a r e a c t o r ve s se l . These l imi t s , however , a r e 
not so obvious in the case of concre te s t r e s s e s and t e m p e r a t u r e s . The r e 
sul ts of some Hanford work^ indicate that the t e m p e r a t u r e has a specia l 
significance as applied to water content (please re fe r back to Table 4.5). 
The neut ron-a t tenuat ing p rope r t i e s a r e significantly dec rea sed with the 
loss of wate r . On this ba s i s a 50° l imi ta t ion on the concre te t e m p e r a t u r e s 
would not be unreasonab le . S t r e s s conditions a r e quite dependent on the 
use of the concre te for dual pu rpose s . The concre te biological shield may , 
for example , be the s t r u c t u r a l support of a cons iderable amount of equip
ment , and this would m o r e likely se t the s t r e s s l imi ta t ion since sma l l 
c r acks in the concre te would not be a se r ious problem as far a s radia t ion 
s t r eaming is concerned. A d iscuss ion of this subject by D a v i s l " is he lp 
ful in de termining concre te s t r e s s e s . Others have published information 
along this l ine for concre te and other m a t e r i a l s . ^ ^ ' ^ ^ ' ^ ^ 

4 
Bonilla, F. , "Heat Removal, " Nuclear Engineering, McGraw-Hill Book Co,, (New York, 1957) 
Chapter IX, p. 360 

5 Kroeger. H. R., et al . , "The Effect of Gamma Heating on the APPR-1 Pressure Shell, " 
APAE-Memo-85, (September 1956) 

6Heisler, M., and J. Wetch, "Heat Generation in Thermal Shields, " NAA-SR-942 (August 15, 1954) 
'7 Durham, Franklin P., "Heat Transfer and Thermal Stresses in Nuclear Reactor Shells, " LA-1590 

(September 1953) 
8Lansing, F. , "Determining the Geometry of Thermal Shields, " Nucleonics ^3 (#6) 58 (June 1955) 
9 Wood, D. E., "Neutron Attenuation in Magnetite Concrete Heated to 100°C, 200°C, 300°C, " 

Trans. Amer. NucL Soc. i_(#l) 67 (June 1958) 
•'•'̂ Davis, H. S,, "Thermal Considerations in the Design of Concrete Structures for Shielding Atomic 

Power, " Nuclear Congress, Paper #9 (March 17-24, 1958) 
llHalliday, D. B,, "Heat Release in Concrete Reactor Shields," AERE-R/R-1963, SWP/P31 (1956) 
ISsonsall, W., "Thermal Stresses in Reinforced Concrete Shields, " IGE-R-3 (October 1955) 
••̂^ Claiborne, H„ C. e t ^ . , "Calculating Gamma Heating in Reactor Structures, " Nucleonics, 15 

(#10) 114 (October 1957) 



Chapter 7 P r o b l e m s 

1 • Compare the heating caused by a fast neutron flux due to inelast ic 
sca t te r ing to that due to e las t ic sca t te r ing . 

2. What is the heat r e l e a s e due to a t h e r m a l neutron flux of 1 x 10^^ in 
Boral? 

3. What is the heat generat ion in a thick slab of i ron that has an incident 
t h e r m a l neutron flux of 1 x 10 ^? 



8. MATERIALS 

The nnater ials used to shield a r eac to r will be d i scussed from two 
somewhat different viewpoints. The f i r s t is on the bas i s of fundamental 
p r o p e r t i e s , that i s , ideally, what a r e the des i red nuc lear p rope r t i e s of a 
r e a c t o r sh ie ld? The second is in a p rac t i ca l engineering sense , that i s , 
what m a t e r i a l s actually p o s s e s s the p rope r t i e s des i r ed and a r e s t r u c t u r 
ally, chemical ly and economical ly feasible as well? 

