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PROGRESS REPORT ON NEUTRON RADIOGRAPHY* 

by 

H. Berger and W. J. McGonnagle 

ABSTRACT 

The potential advantages of neutron radiography as 
an inspection method a r e d iscussed along with a h is tor ica l 
review^ and discussions of neutron sources and de tec tors . 
The re su l t s of the cur ren t investigation of neut ron- image 
detectors a r e discussed in r ega rd to photographic speed, r e l ­
ative neu t ron-gamma response , and resolut ion compar isons . 

Two neut ron- image detecting methods a r e discussed. 
In one, the d i rec t -exposure method, both the converter 
s c reens and the film a re exposed to the neu t ronbeam together. 
The other naethod, the t ransfer method, makes use of a r ad io ­
active, image-ca r ry ing screen , which is t r ans fe r r ed to photo­
graphic film after the neutron exposure is completed. The 
d i rec t -exposure method resu l t s in increased speed, but has 
the disadvantages that the film also responds to any gamma 
radiat ion in the imaging beam and that, in most cases , im­
proved image resolut ion can be obtained with the t ransfer 
method. 

Reference is given to severa l application poss ibi l i t ies . 

I. INTRODUCTION 

Neutron radiography is a potentially useful inspection method which 
has been known for some t ime, but which has not been widely used. One 
reason it has not been put to use is the scarc i ty of information concerning 
optimum, or even useful, techniques for performing neutron radiography. 
A program to investigate these techniques and to bet ter deternnine the po­
tential usefulness of neutron radiography is cur ren t ly underway. This 
publication is a p r o g r e s s r epor t on this p rog ram. 

*A pre l imina ry account of this work was presented at the Symposium 
on Physics and Nondestructive Testing held at Argonne National 
Laboratory, October 4-5, I960. See Reference 1. 



Several things a re required in order to obtain a neutron radiograph; 
these include a source of neutrons, an absorbing object, and a surface sen­
sitive to the image-car ry ing radiation. In addition, of course , there should 
be some reason for employing neutron radiography instead of some other 
inspection method, such as X or gamma radiography. 

The reason for considering neutron radiography is of p r ime 
importance. This "ra ison d ' e t r e " for neutron radiography comes about 
because the relat ive neutron absorption of mate r i a l s is very different 
from the rela t ive absorption of these mater ia l s for X r a y s . The mass 
absorption coefficient for neutrons is quite random when examined in 
t e r m s of regular ly increasing atomic number, whereas the mass absorp­
tion coefficient for X rays inc reases with some regular i ty if it is s imi­
lar ly examined. This fact is very well demonstrated graphical ly by 
Thewlis,\2/ who plots m a s s absorption coefficients for X rays (0.098 A ) 
and neutrons (I.O8 A) ve r sus atomic number. This plot is shown in 
Figure 1. It is par t icular ly interest ing to find ve ry high neutron mass 
absorption coefficients for severa l of the lighter e lements , which can 
present ra ther difficult problems with X-ray techniques. Notably, light 
ma te r i a l s such as hydrogen, lithium, and boron, absorb thermal neu­
trons to a high degree. Other ma te r i a l s having high neutron absorp­
tion coefficients include cadmium, samar ium, europium, gadolinium, 
and dysprosium. Absorption differences such as these mean that neutron 
radiography may present r e a l advantages in cer ta in specific inspection 
problems. 

oi-t 
25 

FOR NEUTRONS ( X=l 08 A) 
• FOR X-RAYS ( X = 0 0 9 8 X ) 
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Figure 1 

A Comparison Plot of Mass Absorption Coefficients 
for Neutrons and X Rays (After Thewlis) 

It should be mentioned at this point that this discussion will be 
limited, with one exception, to the rmal neutron radiography. The neutron 
energies involved, then, will be a fraction of an electron volt, and the 
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c o r r e s p o n d i n g wave l eng ths wi l l be of the o r d e r of one A n g s t r o m unit . The 
p r i n c i p a l r e a s o n for not c o n s i d e r i n g n e u t r o n s of h ighe r e n e r g y is tha t the 
r e l a t i v e a b s o r p t i o n d i f f e r ences which a r e p r e v a l e n t for s low n e u t r o n s 
d e c r e a s e a p p r e c i a b l y for fas t n e u t r o n s . To the fas t n e u t r o n , then, m o s t 
m a t e r i a l s a r e a l m o s t equa l ly a b s o r b i n g . The i n c r e a s e d s c a t t e r i n g e x p e r i ­
enced with the u s e of fas t n e u t r o n s and the d e c r e a s e d ef f ic iency for fas t 
n e u t r o n de t ec t i on a r e a l s o f a c t o r s involved in l imi t i ng th i s d i s c u s s i o n to 
t h e r m a l n e u t r o n s . 

A second l i m i t a t i o n on th i s d i s c u s s i o n is c o n c e r n e d wi th the m e t h o d 
of de tec t ing the n e u t r o n i m a g e . F o r the m o s t p a r t , p h o t o g r a p h i c de t ec t ion 
m e t h o d s wi l l be d i s c u s s e d . One point which should be m e n t i o n e d in th i s 
connec t ion i s tha t n e u t r o n s , fas t or s low, have r e l a t i v e l y l i t t l e effect on 
n o r m a l p h o t o g r a p h i c e m u l s i o n s . The d e t e c t i o n t e c h n i q u e s which have b e e n 
employed , for the m o s t p a r t , m a k e use of s o m e i n t e r m e d i a t e m a t e r i a l which 
is p l aced nex t to the pho tog raph i c e m u l s i o n and which e m i t s s o m e p h o t o ­
g r a p h i c a l l y d e t e c t a b l e r a d i a t i o n upon n e u t r o n i r r a d i a t i o n . M a t e r i a l s which 
have been used for s u c h n e u t r o n - i n t e n s i f i c a t i o n s c r e e n s - inc lude l i t h ium or 
b o r o n in conjunct ion with f l u o r e s c e n t m a t e r i a l s (n, a , l ight r e a c t i o n ) , c a d ­
m i u m (n, 7 ) , and be t a e m i t t e r s s u c h a s s i l v e r , ind ium, and gold. T h e s e 
m e t h o d s wi l l be m o r e fully d i s c u s s e d in a l a t e r s ec t i on . 

Be fo re d i s c u s s i n g n e u t r o n s o u r c e s and n e u t r o n - i m a g e d e t e c t o r s in 
de ta i l , le t us t ake a m o m e n t to b r i e f l y r e v i e w s o m e p r e v i o u s w o r k in n e u ­
t r o n r a d i o g r a p h y . 

II. HISTORICAL BACKGROUND 

WATER FREE CHANNEL 

LEAD SCREEN 

Succes s fu l n e u t r o n r a d i o g r a p h i c e x p e r i m e n t s w e r e conduc ted m o r e 
than 20 y e a r s ago in G e r m a n y by K a l l m a n n and Kuhn.^ ' The n e u t r o n 

s o u r c e used by K a l l m a n n employed 
ion b o m b a r d m e n t of a su i t ab le t a r ­
get to p r o d u c e a s o u r c e of fas t 
n e u t r o n s and s u b s e q u e n t s lowing 
down, o r m o d e r a t i o n , of the n e u t r o n 
b e a m by w a t e r . The a r r a n g e m e n t 
is p i c t u r e d in F i g u r e 2. The w a t e r -
f r ee channe l and the opening in the 
b o r o n sh ie ld m a d e a n ex i t a p e r t u r e 
for the s low n e u t r o n b e a m . The o b ­
j e c t and f i lm pack w e r e c o v e r e d 
with l ead to l e s s e n the pho tog raph ic 
effects of any g a m m a r a d i a t i o n in 
the imag ing r a d i a t i o n b e a m . K a l l m a n n 
had the g r e a t e s t s u c c e s s wi th a d e t e c ­
to r cons i s t i ng of pho tog raph i c f i lm 
sandwiched b e t w e e n 2 f l u o r e s c e n t 

TARGET-
LAYER OF BORON 

CARDBOARD BOX 
CONTAINING OBJECT, 
F ILM, ETC. 