Shielding any single forna of radiat ion is a re la t ively s imple affair . 
Gamma rays a r e at tenuated by p r o c e s s e s which a r e a function of a tomic 
number and m a s s . This can obviously be incorpora ted into a shield m o s t 
efficiently by m a t e r i a l s of high density or those that a r e high in the per iodic 
table of the e l emen t s . Uranium is an example of such a m a t e r i a l and ac tu
ally depleted u ran ium is worthy of considerat ion for a g a m m a - r a y shield 
m a t e r i a l . Lead, gold, b ismuth, and m e r c u r y a r e other examples . Quite 
often u ran ium is not as p rac t i ca l as lead, because the p r e sence of neutrons 
in the u ran ium would produce undes i rab le side effects. Lead and al loys of 
lead that improve the s t ruc tu r a l p r o p e r t i e s a r e the m a t e r i a l s m o s t com
monly used for g a m m a - r a y shielding. They a r e se lec ted from a s t ruc tu r a l 
viewpoint combined with a m e a s u r e of economy. More ex t r eme s t ruc tu r a l 
r equ i r emen t s often lead to i ron or s tee l as a choice for a g a m m a - r a y shield. 
The reduct ion in density will r equ i r e additional space in the form of a thicker 
as well a s a heav ie r , shield. Even water is u sed a s a p r i m a r y shield m a t e 
r ia l in g a m m a - r a y i r r ad ia t ion fac i l i t i es . This points out the fact that the 
m a t e r i a l se lec ted for a g a m m a - r a y shield can be quite dependent upon the 
ove r - a l l objective of the facility for which it is intended, r a the r than simply 
the mos t efficient m a t e r i a l on a nuc lear or economic b a s i s . 

Neutrons a r e a nnore complicated form of radia t ion for which to 
se lec t shielding m a t e r i a l s : f i r s t , because the energy range that mus t be 
cons idered is ex t remely wide, up to eight decades as con t ras ted to two d e c 
ades at the m o s t for gamma r a y s , and secondly, because of the a s soc ia t ed 
capture gamma r a y s . It is obvious that a m a t e r i a l of low m a s s is best for 
modera t ing fast neut rons by e las t ic sca t te r ing ; a s a r e su l t hydrogen, p r o b 
ably in the form of water , should be employed whenever possible and as 
generous ly as poss ib le . Since the c r o s s sect ion of hydrogen is quite sma l l 
for the neut rons that occur at the high end of the f ission spec t rum, that i s , 
for those neut rons with ene rg ies g r e a t e r than one Mev, it is poss ib le , as 
well a s des i r ab l e , to improve the energy loss on the f i r s t coll is ion for high-
energy neut rons by making use of m a t e r i a l s that have good ine las t ic s c a t 
te r ing p r o p e r t i e s . Ma te r i a l s that have this effect a r e those of high m a s s , 
for ins tance , i ron and lead. In o r d e r to e l iminate a neutron from the scene 
it mus t be reduced in energy by e las t ic or ine las t ic sca t t e r ing until it 
r e aches t h e r m a l or nea r t h e r m a l energy where it can readi ly be absorbed . 
Actually it is not a s efficient to reduce h igh-energy neut rons to thernnal 



e n e r g y by e i t h e r e l a s t i c o r i n e l a s t i c s c a t t e r i n g a lone a s i t i s by a combi -
n a t i o n of the t w o . A b s o r p t i o n d o e s o c c u r a t h igh e n e r g i e s bu t no t in l a r g e 
enough m e a s u r e to be s i g n i f i c a n t . E l a s t i c and i n e l a s t i c c r o s s s e c t i o n s , a l 
though a p p r e c i a b l y g r e a t e r t h a n t h e a b s o r p t i o n c r o s s s e c t i o n s , a r e a l s o no t 
l a r g e for h i g h - e n e r g y n e u t r o n s , and a s a r e s u l t f a s t n e u t r o n a t t e n u a t i o n i s 
no t a c c o m p l i s h e d e a s i l y . Whi le t h e r e a r e m a t e r i a l s t ha t have l a r g e r h i g h -
e n e r g y c r o s s s e c t i o n s t h a n o t h e r s , the r e l a t i v e v a r i a t i o n in h i g h - e n e r g y 
c r o s s s e c t i o n s f r o m one m a t e r i a l to a n o t h e r i s not n e a r l y a s g r e a t a s , for 
e x a m p l e , the d i f f e r e n c e in the t h e r m a l n e u t r o n c r o s s s e c t i o n in b o r o n a s 
c o m p a r e d to t h a t of g r a p h i t e . N o r i s t h i s change in f a s t n e u t r o n c r o s s 
s e c t i o n s a s g r e a t a s the v a r i a t i o n in i n t e r m e d i a t e e n e r g y n e u t r o n c r o s s 
s e c t i o n s in r e s o n a n c e r e g i o n s . S ince t h e r e a r e no " m a g i c " m a t e r i a l s , 
s u c h a s a r e b o r o n o r c a d m i u m fo r t h e r m a l n e u t r o n s , f a s t n e u t r o n s t a k e a 
c e r t a i n r e l a t i v e l y u n a l t e r a b l e a m o u n t of m a t e r i a l in wh ich to be a t t e n u a t e d . 
Ef f i c i en t a r r a n g e m e n t s of m a t e r i a l s m a y r e d u c e t h i s t o t a l a m o u n t of m a t e 
r i a l s i g n i f i c a n t l y , bu t not r a d i c a l l y . A v i e w of the t o t a l p r o b l e m m a y , h o w 
e v e r , l e a d to a m o r e e f f ic ien t s h i e l d for the s e c o n d a r y p r o d u c t s t h a t r e s u l t 
f r o m n e u t r o n a b s o r p t i o n , w i th a r e s u l t i n g a p p r e c i a b l e n e t s a v i n g in s h i e l d 
t h i c k n e s s o r we igh t . To s h i e l d f a s t n e u t r o n s , wh ich when inc lud ing s e c o n d 
a r y p r o d u c t s i s e s s e n t i a l l y the t o t a l s h i e l d d e s i g n p rob lena for a r e a c t o r , 
one shou ld i n c l u d e b o t h i n e l a s t i c a n d e l a s t i c s c a t t e r i n g m a t e r i a l s , t he ob j ec t 
b e i n g to f i r s t r e d u c e t h e e n e r g y of t h o s e n e u t r o n s wi th h i g h e s t e n e r g y by i n 
e l a s t i c s c a t t e r i n g and to f u r t h e r r e d u c e t h i s e n e r g y by e l a s t i c c o l l i s i o n s to 
t h e r m a l e n e r g y w h e r e the n e u t r o n m a y be r e a d i l y a b s o r b e d . 

T h e r m a l n e u t r o n s a r e not m u c h of a p r o b l e m p e r s e . T h e y m a y be 
a b s o r b e d r e a d i l y enough in m o s t m a t e r i a l s , so t h a t t h e y r a r e l y b e c o m e a 
d o s e p r o b l e m ; h o w e v e r , s i n c e t h e y p r o d u c e c a p t u r e g a m m a r a y s upon a b 
s o r p t i o n , c o n s i d e r a t i o n m u s t be g iven to w h e r e t hey a r e a b s o r b e d and in 
wha t m a t e r i a l s . N e u t r o n s a b s o r b e d in b o r o n , w h i c h h a s a c o n v e n i e n t l y 
h i g h t h e r m a l n e u t r o n c r o s s s e c t i o n , do no t p r o d u c e a s t r o u b l e s o m e c a p t u r e 
g a m m a r a y s a s do t h o s e a b s o r b e d in c a d m i u m , wh ich a l s o h a s a c o n v e n 
i e n t l y h i g h t h e r m a l n e u t r o n c r o s s s e c t i o n . J u d i c i o u s p l a c e m e n t of b o r o n 
w i l l of ten r e s u l t in a n i m p r o v e m e n t in the s h i e l d t h i c k n e s s by v i r t u e of the 
r e d u c e d n u m b e r of c a p t u r e g a m m a r a y s . 

T h e a c t u a l c h o i c e of a s h i e l d m a t e r i a l m u s t be the r e s u l t of c o m 
p r o m i s e s b e t w e e n the n u c l e a r p r o p e r t i e s , e c o n o m i c s and g e n e r a l o b j e c t i v e s 
of the p l a n t . N u c l e a r p r o p e r t i e s i n c l u d e no t only the a b i l i t y to a t t e n u a t e 
r a d i a t i o n a s n e c e s s a r y , bu t to w i t h s t a n d t h i s r a d i a t i o n for a p e r i o d of t inae 
w i t h o u t su f f e r i ng s e r i o u s d e t e r i o r a t i o n . ^ E c o n o m i c s , of c o u r s e , i n c l u d e s 

2 no t only the c o s t of the m a t e r i a l s , bu t a l s o the c o s t of m a t e r i a l s in p l a c e . 

•'•Wilson, J. C., and D. S„ Billington, "Effect of Nuclear Radiation on Structural Materials, " 
American Institute of Chemical Engineers, Preprint #91 (December 1955) 

^Lane, J. A., "How to Design Reactor Shields for Lowest Cost, " Nucleonics, 1_3 (#6) 56 (June 1955) 



Thus t ranspor ta t ion , fabricat ion, and instal la t ion m u s t each be considered. 
An example is that the choice of a heavy concrete aggregate may be made 
m o r e on the bas i s of what kind is mos t readi ly available r a the r than what 
kind has the bes t nuc lea r p r o p e r t i e s . The genera l objectives include such 
things as whether the plant is for economical nuc lea r power, neutron 
physics r e s e a r c h or nuc lear propuls ion. These things very c lear ly influ
ence the choice of shield miater ia ls . There a r e s u m m a r i e s of m a t e r i a l s 
and the i r p r o p e r t i e s available in the literature.•^»'* 