F i g u r e 2 

N e u t r o n S o u r c e and A r r a n g e m e n t 
Used by K a l l m a n for N e u t r o n 

R a d i o g r a p h y 
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l a y e r s . The f l u o r e s c e n t l a y e r s w e r e b o r o n - o r , p r e f e r a b l y , l i t h i u m - c o a t e d , 
and the r e s u l t a n t a lpha e m i s s i o n f rom the n e u t r o n - b o m b a r d e d l i t h ium r e ­
su l t ed in l ight e m i s s i o n f r o m the f l u o r e s c e n t l a y e r s . This l ight e m i s s i o n 
p r o d u c e d f i lm b l a c k e n i n g . F u r t h e r i m p r o v e m e n t s w e r e ob ta ined by 
K a l l m a n n by depos i t i ng a th in (<0.5 ju), a l u m i n u m r e f l e c t i n g l a y e r b e t w e e n 
the l i t h i u m or b o r o n and the f l u o r e s c e n t l a y e r . 

K a l l m a n n a l s o i n v e s t i g a t e d s e v e r a l o the r m a t e r i a l s which could be 
u s e d in the p h o t o g r a p h i c d e t e c t i o n of n e u t r o n i m a g e s . In p a r t i c u l a r , he 
m e n t i o n e d the g a m m a e m i s s i o n f r o m c a d m i u m and the be t a e m i s s i o n f r o m 
g a d o l i n i u m , s i l v e r , and i nd ium a s be ing p h o t o g r a p h i c a l l y useful for the 
d e t e c t i o n of n e u t r o n s . Of t h e s e , g a d o l i n i u m s e e m e d to give the b e s t r e s u l t s . 

In th i s p i o n e e r i n g w o r k in the field of n e u t r o n r a d i o g r a p h y by K a l l m a n n , 
he a l s o r e c o g n i z e d the d i s t u r b i n g effects which r e s u l t f r o m the g a m m a r a d i a ­
t ion which is a l m o s t a l w a y s a s s o c i a t e d with the n e u t r o n b e a m . N e u t r o n - i m a g e 
d e t e c t i o n s y s t e m s a r e u s u a l l y a l s o g a m m a s e n s i t i v e , so tha t the g a m m a i m a g e 
is a l s o r e c o r d e d . Since the a d v a n t a g e s of n e u t r o n r a d i o g r a p h y a r e a l l i ed wi th 
the fact t ha t the r e l a t i v e a b s o r p t i o n of X or g a m m a r a d i a t i o n is d i f fe ren t f r om 
tha t of n e u t r o n s , the s u p e r i m p o s e d i m a g e due to g a m m a r a d i a t i o n wi l l t end to 
o b s c u r e the s o u g h t - f o r n e u t r o n i m a g e . K a l l m a n n conc luded tha t sh ie ld ing the 
n e u t r o n s o u r c e did not c o m p l e t e l y so lve th i s p r o b l e m , b e c a u s e the add i t i ona l 
g a m m a r a d i a t i o n p r o d u c e d in the sh ie ld ing m a t e r i a l s t ended to offset any 
sh ie ld ing a d v a n t a g e they m i g h t offer . I n c r e a s e d d i s t a n c e of the object and 
f i lm f r o m the s o u r c e w a s one so lu t ion to th i s p r o b l e m , and s i n c e th i s so lu t ion 
a l s o t ended to i n c r e a s e r e s o l u t i o n , it is a p p a r e n t l y the one he found m o s t 
s a t i s f a c t o r y . He did point out tha t n e u t r o n p i c t u r e s which w e r e c o m p l e t e l y 
f r ee of the d i s t u r b i n g effects of g a m m a r a d i a t i o n could be ob ta ined by i r r a d i ­
a t ing foils wh ich b e c a m e r a d i o a c t i v e and then t r a n s f e r r i n g t h e s e r a d i o a c t i v e 
i m a g e - c a r r y i n g foils to p h o t o g r a p h i c f i lm. M a t e r i a l s s u c h a s s i l v e r and 
i nd ium w e r e i nd i ca t ed a s be ing e s p e c i a l l y su i t ab l e for th i s t e c h n i q u e . 

P e t e r ^ z ex tended the w o r k of K a l l m a n n and Kuhn by employ ing a 
d i s c h a r g e tube of h ighe r i n t e n s i t y and t h e r e f o r e obta in ing a n e u t r o n s o u r c e 
of h i g h e r i n t e n s i t y . The s o u r c e u sed by P e t e r was e s s e n t i a l l y a s p i c t u r e d 
in F i g u r e 2 and was sa id to be 13 kg of r a d i u m equ iva len t . With th i s in ­
c r e a s e d n e u t r o n in t ens i ty , P e t e r could ob ta in n e u t r o n r a d i o g r a p h s by e x p o s ­
ing X - r a y f i lm sandwiched b e t w e e n 0 .004- in . s i l v e r s c r e e n s and backed by 
0 .020- in . c a d m i u m in 1 to 3 m i n . Th i s c o m p a r e s wi th the 4 - h r e x p o s u r e s 
r e p o r t e d by K a l l m a n n wi th h is l i t h i u m - p h o s p h o r - f i l m c o m b i n a t i o n and a 
n e u t r o n s o u r c e sa id to be 2 to 3 g m of r a d i u m equ iva len t . P e t e r a l s o p u b ­
l i s h e d a p i c t u r e m a d e by t r a n s f e r r i n g a r a d i o a c t i v e , i m a g e - c a r r y i n g s i l v e r 
s c r e e n to a p i e c e of f i lm out of the n e u t r o n b e a m . D e t a i l s of e x p o s u r e in 
th i s l a t t e r p i c t u r e w e r e no t d i s c u s s e d . 

M o r e r e c e n t l y , an i n v e s t i g a t i o n of n e u t r o n r a d i o g r a p h y was conduc ted 
in Eng land by Thewl i s and D e r b y s h i r e . ( ^ ' 5 ) A n u c l e a r r e a c t o r (BEPO) was 
u s e d to supp ly a s o u r c e of t h e r m a l n e u t r o n s for t h e s e e x p e r i m e n t s , and the 
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detection method made use mainly of indium screens and X- ray film. The 
radiographs published by Thewlis were of comparable resolution quality to 
many g a m m a - r a y rad iographs . In addition to obtaining radiographs of i m ­
proved quality over the ea r l i e r work of Kallmann and Pe te r , Thewlis a lso 
at tempted to point the way toward applications of this inspection method. 
Among the application a r e a s indicated as being a t t rac t ive were the inspec­
tions of neutron shielding m a t e r i a l and heavy meta l s , and the use of neutron 
radiography in biological s tudies . It is the high neutron absorption of 
hydrogen which makes this technique of potential value in this la t ter appl i ­
cation. Neutron radiography is , of course , ideally suited to the inspection 
of neutron shielding m a t e r i a l s , such as Bora l sheet. The method also 
seems to offer advantages in the inspection of heavy ma te r i a l s , such as 
uranium, because of the reduced exposure t ime which should resu l t from 
lower neutron absorpt ion coefficients. The g rea te s t use, however, would 
seem to be in radiographing objects made of ma te r i a l s which do not lend 
themselves to other inspection means . A neutron radiograph of a piece 
of waxed str ing in a 2-in. lead block was used by Thewlis to i l lus t ra te this 
point very effectively. 

III. NEUTRON SOURCES 

With this background of previous work in this field, let us now look 
at soine of the neutron sources which might be useful for this application. 
Although there a r e many source var ia t ions possible , the different types of 
neutron sources can be ra the r conveniently grouped as (l) radioact ive 
sources , (2) a c c e l e r a t o r s , and (3) nuclear r e a c t o r s . F r o m experience 
with other imaging sys tems , some des i rab le cha rac t e r i s t i c s for a neutron 
radiographic source can be indicated. For good quali t ies of image r e so lu ­
tion the source should originate from a smal l a r ea , or have enough intensity 
so that objects can be radiographed at a considerable distance from source 
to film in a reasonable t ime. The source should a l so provide a uniform 
radiat ion intensity over the des i red inspection a r ea . A further r equ i rement 
is that the radiat ion beam should not contain a masking radiat ion p resen t in 
any significantly detectable intensity. In the case of a neutron radiographic 
source, the ra t io of gamma to neutron radiat ion should be low. 

P rac t i ca l ly speaking, the f i rs t genera l requi rement , that of a smal l 
originating a r e a for the neutron source , is difficult to achieve for t he rma l 
neut rons . Thermal neutrons a r e usually obtained from neutron sources of 
higher energy by allowing the neutrons to diffuse through a moderat ing 
mater ia l . (6) For the rmal neutron sources , light ma te r i a l s such as hydrogen, 
deuter ium, beryl l ium, or carbon a r e normal ly employed as the scat ter ing or 
moderat ing ma te r i a l . The slowing-down process in this case is the r e su l t 
of collisions between the neutrons and these light nuclei. Appreciable thick­
ness of moderat ing m a t e r i a l is usually requi red to accomplish this slowing-
down process and, as a resul t , t he rmal neutron sources a r e general ly la rge 
in size compared with the focal spot of an X- ray tube, for example. 
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In addition to this comment on neutron sources in genera l a few 
words about each type of neutron source might be in order . 

Radioactive neutron sources of prac t ica l size usually have low neu­
tron yields, making them ra ther unattract ive for this type of application. 
Sources of high yield a r e of the Ra -a -Be type and produce of the order of 
10 n / s e c - c . These neutrons, however, a r e fast neutrons, which include 
energies up to 13 Mev. After moderat ion and coUimation, the the rmal 
neutron yield for radiographic use would be appreciably l e s s . Some idea 
of possible exposure t imes with such a source may be gained by a compar i ­
son with the work of Kallmann, who used a neutron source said to be 2 to 
3 gm of radium equivalent. His exposures were of the order of 4 hr. An 
additional problem encountered with radioact ive (a, n) sources is that they 
have a re la t ively high ra t io of gamma to neutron radia t ion.* This would 
pose a shielding problem in the use of such sources for neutron radiography, 
or would indicate the use of a method such as a radioact ive foil to el iminate 
the masking effect of the gamma radiat ion. 

Radioactive photoneutron (7, n) sources employ p r imar i ly beryl l ium 
or deuter ium, since these have re la t ive ly lowthresho lds for the (7, n) r e a c ­
tion (1.67 and 2.23 Mev, respect ively) . These (7, n) sources combine a 
7-emit t ing isotope (whose 7 energy is above the threshold for the (7, n) 
react ion) with ei ther beryl l ium or deuter ium. These sources usually have 
a r a the r low neutron yield** and offer no par t icular advantage over the 
(a, n) sources for this application. 

High-voltage acce l e r a to r s a r e capable of producing much more 
intense neutron beams than prac t ica l radioact ive sources . As in the case 
of the radioact ive source , however, moderat ion and coUimation of the neu­
tron beam is requi red in order to make it useful for most neutron radiog­
raphy. Ar rangements such as that used by Kallman and Pe te r (see 
Figure Z) accoinplish this purpose. 

Many neutron-producing react ions a r e possible with acce l e r a to r s , 
including the (7, n) react ion discussed previously. In this case, h igh-energy 
X rays provide the photon energy n e c e s s a r y for the react ion. Reactions 
used more genera l ly for neutron production, however, involve the a c c e l e r ­
ation of positive ions toward var ious neutron-yielding t a rge t s . The neutron 
yields will be dependent upon the ta rget ma te r i a l , the acce lera ted par t ic le , 
the acce lera t ing voltage, and the intensity of acce le ra ted pa r t i c l e s . In 
genera l , the fast neutron intensity available from norma l acce l e r a to r s will 
be of the order of 10 to 10 n e u t r o n s / c m - sec . 

*One exception to this rule is the P o - a - B e source . The re la t ively 
short half-life (l38 days) is a major disadvantage, however. 

**Recently a 10 n / s e c Sb-Be source has been described.^ ' 
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By comparison with these other sources , ve ry high neutron in tensi ­
t ies a r e available from nuclear r e a c t o r s . For example, the CP-5 reac to r 
at Argonne has a neutron flux of 3.5 x 10^^ neu t rons /cm^-sec in the region 
of highest flux. Other r eac to r s have neutron intensi t ies appreciably higher 
than this . Although it is t rue that the neutron flux which is useful for neu­
tron radiography will be of much less intensity by the t ime it is coUimated 
and brought out to a useful location, the nuclear reac to r s t i l l yields a higher 
useful t he rma l neutron flux than would be obtained from normal ly available 
radioactive sources or a c c e l e r a t o r s . For this reason, it can be concluded 
that a nuclear r eac to r should be the p re fe r red source for use in this 
application. 

However, from a prac t ica l standpoint, the acce le ra to r seems to 
offer the best possibi l i ty for m o r e general ly available neutron sources for 
neutron radiography. Although the neutron intensi t ies may be somewhat 
lower than those obtainable with a nuclear reac to r , they st i l l can be of the 
order of magnitude of those used in this investigation at Argonne 
(lO n / c m - sec ) and can therefore produce neutron radiographs in a reasona­
ble exposure t ime (lO min or l e s s ) . * 

IV. NEUTRON ABSORPTION 

The absorpt ion of neutrons in m a t e r i a l is a combination of what 
might be called t rue absorpt ion (absorption of a neutron by a nucleus) and 
neutron sca t t e r . Both p roces se s remove neutrons from the incident neu­
tron beam and therefore contribute to absorption. These factors a re both 
considered in the total c ros s section for the ma te r i a l . 

The absorpt ion of neutrons is given by the familiar absorpt ion 
equation: 

l/lo -
•Natx ^ (^) 

where I / IQ = the fraction of the neutron beam t ransmi t ted through an 
absorber of thickness x 

e = Naperian logari thm base 

N = number of nuclei per cm^ in the absorbing m a t e r i a l 

O = total c ros s section in units of cm^ (l barn = 10 cm ) 

X = absorbe r thickness in cm. 