The above d iscuss ion leads us to the f i r s t guess as to the m a t e r i a l s 
to compose a r e a c t o r shield. These m a t e r i a l s a r e : a heavy m a t e r i a l for 
ine las t ic sca t t e r ing of fast neu t rons , as well as the absorpt ion of the gamma 
r a y s , which might or ig inate in the r e a c t o r core or by neutron capture in the 
shield, and a light m a t e r i a l for e las t ic sca t t e r ing of neu t rons . It i s efficient 
to at tenuate the neut rons and gamma rays at approximate ly the same r a t e , 
that i s with a shield that has approximate ly the same attenuation coefficient 
for neut rons as for gamma r a y s . This is somewhat subject to a l te ra t ion 
when total weight is impor tan t . A savings in weight may be realized^for 
example , by permi t t ing a l a r g e r port ion of the total dose to consis t of 
gamma r a y s , s ince this can be accompl ished, to a l imi ted extent, by r e 
placing heavy m a t e r i a l by l ight. With this poss ib le exception the bes t r e 
ac to r shield would appear to be an in t imate mix tu re of hydrogen and meta l , 
with the final se lect ion a compromise between nuc lear p rope r t i e s and cos t s . ^ 

According to the knowledge of the nuc lear p r o p e r t i e s that a r e r e 
quired to a t tenuate radia t ion f rom a r e a c t o r , it would appear that the bes t 
shield would be , p e r h a p s , a heavy m e t a l hydr ide . The m e t a l hydr ides can 
be m a d e , but they a r e usual ly quite uns table and would no doubt be cost ly 
to p r o c u r e and main ta in . In addition, they do not n e c e s s a r i l y form with the 
p rope r ra t io of m e t a l to hydrogen so that the at tenuation of the neut rons will 
p roceed at the s ame ra te as the at tenuation of the gamma r a y s . All things 
considered, hydr ides a r e not too appealing and to date no known applicat ion 
of these compounds has been made in r e a c t o r sh ie lds , although they have 
been cons ide red . ° 

Another in te res t ing m a t e r i a l a r r a n g e m e n t that has been cons idered 
and which is a lso a me ta l -hydrogen mix tu re is a lead honeycomb s t ruc tu r e 
filled with wa te r . The ra t io of m e t a l to hydrogen can cer ta in ly be control led 
in this s i tuat ion, but the cost i s st i l l r a t h e r prohibi t ive , at l eas t unti l efficient 
shields a r e needed to the extent that they can be m a s s produced. An approx i 
mat ion to the honey comb that has been ut i l ized is that of a l t e rna te s labs of 
m e t a l and hydro gen-containing m a t e r i a l . Examples of this a r r a n g e m e n t in -
clude the Hanford r e a c t o r s , which ut i l ized lamiinated mason i t e and s tee l , the 

"^Rockwell, T. . Ill, Editor, Reactor Shielding Design Manual. TID-7004, McGraw-Hill & 
D. Van Nostrand, (March 1956). 

4Hogerton. J, F., and R. C. Grau. The Reactor Handbook, Vol. Ill, Materials, AECD-3647, (1955) 
5 Judkins, M. F., "What Price Reactor Materials? "Nucleonics, 16^(#1) % (January 1958). 
^Slesser, C. E., and R. P. Gibb, Jr., "Properties of Lithium Hydride for Shielomg Purposes, " 

Shielding Information Meeting. May. 1955. WASH-292 Pt. 3, (September 1955) p. 42 



C P - 5 t h e r m a l column shield, which contains lead and masoni te , a s well as 
the top shield and t h e r m a l column shield of the Argonaut, which a r e s tee l 
and mason i t e . Paraffin and lead laminat ions could be ut i l ized under favor
able c i r cums tances and paraffin with lead shot is very often used to shield 
exper imenta l fac i l i t i es . P robab ly the chief factor l imit ing the use of these 
a r r a n g e m e n t s is the cost of m a t e r i a l s and construct ion. As a r esu l t they 
appear only in port ions of a shield or in smal l shields for exper imenta l 
faci l i t ies and not a s a ru le a s the total bulk shield for a r e ac to r . 

A m o r e common method of at taining a balanced mix ture of me ta l 
and hydrogen i s exenaplified by the use of concrete a s a bulk shield m a t e 
r i a l . Due to the facts that concre te is a m a t e r i a l having fairly des i rab le 
nuc lear p rope r t i e s and one with which people have had much construct ion 
exper ience , it has been ut i l ized quite extensively. When there a r e no s eve re 
pe r fo rmance r e q u i r e m e n t s , o rd inary concre te is quite sa t i s fac tory as a r e 
ac tor shield. If the addit ional expense m a y be justified on the bas i s of the 
reduced building s i ze , o r on the bas i s of reduced length of shield pene t r a 
t ions , the concre te may be made m o r e dense by the addition of heavy a g g r e 
ga tes , such as magne t i t e , b a r y t e s , l imoni te , fe r rophosphorous , e tc . , a n d / o r 
s tee l punchings. All things cons idered the select ion of the m a t e r i a l s for a 
biological shield concre te is often m o r e a function of what is locally ava i l 
able then vir tual ly any other considera t ion . Tables 8.1 and 8.2 contain data 
on the contents of some c o n c r e t e s . 

A perplexing prob lem for many y e a r s has been the water content of 
concre te . In the f i r s t p lace , it i s not well-known jus t how much water n o r 
mal ly s tays with the concre te as it c u r e s , nor is it known too well jus t how 
much should be r equ i r ed a s a min imum amount that should be re ta ined for 
shielding cons idera t ions . Recent s tudies have es tabl ished that a min imum 
amount of seven pe rcen t water content by weight would be adequate for o rd i 
na ry concrete, ' ' ' The re is s t i l l some quest ion a s to the min imum water con
tent n e c e s s a r y in the concre tes made from the hea-vy aggrega tes as well as 
the m o r e detai led effects of water content on the attenuating p rope r t i e s of 
the concre te . It i s i n t e res t ing to note that to a ce r ta in degree concre tes 
made for shielding purposes tend to r equ i r e m o r e water while concrete 
made for s t r u c t u r a l purposes tend to r e q u i r e l e s s water than the amount 

Blizard, E. P. , "Radiation Attenuation Characteristics of Structural Concrete, " ORNL-2193, 
(August 29, 1958). 



Table 8.1 
o 

Concrete 

COMPOSITION AND DENSITY 

Density 

•Symbol gm/cm^ lb/ft' Water 

OF SOME CONCRETES 

Composition, Ib/yd^ 

Portland 
Cement 

Ordinary 
1 
2a 
2b 
3 
4 

Ferrophosphorous 
a 
b 

Barytes 
a 
b 

Magnetite 
a (EBWR Shield) 
b 

Brookhaven (Limonite) 

Ilmenite 
1 (New York State) 
2 (Swedish) 

Magnetite and Steel Punchings 
la (MIT Reactor Shield) 
lb 
2a (EBWR Shield) 
2b 

Limonite and Steel Punchings 
a (CP-5 Shield) 
b 

01 
02-a 
02-b 
03 
04 

FP.a 
FP-b 

BA-a 
BA-b 

M-a 
M-b 
BR 

I-l 
1-2 

MSI-a 
MSl-b 
MS2-a 
MS2-b 

LS-a 
LS-b 

2.33 
2.3 
2.22 
2.39 
2.35 

4.68 
4.57 

3.46 
3.35 

3.62 
3.52 

4.26 

3.68 
3.62 

4.5 
4.4 
4.74 
4.64 

4.64 
4.54 

145 
144 
139 
149 
147 

292 
285 

216 
212 

226 
220 

266 

280 
274 
295 
290 

289 
283 

260 

384 

370 

330 

333 

340 

347 

Aggregate 

318 3300 
(Sand and Gravel) 

730 6870 
(Ferrophosphorus 

Slag) 

550 4980 
(BaSO^ Ore) 

875 4900 
(Magnetite Ore) 

550 3310 
(Magnetite Ore) 

940 1900 
(Magnetite Ore) 

980 1825 
(Limonite Ore) 

*Where appearing, "a" and "b" indicate 100% and 50% water retention, respectively, 

tllmenite Ore substituted for Magnetite in M-a. 

tVictor Chemical Works, Chicago, Illinois. 

"ttSpectrochemical Analysis by Hanford, unpublished. 

Steel 
Punchings Total 

3878 

Ref. 