More extensive discussions of neutron absorpt ion a r e given in the 
l i t e ra tu re , ^ ^ as a r e tables of neutron c ross sect ions . \ 1^/ It should again 
be emphasized that the fact that the re la t ive neutron absorpt ion of ma te r i a l s 

*Further work on a comparison of vanous types of neutron sources for use in neutron radioeraphy is planned. 
f8 9 1 0 1 In the meantime, the reader desiring more information is referred to several reviews in the literature. ^ » > ' 
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is different from that of X radiat ion is what makes neutron radiography a 
potentially useful inspection technique. The high neutron absorption of 
s eve ra l light elements seems to be par t icu lar ly advantageous, as is the 
potential abili ty to d i scr imina te between severa l ma te r i a l s which have 
s imi la r X- ray absorption coefficients. 

V. PHOTOGRAPHIC NEUTRON IMAGE DETECTION 

A. Background Information 

In addition to the work mentioned previously on neutron radiography, 
there have been severa l other investigations of the photographic detection of 
neutrons . There a r e , for example, publications concerned with radiation 
dosimetry, (13-16) recording of neutron diffraction pat terns , (17, 18) and other 
applications.V 19~2 1̂  As has a l ready been mentioned, neutrons have little 
influence on normal photographic emulsions, so that in termedia te ma te r i a l s , 
which emit some photographically detectable radiation, a r e normal ly used 
next to the film. The in termedia te ma te r i a l s repor ted in these re ferences 
include the alpha emi t t e r s boron or lithium combined with a phosphor, 
cadmium and gadolinium which emit gamma radiation when bombarded with 
slow neutrons , and beta emi t t e r s (such as indium, s i lver , gold, and rhodium). 
Photographic neutron detection has a lso been studied with boron- or l i thium-
loaded film emulsions and s tandard emulsions. 

The cha rac te r i s t i c s of s eve ra l of these neutron photographic- image-
intensification ma te r i a l s a r e shown in Table I. All of the columns shown in 
the table a r e of importance in choosing an intensifier m a t e r i a l for use in 
neutron radiography. F i r s t of al l , the re la t ive abundance of the par t icular 
isotope involved should be high, so that the natural ly occurr ing ma te r i a l of 
that element will contain a la rge number of the des i red nuclei. The react ion 
c ros s section should a lso be high, in order that the probabil i ty of the react ion 
be la rge . The radiat ion emitted should be photographically effective and, 
finally, the half-life of the m a t e r i a l (if it is a radioact ive reaction) should be 
convenient. The repor ted re la t ive ly poor photographic response found with 
the use of gold, for example, s tems from the long half-life (2.7 days) of the 
ma te r i a l , and our re luctance to consider exposure t imes which would be 
long enough to approach a saturat ion activity in the gold s c r eens . 

The data in the table indicate that, in some cases , severa l possible 
r eac t ions* a r e likely to produce photographically detectable radiat ion from 
the intensifier or conver ter ma te r i a l . For example, in the case of s i lver , 

•Although it is not shown direct ly in Table I, (n, 7) radiation adds 
appreciably to the photographic response of the ma te r i a l s shown 
as radioact ive when they a r e used in the d i rec t -exposure method. 
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the a p p r o x i m a t e l y equa l d iv i s i on of n a t u r a l l y o c c u r r i n g m a t e r i a l b e t w e e n 
the two s t a b l e i s o t o p e s Ag^ ^ and Ag^°^ and the r e l a t i v e l y high r e a c t i o n 
c r o s s s e c t i o n s for the 2 . 3 - m i n Ag^°* and 24 .2 - sec Ag^^° a c t i v i t i e s m e a n s 
tha t bo th t h e s e i s o t o p e s wi l l be r e s p o n s i b l e for m u c h of the pho tog raph i c 
effect ob t a ined wi th s i l v e r s c r e e n s for n e u t r o n r a d i o g r a p h y . 

Table I 

CHARACTERISTICS OF SEVERAL NEUTRON PHOTOGRAPHIC IMAGE INTENSIFIERS 

MATERIAL 

LITHIUM 

BORON 

RHODIUM 

SILVER 

CADMIUM 

INDIUM 

GOLD 

ISOTOPE 
INVOLVED 

IN REACTION 

LI-6 

B-10 

Rh-103 

Ag-107 

Ag-109 

Cd-113 

In-115 

Au-197 

REUTIVE 
NATURAL 

ABUNDANCE 
(PER CENT) 

7.52 

18.8 

100 

51.35 

48.65 

12.26 

95.77 

100 

CROSS SECTION 
FOR REACTION 

(THERMAL NEUTRONS 
VELOCITY-2200m/s) 

(BARNS) 

910 

3,770 

' 12 

. 140 

44 

r i8 

[no 

20,800 

'145 

. 52 

96 

REACTION 

LI-6(n,a)H-3 

B-10(n,a)U-7 

Rh-103(n)Rh-104iii 

Rh-103(n)Rh-104 

Ag-107(n)Ag-108 

Ag-109ln)Ag-110m 

Ag-109(n)Ag-110 

Cd-113(n,>-ICd-114 

In-115(n)In-116m 

In-115(n)In-116 

Au-197(n)Au-198 

RADIATION PRODUCING 
PRINCIPAL PHOTOGRAPHIC 

EFFECT 

a EMISSION OR PREFERABLY 
LIGHT EMISSION EXCITED IN 
AN ASSOCIATED PHOSPHOR 
BY THE a . 

SAME AS LITHIUM 

ISOMERIC TRANSITION TO 
Rh-104 OF HALF LIFE 
4.5 MINUTES 

BETA EMISSION (2.5 Mev) OF 
HALF-LIFE 44 SECONDS 

BETA EMISSION 11.77 Mev) OF 
HALF-LIFE 2.3 MINUTES 

BETA EMISSION OF HALF-
LIFE 270 DAYS 

BETA EMISSION OF HALF-
LIFE 24.2 SECONDS 

GAMMA RADIATION PLUS 
SECONDARY RADIATION 

BETA EMISSION (ENERGY 
1 Mev AND LESS) OF HALF-
LIFE 54.1 MINUTES 

BETA EMISSION (ABOUT 
3Mev) OF HALF-LIFE 
13 SECONDS 

BETA EMISSION OF HALF-
LIFE 2.7 DAYS 

Data for this table were obtained from references 6 and 12 and from Tabled Isotopes by D. Strominger, J M. Hollander, 
and G. T. Seaborg, Rev. Mod. Ptiys., 30, 585 (April 1958) 

R e l a t i v e l y l i t t l e w o r k h a s b e e n done to m a k e a c o m p a r i s o n of the 
r e l a t i v e p h o t o g r a p h i c effect ( speed) of t h e s e v a r i o u s m a t e r i a l s , nor has 
m u c h b e e n r e p o r t e d on c o m p a r i n g q u a l i t i e s of i m a g e r e s o l u t i o n for t he se 
m a t e r i a l s . T h e s e q u e s t i o n s have b e e n the s u b j e c t s of th is i nves t iga t ion 
of n e u t r o n r a d i o g r a p h y , and s o m e of t h e s e r e s u l t s can now be r e p o r t e d . 
A l l of the da ta r e p o r t e d h e r e i n have b e e n t aken with a m o n o c h r o m a t i c 
n e u t r o n b e a m f r o m the A r g o n n e N e u t r o n Spec t rome te r .V^^ / In th is 
n e u t r o n - d i f f r a c t i o n e q u i p m e n t , a c o l l i m a t e d n e u t r o n b e a m f rom the r e a c ­
to r (Argonne R e s e a r c h R e a c t o r C P - 5 ) is b r o u g h t out to a m o n o c h r o m a t i z -
ing c r y s t a l . The m o n o c h r o m a t i c n e u t r o n b e a m f rom the c r y s t a l e m e r g e s 
t h r o u g h a s e t of defining s l i t s and a b e a m m o n i t o r to the n e u t r o n - d i f f r a c t i o n 
s a m p l e . The d i f f rac ted b e a m s a r e d e t e c t e d by a BF3 coun te r on the m o v a b l e 
s p e c t r o m e t e r a r m . Mos t of the m o n o c h r o m a t i c n e u t r o n b e a m is t r a n s ­
m i t t e d t h r o u g h , o r a r o u n d , the s a m p l e and i s caught by a b e a m c a t c h e r a t a 
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distance of about 5 to 6 ft from the sample . This beam at the beam catcher, 
having a maximum intensity in the order of 10 the rmal neu t rons / cm^-sec 
has been employed for these t e s t s r epo r t ed below. A schematic drawing of 
this a r r angemen t is shown in Figure 3. 

Figure 3 

Schematic Drawing of Neutron Spect rometer 
Showing Arrangement Used for 

Neutron Radiography 

This neutron beam has a r a the r smal l a r e a of uniform maximum 
intensity, covering approximately a I j x 3-in. oval at the beam catcher . 
Scatter i nc r ea se s the overal l coverage to about 3 x 5 in. In spite of this 
smal l coverage a rea , many radiographs have been taken with this beam 
and, in fact, the beam was par t i cu la r ly useful in obtaining f i lm-densi ty 
data for the var ious neutron-intensif icat ion m a t e r i a l s . The ra t io of 
gamma to neutron intensity was quite low as far as film-blackening effects 
a r e concerned,* and the fact that the neutron beam was monochromat ic 
made absorpt ion calculations re la t ively simple. The (de Broglie) wave­
length of the neutron beam used for the majori ty of these measu remen t s 
was ( l .05 ± O.Ol) A, which cor responds to an energy of 0.055 ev. 

B. Exper imenta l Determination of Thicknesses of Converter Screens for 
Optimum Fi lm Density 

The f i rs t efforts of this cu r ren t r e s e a r c h p rogram attempted to 
de termine experimental ly the thickness of the var ious intensifying m a t e ­
r i a l s which yielded the g rea te s t film density for a comparable neutron 
exposure . For the beta emi t t e r s , an es t imate for the optimum thickness 
can be made on the bas i s of the range of the energy of the beta par t ic le . 
However, the intensifier thickness which produces the optimum photo­
graphic density can be difficult to determine s t r ic t ly on a theore t ica l bas i s , 

*A sheet of No Screen film exposed to the neutron beam without sc reens 
for a period of 3 t imes as long as that used for normal neutron expo­
su res ( l8 -min ve r sus 6-min no rma l exposure) showed no detectable 
image. 



15 

b e c a u s e the d e c a y s c h e m e s u s u a l l y inc lude s e v e r a l be ta and g a m m a e m i s ­
s ion e n e r g i e s . F o r the g a m m a e m i t t e r s , such a s c a d m i u m , the o p t i m u m 
t h i c k n e s s should e s s e n t i a l l y a b s o r b the n e u t r o n b e a m , a s s u m i n g the r e s u l t ­
an t s c r e e n t h i c k n e s s does not a p p r e c i a b l y a b s o r b the g a m m a r a d i a t i o n . 

The da ta p r e s e n t e d about o p t i m u m s c r e e n t h i c k n e s s w e r e obta ined 
by sandwich ing X - r a y f i lm be tween known t h i c k n e s s e s of i n t ens i f i e r s c r e e n 
m a t e r i a l and expos ing th i s c o m b i n a t i o n to the n e u t r o n b e a m for a known 
to t a l n e u t r o n e x p o s u r e . In the c a s e of the s c r e e n s which b e c a m e r a d i o ­
a c t i v e upon n e u t r o n e x p o s u r e , the s c r e e n s w e r e p e r m i t t e d to r e m a i n in 
con tac t with the f i lm for a p e r i o d of a t l e a s t 3 h a l f - l i v e s a f t e r the n e u t r o n 
e x p o s u r e was c o m p l e t e d . F i l m s and s c r e e n s w e r e exposed to the n e u t r o n 
b e a m conta ined in an a l u m i n u m - f r o n t , s p r i n g - l o a d e d X - r a y c a s s e t t e . In 
so far a s p o s s i b l e , f i lms exposed in a p a r t i c u l a r s e t of e x p e r i m e n t s w e r e 
p r o c e s s e d t o g e t h e r to e l i m i n a t e d i s c r e p a n c i e s due to developing d i f fe r ­
e n c e s . F i l m s w e r e deve loped in Kodak Liquid X - R a y Deve lope r (20 ± j°C) 
for 5 m i n wi thout ag i t a t ion . D e n s i t y m e a s u r e m e n t s w e r e t aken with a 
M a c b e t h - A n s c o D e n s i t o m e t e r (mode l 1 2 A ) having a dens i t y r a n g e f rom 
0 to 6.0. 

BACK SCREEN (mils) 
20 30 40 50 

NUMBERS ON CURVES REFER TO 
CADMIUM FRONT SCREEN THICKNESS IN MILS 

F i g u r e 4 i s a g r a p h of the da ta used to d e t e r m i n e the o p t i m u m 
s c r e e n t h i c k n e s s for c a d m i u m i n t e n s i f i e r s . In the upper p o r t i o n of F i g ­

u r e 4, the ne t dens i t y p r o d u c e d on KK X - r a y 
f i lm is p lo t ted a g a i n s t the t h i c k n e s s of the 
b a c k in tens i fy ing s c r e e n (the s c r e e n f a r ­
t h e s t f r o m the n e u t r o n s o u r c e ) . In e a c h 
c u r v e shown, the f ront s c r e e n is held con­
s t a n t and the t h i c k n e s s is i nd ica ted on the 
c u r v e . It can be s e e n tha t the c u r v e s a l l 
tend to l e v e l off for a b a c k s c r e e n t h i c k n e s s 
of 0.020 in. and tha t the h ighes t d e n s i t y 
c u r v e is ob ta ined for a front s c r e e n t h i c k ­
n e s s of 0.010 in. The lower c u r v e is a plot 
of f i lm d e n s i t y v e r s u s front s c r e e n t h i c k ­
n e s s for a b a c k s c r e e n t h i c k n e s s of 0.020 in. 
Th i s c u r v e shows a b r o a d peak in dens i t y 
for a f ront s c r e e n v a r y i n g in t h i c k n e s s f r o m 
0.010 to 0.015 in. F r o m t h e s e da ta , it has 
been concluded that the o p t i m u m fi lm d e n ­
s i ty for e x p o s u r e of KK f i lm and c a d m i u m 
s c r e e n s to 0 .05-ev n e u t r o n s is p r o d u c e d by 
a combina t ion of a 0 .010- in . f ront s c r e e n 
and a 0 .020- in . b a c k s c r e e n . The s h o r t h a n d 
de s igna t i on used in th i s a r t i c l e to i nd ica t e 
s u c h an a r r a n g e m e n t is 10-20 Cd, w h e r e 

the f i r s t n u m b e r r e f e r s to the f ront s c r e e n t h i c k n e s s in m i l s , the s econd 
n u m b e r to the b a c k s c r e e n t h i c k n e s s in m i l s , and the c h e m i c a l s y m b o l 
ident i f ies the m a t e r i a l . 
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It is i n t e r e s t i n g to no te tha t 0 .010- in . c a d m i u m a b s o r b s about 95% 
of a 0 .05 -ev n e u t r o n b e a m . The add i t i ona l d e n s i t y p r o d u c e d by the back 
s c r e e n s e e m s to be the r e s u l t of e l e c t r o n e m i s s i o n and s e c o n d a r y r a d i a ­
t ion g e n e r a t e d in the c a d m i u m by the h a r d g a m m a r a d i a t i o n f rom the 
c a d m i u m (n, 7) r e a c t i o n . This i s s o m e w h a t con f i rmed by the fact that 
t h e r e i s l i t t l e change in f i lm d e n s i t y p r o d u c e d by r e p l a c i n g the c a d m i u m 
b a c k s c r e e n by a 0.0 10-in. l ead s c r e e n , and by the fact tha t s o m e i n c r e a s e 
in d e n s i t y is ob ta ined by us ing the n o r m a l c a d m i u m front and b a c k s c r e e n s 
but sandwich ing the f i lm b e t w e e n 0 .005- in . l ead s c r e e n s . 