40 
40 

41 
42 

7894 + 

" 

3360 

4800 

4680 

5900 

6105 

7553 

7980 

7832 

40.43 

44,45 

40 

46t 
47t 

44 

44,45 

tt 



Table 8.2 

ELEMENTAL COMPOSITION OF SOME CONCRETES 

(in gm element / cur concrete) 

Element 

H 

0 . i n w a t e r 

i n d r y mix 

C 

Mg 

Al 

SL 

S 

K 

Ca 

Fe 

Sa 

p . gm/cnt^i 

Ordinary Concre tes 

0 1 

0 .00 Wli 

0.038IJ 

1.1106 

0.130 

0.0OU86 

0.01L9 

0.1.38 

0.001J2 

-
0.581 

0.00726 

-

? .33 

0 2 - a 02-b 

0 .023 O.OlMi 

0 .183 O. l l l l 

1.037 1.036 

0.0023 

0 .005 

0.078 

0 .775 

-
0.0299 

0.100 

0.032 

0.0368 

2 .30 2 .22 

03 

0 .020 

0 .159 

0.957 

0 . U 8 

0.057 

0.085 

0.3li2 

0,007 

0.00 li 

0 .582 

0 .026 

-

2.39 

oil 

0.013 

0.103 

1.062 

-
0.006 

0.107 

0 .737 

0.003 

o.oli5 

0.19I1 

0.029 

O.llOO 

2 .35 

Element 

H i n wa te r 

0 iJi wa te r 

in ore 

i n cement 

Mg i n ore 

i n cement 

Al i n oTe 

i n cement 

S I i n ore 

i n cement 

P 

S 

Ca i n ore 

in cement 

Ti 

V 

Or 

Mn 

pe ill o re 

i n cement 

Ba 

P , gm/cni3 : 

FP-a FB-b 

0.0253 0.0127 

0 .202 0 .101 

-
0 .156 

-
0.00522 

-
0.0183 

-
O.OI165 

1.206 

-

0.195 

-
-
-
-

2 . Bill 

0 .0121 

-

1..68 l,.57 

Heavy Concrete 

BA-a BA-b 

O.O2I13 0.0122 

0.191* 0.0972 

0.826 

0 .118 

-
0.00396 

-
0.0139 

-
0.0352 

-
0 .361 

0.11)8 

-
-
-
-

0.150 

0.00917 

1.551 

3.I16 3.35 

0, 

0, 

3 

IS 

H-a M-b 

.0217 0.0109 

,171+ 0.087 

O.R9I1 

0.187 

0.0263 

0.0063 

0 . 0 6 U 

0.0220 

0.0339 

0.0567 

0.000 Ij 

0.0052 

O.23I4 

0.192 

0.0113 

0.00575 

0.0067 

1.661 

o.oili5 

-

.62 3.52 

BR 

0 .0211 

0 .763 

0.008 

0.0213 

0.0589 

-
-

0.0035 

-
-
-

0.067 

3.055 

-
-

I1.26 

i - i 

0.0217 

0.171* 

1.037 

0 .187 

0 .280 

0.0063 

-
0.022 

0.0li7 

0.0557 

-

0.231* 

0.998 

-
-

0.02b7 

0.583 

0.01U5 

-

3.62 

1-2 

0 .0217 

0.174 

0 .916 

0 .167 

0.0139 

0.0O63 

-
0.022 

-
0.0557 

-

0.231* 

O.Sli* 

-
-

0.0305 

1.001 

0.01115 

-

3.62 

Element 

H i n wa te r 

i n ore 

0 i n w a t e r 

i n o r e 

iii cement 

Mg i n ore 

i n cement 

Al i n ore 

i n cement 

Si i n ore 

i n cement 

S 

Ca i n or« 

i n cement 

T i 

P 

V 

Pe i n ore 

i n cement 

i n punchings 

Zn 

p , gm/cm3 ; 