The t h i c k n e s s e s of c a d m i u m s c r e e n s used for pho tog raph ic n e u t r o n 
de t ec t i on by o the r w o r k e r s v a r i e d f rom 0.010 to 0.040 in. The n e u t r o n -
d o s i m e t r y i n v e s t i g a t i o n s r e p o r t e d by D e s s a u e r ( 2 3 , 2 4 ) ind ica ted tha t the 
o p t i m u m c a d m i u m s c r e e n t h i c k n e s s e s for u s e in m i x e d r a d i a t i o n f ie lds 
should be 0 .020- in . f ront and b a c k s c r e e n s . Since D e s s a u e r app l i ed his 
s c r e e n s by folding a s ing le c a d m i u m s h e e t a r o u n d the f i lm pack, howeve r , 
he m a y not have i n v e s t i g a t e d f ron t and b a c k s c r e e n s of d i f ferent t h i c k n e s s e s 

It should be m e n t i o n e d tha t the o p t i m u m s c r e e n t h i c k n e s s e s d e t e r ­
m i n e d in th i s r e p o r t t ake in to a c c o u n t only r e l a t i v e pho tog raph ic speed . It 
is r e c o g n i z e d that t h inne r s c r e e n s m i g h t v e r y we l l y ie ld i m p r o v e d 
r e s o l u t i o n . 

O p t i m u m s c r e e n t h i c k n e s s e s for r h o d i u m , s i l v e r , and ind ium have 
a l s o been d e t e r m i n e d in a s i m i l a r m a n n e r and the da ta a r e shown g r a p h i c a l ­
ly in F i g u r e s 5-7 . R e s u l t s f r o m t h e s e c u r v e s ind ica te tha t t h e r e is l i t t le to 
be ga ined by i n c r e a s i n g the s c r e e n conf igura t ions beyond 10-10 for r h o d i u m , 
18-18 for s i l v e r , and 20-30 for i nd ium. 
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NET DENSITY KK FILM NUMBERS ON CURVES REFER TO SILVER BACK 
SCREEN THICKNESS (MILS) 

Figure 6 

Determination of OptinnumSilver 
Screen Thickness for Constant 

Neutron Exposure 

0 5 10 19 2 0 2S 3 0 

SILVER FRONT SCREEN THICKNESS (MILS) 

Figure 7 

Determination of Optimum Indium 
Screen Thickness for Constant 

Neutron Exposure 

Optimum thicknesses for the other meta l sc reens used (gold and 
gadolinium) have not yet been determined experimentally. The sc reen 
thicknesses used for gold (6-10) a r e of the order of the range of the 
emitted beta par t ic les , whereas the thicknesses used for gadolinium ( l -2) 
were chosen to essential ly absorb the incident neutron beam. 

C. Relative Photographic Speed Comparisons 

The relat ive photographic speed of severa l of these mate r i a l s used 
in the d i rec t -exposure method has been investigated for a par t icular 
exposure (6 min) to a par t icular neutron flux (9.4 x 10 n / cm^-sec ) ,* and 
the data a r e summar ized in Table II. Cadmium has a rb i t r a r i l y been 
rated 1.0. 

Although one cannot put too much rel iance on these photographic 
speed figures, they do indicate the order of magnitude of decrease in ex­
posure t imes which can be obtained by using the mate r ia l s with high 
relative photographic speed. 

*Flux measuremen t s were made by gold-foil activation. 
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Table II 

RELATIVE PHOTOGRAPHIC SPEED OBTAINED 
WITH VARIOUS NEUTRON IMAGE DETECTORS 

Detector Configuration 

B'°-loaded Scintil lator^ 
B^"-loaded Scintil lator^ 
Rhodium^ (lO-lO)^ 
Indium'^ (20-30)^ 
Cadmium (l0-20)'^ 
Silver^ ( l8-18)^ 
Gold^ (6-10)d 

Relative Photographic Speed^ 

38.6 (type F film) 
12.5 ^ 

1.46 
1.1 
1.0 
0.76 
0.28 

'No Screen Fi lm 

Relative photographic speed obtained by comparing film 
density and re la t ive exposure on charac te r i s t i c curves . 
Cadmium is a r b i t r a r i l y set equal to 1.0. All neutron 
exposures were 6 min in a neutron flux of 9.36 x 10 n / c m -sec 
unless otherwise indicated. 

A special scint i l la tor sc reen s imi lar to the type NE402 
from Nuclear En t e rp r i s e s , Ltd. was used for these t e s t s . 
Relative exposure data were obtained by shor ter exposure 
compar isons with s imi lar exposures using cadmium 
sc reens . 

Neutron exposures of radioactive sc reens and film were 
followed by a 3-half-life radioactive decay t ransfer period 
in which the sc reens were allowed to remain in contact with 
the film. Decay t imes used were 13.2 min for rhodium, 
2.7 hr for indium, and 6.9 min for s i lver . 

Numbers refer to front and back sc reen th icknesses , 
respect ively, in mi l s . 

The radioactive decay t ransfer period for the gold sc reens , 
after the neutron exposure, was one half-life (2.7 days). The 
speed value for gold would not be doubled by allowing the 
gold to decay 3 half-l ives or more because of the (n,7) film 
exposure during the neutron exposure. 



Variations from the values shown would be expected for different exposure 
situations because of rec iproc i ty- law fai lures for the sc in t i l la tor ,* and 
because of different t imes involved for the radioact ive ma te r i a l s to r each 
saturat ion ac t iv i t ies . In the data for this table, s i lver has a lmost reached 
saturat ion activi ty (2.3-min half-life, 6-min exposure); longer exposures 
would probably tend to change the re la t ive speed rat ings for rhodium, 
indium, and gold by allowing these ma te r i a l s to r each a g rea t e r percentage 
of saturat ion activity. 

An indication of the total neutron exposure requ i red to obtain a given 
film density under these var ious conditions can be gained from the fact that 
the 6-min exposure for the 10-20 cadmium configuration using No Screen 
film yielded a total film density of 1.5. The total neutron exposure involved 
in this case was 3.4 x 10 n/cm^. A fair approximation for the neutron ex­
posure requi red to yield a total film density of 1.5 by means of the other 
neutron detectors l isted in Table II can be obtained by dividing this exposure 
for cadmium (3.4 x lO' n/cm^) by the speed number in Table II. On this 
bas i s , then, a neutron exposure of only about 8 x 10^ n/cm^ is requi red using 
the B -loaded scint i l lator and type F film. An easi ly recognizable neutron 
image using this configuration can be obtained with a total neutron exposure 
of the order of 2000 n/mm^ with a neutron intensity of the order of 
10 n / c m - s e c . 

For the other ma te r i a l s , a further inc rease in speed over the 
No Screen film data, of approximately 1.5, can be obtained by using type KK 
X-ray film. 

As indicated above, the neutron flux and the neutron exposure t ime 
have some bearing on these speed f igures . However, r a the r large var ia t ions 
in flux and t ime a r e probably neces sa ry in order to detect appreciable dif­
ferences in the re la t ive speeds indicated. Recent t es t s using 2-min exposures 
to a neutron flux of about 3 x 1 0 n / c m -sec yielded approximately the same 
speed va lues . 

This information on re la t ive photographic effects confirms compar ­
isons of intensifier ma te r i a l s by other w o r k e r s . RausaVl3y j^as indicated 
that rhodium yields g rea te r film density than cadmium for the same neu­
tron exposure . DessauerV^"*/ further indicated that the order of re la t ive 
photographic effectiveness was rhodium, indium, and cadmium, and Kallmann' 
work pointed out that the effectiveness of cadmium and si lver was about the 

(3) same, v-"/ 

*The scint i l la tor used was a commerc ia l adaptation of the B -loaded Zn 
phosphor descr ibed by Sun et al.V^^/ Only one scint i l lator sc reen was 
available, and in the configuration used for these tes ts it was employed 
as a back screen . This scint i l lator is contained in a different physical 
package than the one d iscussed in a previous r e p o r t . U / The separa t ion 
of the film and scint i l lator is very smal l (<0.001 in.) permit t ing good 
light collection. 



D. Relative Response of Detectors to Neutrons and Gamma Radiation 

F rom the neutron exposures required to obtain a total film density 
of 1.5, as calculated from the speed data of Table II, and from s imi lar data 
on gamma detection for these var ious methods of neutron detection, a 
comparison of relat ive neut ron-gamma detection can be made. These 
data a r e shown in Table III. The data for this table were obtained in the 
following manner . The neutron exposure to obtain total film density of 
1.5 was calculated by dividing the required neutron exposure for cadmium 
screens by the relat ive speed. The same neutron-detecting configurations 
were also exposed to cobalt-60 gamma radiation. F rom the exposures 
and densit ies obtained, and from the film charac te r i s t i c curves , the gamma 
exposure required to obtain a total film density of 1.5 was calculated. 

Table III 

RELATIVE RESPONSE OF SEVERAL DIRECT-EXPOSURE PHOTOGRAPHIC 
DETECTION METHODS TO NEUTRON AND GAMMA-RAY EXPOSURES 

Detector Configuration 
(numbers refer to 

front and back sc reen 
thicknesses , in mils) 

B'^-loaded 
Scintillator 

B'"-loaded 
Scintillator 

10-10 Rhodium 

20-30 Indium 

10-20 Cadmium 

18-18 Silver 

6-10 Gold 

Fi lm 
Type 

F 

No Screen 

No Screen 

No Screen 

No Screen 

No Screen 

No Screen 

-A-
Total Neutron 

Exposure to 
Obtain Total 
Filnn Density 
of 1.5^ n/cm^ 

8.8 X 10^ 

2.7 X 10 

2.3 X lO'' 

3.1 X lO'' 

3.4 X lO'' 

4.5 X lO'' 

1.2 X 10^ 

- B -
Total Gamma^ 
Exposure to 
Obtain Total 
Fi lm Density 

of 1.5^ m r 

150 

366 

347 

363 

349 

354 

263 

Ratio A / B , 

n/cm^ 
m r 

(xlO-4) 

0.59 

0.75 

6.7 

8.5 

9.8 

12.7 

46.4 

See text for method of calculation. Neutron intensity used was 
9.36 X 10*n/cm^-sec . 

Gamma source used was cobalt-60. Gamma intensity was approximately 
500 m r / h r . 

The final column in Table III, the ra t io of the neutron exposure 
required for density 1.5 to the s imi lar figure for gamma exposure, is a 
figure of m e r i t for relat ive neut ron-gamma exposure for these film 
techniques. The lower the figure, the more useful the method will be for 
detecting neutrons in a mixed neutron-gamma radiation field. On this 
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bas i s , then, the scint i l lator is ve ry good,* followed by rhodium, indium, 
cadmium, s i lver , and gold. In other words , in a mixed radiat ion field, the 
best d i rec t -exposure detector (of those tested) to use for neutron radiog­
raphy is the B -loaded scint i l lator and type F film. It is this detector 
which would show the least re la t ive response to gamma radiat ion. Since 
the p r i m a r y advantage in employing neutron radiography is the difference 
in re la t ive absorpt ion of ma te r i a l s to neutrons and to X or gamma rad ia ­
tion, it is des i rable that the detector used have a re la t ively low response 
to gamma radiation, in order that the des i red neutron image not be masked 
by the gamma image. 

An imaging method which can be used to el iminate completely the 
effects of any gamma radiat ion in the neutron beam is the radioact ive-foi l 
technique, d iscussed by Kallmann and used by Pe te r . In this method only 
a sc reen of a ma te r i a l which becomes radioact ive is exposed to the neutron 
image. This radioact ive, image-ca r ry ing sc reen is then t r ans fe r r ed to 
photographic film. One problem with this technique is that the neutron 
intensity should be re la t ively high in order to produce usable act ivi t ies in 
the detecting sc reen m a t e r i a l s . In the neutron flux available for this study 
(lO n /cm^-sec ) , rhodium and s i lver did not yield useful film densi t ies 
even if i r rad ia ted and allowed to r emain on the film for per iods g rea te r 
than 3 half-l ives for each operation. Indium does appear useful, but 
r equ i re s combined exposure and t ransfe r t imes of the order of hours . 
Long t imes a r e a lso requi red in the case of gold foils. 

These resu l t s on the usefulness of the radioact ive s c reen ma te r i a l s 
for the t ransfer imaging method follow direct ly from the information con­
tained in Table I. In the case of s i lver , the highest c ros s section is a s s o c ­
iated with a 24.2-sec activity. The high c ross section indicated for rhodium 
is also associa ted with a short half-life activity (44 sec). These act ivi t ies 
approach a saturat ion value in a very short t ime, and likewise an appreciable 
percentage of the decay activity is obtained in a short t ime. In the case of 
the t ransfer imaging tes ts repor ted he re , a large percentage of the activity 
is lost in the 30 sec required to move the radioact ive, image-ca r ry ing foil 
from the neutron beam to the film. Even more important ly, re la t ively little 
activation of the foil can occur before a saturat ion value is approached. 
Therefore , an appreciably higher neutron flux seems to be n e c e s s a r y in 
order to use rhodium or s i lver successfully for a t ransfer imaging technique. 