Heavy Concretes w i t h S t e e l Punchings 

MSl-a MSl-b 

0 .0221 0.0110 

0 .176 0.0682 

0 .725 

0.0179 

O.OOliO 

o.oa7 

0.0139 

0.0230 

0.0350 

-

0.0113 

0.11*60 

0.130 

0.0003 

0.00116 

1.127 

0.009 

2.002 

1..5 1*.U 

HS5-a «S2-b 

0.0221* 0.0112 

0.0180 0.0898 

0.31*7 

0 .201 

0.0102 

0.0067 

0.0239 

0.0236 

0.0132 

0.0599 

-

0.0061*6 

0 .251 

0.071* 

0.00017 

0 .0026 

0.61,5 

0.0156 

2 .851 

I..7I1 1*.6I, 

IS-a IS-b 

0 .0228 0.0111* 

0.172 

0.182 0 .0911 

o.m 

0.209 

-
0.007 

0.001*3 

0.O2U5 

0.001*3 

0.0623 

-

0 .261 

-
-

0.001*3 

0.633 

0.0162 

2.772 

0.001*3 

I1.6I. U.5I* 

o 



tha t o c c u r s m o r e n a t u r a l l y . It i s c l e a r f r o m studies"'"'^'^^'^^'^'^'^ > • '̂•'• '̂•"•"^^ 
t h a t the w a t e r con ten t d o e s have a m a r k e d effect on the f a s t n e u t r o n a t t e n 
u a t i o n , and e v e n if a m i n i m u m a m o u n t of w a t e r i s c u r r e n t l y e s t a b l i s h e d , 
a d d i t i o n a l w a t e r i n c l u d e d in the c o n c r e t e •would i m p r o v e the f a s t n e u t r o n 
a t t e n u a t i o n c h a r a c t e r i s t i c s . The t o t a l ajno\int of w a t e r i s l i m i t e d by the 
s u b s e q u e n t l o s s of d e n s i t y and s t r u c t u r a l s t r e n g t h of the c o n c r e t e . S e r p e n 
t ine concrete-l^ 5 h a s b e e n e x a m i n e d a n d found to be a d e s i r a b l e a g g r e g a t e for 
a h i g h - t e m p e r a t u r e c o n c r e t e in t h a t i t ho lds i t s w a t e r r e a s o n a b l y we l l at 
t e m p e r a t u r e s up to 9 0 0 ° F , o r up to 8 0 0 ° F when in a m i x e d p o r t l a n d c e m e n t 
c o n c r e t e . 

The l o c a t i o n of h igh c r o s s - s e c t i o n m a t e r i a l s , wh ich have l i t t l e or 
no c a p t u r e g a m m a - r a y e m i s s i o n a s s o c i a t e d wi th the n e u t r o n a b s o r p t i o n , 
wi th in the s h i e l d i s a r a t h e r e s t a b l i s h e d p r o c e d u r e . B o r o n in one f o r m o r 
a n o t h e r i s t h e m o s t c o m m o n s u b s t a n c e u s e d for t h i s p u r p o s e . One of t h e 
f i r s t w a y s b o r o n w a s i n t r o d u c e d in to a s h i e l d w a s in the f o r m of b o r a l . ^6 
T h i s i s now a c o m m e r c i a l l y p r o d u c e d p r o d u c t and i s qu i t e usefu l t hough 
not i n e x p e n s i v e . B o r o n h a s b e e n i n c o r p o r a t e d in to the E B W R s h i e l d in t"wo 
w a y s . The t h e r m a l s h i e l d c o n s i s t s of a o n e - i n c h t h i c k n e s s of one p e r c e n t 
b o r a t e d s t e e l , 1 7 ,18 ,19 and b o r o n a l s o p r e c e d e s the b i o l o g i c a l s h i e l d in the 
f o r m of a p l a s t e r 2 0 m a d e of f e r r o - b o r o n . B o r o n c a n be s i m p l y i n t r o d u c e d 
in the f o r m of b o r o f i n , a p a r a f f i n - b o r a x m i x t u r e . 2 1 T h i s i s no t an e x p e n 
s ive m a t e r i a l , bu t i t m u s t be c o n t a i n e d in a n a i r - t i g h t c a n l e s t t he a b s o r p 
t ion of w a t e r c a u s e the m a t e r i a l to e x p a n d . T h i s s a m e m i x t u r e h a s b e e n 

o 

"Davis, H. S.. "Thermal Considerations in the Design of Concrete Structures for Shielding Atomic 
Power Plants, " Paper 9, Nuclear Congress, Chicago, March 17-24, 1958. 

%unch, W. L., "Attenuation Properties of High Density Portland Concretes as a Function of 
Temperature, " HW-54656 (January 22, 1958)o 

lOwood, Don E., "Neutron Attenuation of Magnetite Concrete Heated 100°C, " HW-53395 
(October 1957). 
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uti l ized at the C P - 5 r eac to r top shield with the addition of lead shot to in
c r e a s e the densi ty. It is canned in an a i r - t i gh t s teel container to prevent 
the above-ment ioned absorpt ion. Boron may be introduced in the form of 
a canned boron ca rb ide-graph i te mix tu re in the case that a h igh- tempera tu re 
m a t e r i a l is r equ i red , such as in the EBR-II or the Enr ico Fermii reac tor .22 
Graphite is p resen t to dilute the m o r e expensive boron carbide , which in i ts 
pure form has m o r e than enough boron to s e rve the purpose . In addition, a 
cheaper boron vehicle has been studied23 -with the resu l t that calcium bora te 
and a bora ted diatomaceous e a r t h concre te have emerged a s p rac t i ca l m a 
t e r i a l s for the Enr ico F e r m i P lan t . 

^^Hungerford, H. E,, and R. F, Mantey. "Shielding the Enrico Fermi Fast Breeder Reactor, " 
Nucleonics 16 (11), 120 (November 1958). 

^'^Hungerford, H. E., ^ al . , "New Shielding Materials for High Temperature Application, " 
Trans. Amer. NucL Soc.. 1 (#2 ) 157 (December 1958). 
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9. EPILOGUE 

The bas ic information for the design of a r eac to r shield has been 
p re sen ted . It mus t be kept in mind that the objective was not to d i scuss 
shielding from a scientific view, but from that of an engineer . This i s 
what mus t be done when calculat ing shield dis t r ibut ions within the p resen t 
s ta te of the a r t . It should have been noticed that ve ry l i t t le emphas is was 
placed on the use of computing mach ines . This is p r i m a r i l y because they 
could not be used as tools during the cou r se , but par t ly because this is not 
at the p r e sen t t ime a complete answer to the p rob lem. When machines a r e 
used they mus t be used by people who unders tand shielding p r o b l e m s . This 
course then p r ecedes the use of computing mach ines . 

Assuming that the information given is adequate, and for all except 
an ex t r eme ly efficient shield such as for a mobile r eac to r it should be so , 
t he re a r e s t i l l a multi tude of p rob lems to t r y the pat ience of a shield design 
engineer . Nothing •will be built exact ly as his m o r e ideal shield design de 
picted i t . The re will be gaps , i r r e g u l a r i t i e s , pene t ra t ions , and a multi tude 
of other d e p a r t u r e s from design, all of which a r e , of cour se , n e c e s s a r y . It 
is at this point that the shield des igner becomes m o r e of an a r t i s t , or p e r 
haps s e e r would be an appropr ia te t i t l e . His decis ions a r e not l ikely to be 
proven conclusively right or wrong except in the mos t ex t r eme va r i a t ions , 
or unless quite de l ibera te exper imenta l plans a r e made for this pu rpose . 

Many of the p rob lems have been pointed out along with the i r solutions 
in the Shielding Design Manual; ^ in fact some of them include re la t ive ly 
sophis t ica ted formulas such as those for gaps or holes left by ducts pene t r a t 
ing the shield '-^'^ or for s t r uc tu r a l des ign de ta i l s^ n e c e s s a r y to r e m e d y 
i r r e g u l a r i t i e s of deviat ions from the solid, unper turbed shield l a y e r . Offsets 
may quite ideal ly be de te rmined to be somewhat g r e a t e r than the gap thick
ness for shield plugs , but •when many openings a r e concentra ted in a sma l l 
a r e a , as is n e c e s s a r y for fuel r emova l p a r t s o r control rod pene t r a t ions , 
the ideal conditions a r e not economical ly sat isf ied, if sat isfied at a l l . When 
the final design is completed and the shield may be studied as a whole, t he re 
will be angles from the co re at which the r e a c t o r and assoc ia ted radia t ions 
will see a quite different a r r a y of shield th i cknesses than those laid out on the 
center l ine d i r ec t i ons . Most, if not a l l , of these p rob l ems mus t be solved by 
intuitive guess ing . This mus t be done by someone who is fami l ia r with the 
types of radia t ion, the at tenuation c h a r a c t e r i s t i c s of each, and the points of 
or igin of each . This pe r son is the shield engineer and it is hoped that these 
l ec tu re notes •will be a s tep to^ward t ra in ing such individuals . 

iRockwell, T., III. Editor. Reactor Shielding Design Manual. TID-7004. Office of Technical Services 
(March 1956). 

^Rockwell, T.. III. Editor, Reactor Shielding Design Manual, TID-7 004, McGraw-Hill & D. Van Nostrand 
(March 1956) p. 261. 
Simon, A., and C. E. Clifford, "The Attenuation of Neutrons by Air Ducts in Shields," Nucl. Sci. Eng. 
1 (#6) 156 (December 1956). 

"Fisher, E., "The Streaming oJ _ _ 
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(March 1956) p. 196. " 
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