*Recognize that these figures for the scint i l lator may change for other 
exposure situations because of rec ip roc i ty - law fa i lures . The data for 
this comparison were obtained with approximate intensi t ies of 
10^ n / cm^-sec for t he rma l neutrons and 500 m r / h r for Co gamma 
radiat ion. The comparison is valid only for this situation. Never the­
l e s s , the t rend should be t rue over a wide range of s imi la r va lues . 
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E . R e s o l u t i o n C o m p a r i s o n s for the V a r i o u s D e t e c t i n g Me thods 

With the n e u t r o n b e a m a v a i l a b l e for t h i s s tudy, the t r a n s f e r i m a g i n g 
t e chn ique h a s r e a l l y not b e e n n e e d e d to ob ta in a useful n e u t r o n r a d i o g r a p h 
( b e c a u s e the g a m m a r a d i a t i o n in the i m a g i n g b e a m was v e r y low). H o w e v e r , 
the t r a n s f e r m e t h o d h a s b e e n found to be v e r y use fu l in the m a t t e r of i m ­
p r o v e d i m a g e r e s o l u t i o n o v e r tha t of the d i r e c t - e x p o s u r e m e t h o d . P a r t of 
t h i s i m p r o v e m e n t c o m e s abou t b e c a u s e , a s a m a t t e r of c o n v e n i e n c e in 
a l i g n m e n t , it h a s b e e n found n e c e s s a r y to use a s i ng l e c o n v e r t e r s c r e e n in 
the t r a n s f e r m e t h o d . H o w e v e r , d i r e c t e x p o s u r e s t a k e n wi th s ing l e s c r e e n s 
a l s o show s o m e w h a t p o o r e r i m a g e s h a r p n e s s than t h o s e t aken by the t r a n s ­
fer m e t h o d . The p o o r e r r e s o l u t i o n y ie lded by the d i r e c t - e x p o s u r e m e t h o d 
then s e e m s to be the r e s u l t of s c a t t e r wi th in the f i lm e m u l s i o n and back ing 
m a t e r i a l . * A c o m p a r i s o n of d i r e c t e x p o s u r e s and a t r a n s f e r n e u t r o n 
r a d i o g r a p h i s shown in F i g u r e s 8 and 9- The ob jec t p i c t u r e d in e a c h c a s e 
is a 0. 1 0 0 - i n . - t h i c k cadmiuna b a r con ta in ing s e v e r a l d r i l l e d ho le s v a r y i n g 
in d i a m e t e r f r o m 0.040 (#60 d r i l l ) to 0.0135 (#80 d r i l l ) in. F i g u r e 8 is a 
t r a n s f e r p i c t u r e t a k e n on KK f i l m , * * us ing 0 .020- in . i nd i um a s the s c r e e n 
m a t e r i a l . F i g u r e 9 shows d i r e c t - e x p o s u r e r a d i o g r a p h s for v a r i o u s f i l m -
s c r e e n m e t h o d s . The r e s o l u t i o n in a l l t h e s e p i c t u r e s a p p e a r s to be useful , 
e x c e p t in the c a s e of the d i r e c t e x p o s u r e s wi th c a d m i u m and gold s c r e e n s . 

F i g u r e 8 

A t r a n s f e r a e u t r o n r a d i o g r a p h 
of a c a d m i u m t e s t p i e c e c o n ­
ta in ing a s e r i e s of ho l e s v a r y ­
ing in d i a m e t e r f r o m 0.040 
(#60 d r i l l ) t o 0.0135 (#80 d r i l l ) 
in. The r a d i o g r a p h w a s t aken 
by expos ing 0.020 in. of i n d i u m 
to the n e u t r o n b e a m for 1 3 . 5 m i n 
(in a m a x i m u m flux of 
3 X 10 n / c m - s e c ) and then 
t r a n s f e r r i n g the i nd ium to KK 
f i lm o v e r n i g h t . 

*Recen t da ta i nd i ca t e tha t h a r d g a m m a r a d i a t i o n f r o m the (n, 7) r e a c ­
t ions in t h e s e c o n v e r t e r m a t e r i a l s is r e s p o n s i b l e for m u c h of the 
i m a g e u n s h a r p n e s s ob ta ined on a d i r e c t e x p o s u r e . v25/ 

**A11 r a d i o g r a p h s shown (except F i g u r e s 9 and lO) a r e p o s i t i v e p r i n t s . 
White a r e a s a r e a r e a s of high e x p o s u r e . 
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Figure 9 

This is a s e r i e s of d i rec t neutron exposures of the same object descr ibed for F igure 8. The sc reen 
thicknesses used were those given in Table II. The intensifier ma te r i a l s used were : left to right: top 

row: B ' ° scint i l lator , rhodium and indium; middle row: gadolinium ( l -2 sc reens ) ; bottom row: cadmium. 
s i lver and gold. 



To d a t e , r e s o l u t i o n c o m p a r i s o n s of t h e s e v a r i o u s m e t h o d s h a v e been 
h a m p e r e d by the difficulty of v i s u a l c o m p a r i s o n s . A r e c o r d i n g d e n s i t o m e t e r 
h a s r e c e n t l y b e c o m e a v a i l a b l e for m o r e ob jec t ive s t u d i e s of r e s o l u t i o n . P r e ­
l i m i n a r y r e s u l t s with th i s i n s t r u m e n t con f i rm the v i s u a l i m p r e s s i o n s tha t 
t r a n s f e r p i c t u r e s y i e ld i m p r o v e d r e s o l u t i o n ove r d i r e c t - e x p o s u r e r a d i o g r a p h s . 
E x c e p t i o n s to th i s r u l e involve d i r e c t - e x p o s u r e p i c t u r e s us ing the B^°- loaded 
s c i n t i l l a t o r and gado l in ium s c r e e n s . The B^ t echn ique a p p e a r s to y ie ld 
r e s o l u t i o n q u a l i t i e s about equa l to t h o s e ob ta ined by the t r a n s f e r m e t h o d , and 
d i r e c t - e x p o s u r e r a d i o g r a p h s t aken with gado l in ium s c r e e n s a p p e a r to y i e ld 
the b e s t s h a r p n e s s q u a l i t i e s of any of the m e t h o d s s tud ied . 

In the c a s e of cadnnium, the poor i m a g e r e s o l u t i o n can be exp la ined 
by the fac t t ha t the Cd (n,7) Cd ' r e a c t i o n y i e l d s g a m m a r a d i a t i o n of v e r y 
h igh e n e r g y . S e v e r a l g a m m a e n e r g i e s a r e found f rom th i s r e a c t i o n , inc luding 
e n e r g i e s up to about 9 Mev.^ "^ The i n h e r e n t i m a g e u n s h a r p n e s s ob ta ined 
with X or g a m m a r a d i o g r a p h y with r a d i a t i o n of such e n e r g i e s i s known to be 
h igh (in the o r d e r of 0.5 m m ) . ( 2 7 ) 

It should be po in ted out tha t the r e s o l u t i o n a c h i e v e d with a n e u t r o n 
i m a g e d e t e c t o r m a y be a p p r e c i a b l y in f luenced by the m a t e r i a l s con ta ined in 
the ob jec t be ing i n s p e c t e d and by the m a t e r i a l s in the v ic in i ty of the d e t e c t o r , 
a s wel l a s by the d e t e c t o r i tself . As was i n d i c a t e d in the d i s c u s s i o n on n e u ­
t r o n a b s o r p t i o n , s c a t t e r of the n e u t r o n s by the a b s o r b i n g objec t m a y be a 
m a j o r p o r t i o n of the n e u t r o n a b s o r p t i o n for a p a r t i c u l a r m a t e r i a l . ( 2 8 ) p o r 
e x a m p l e , th i s is t r u e of h y d r o g e n , which has a to ta l m a s s a b s o r p t i o n coeff i ­
c i en t for 1.08-A n e u t r o n s of 48.5 c m y g m , of which 48.4 c m y g m is due to 
s c a t t e r i n g . ( 2 ; This i s an e x t r e m e e x a m p l e , bu t , in g e n e r a l , s c a t t e r i n g 
a c c o u n t s for m u c h s l o w e r n e u t r o n a b s o r p t i o n , p a r t i c u l a r l y a m o n g the l ight 
n u c l e i . ( " / This s c a t t e r e d r a d i a t i o n , whe t he r i t o r i g i n a t e s in the i n s p e c t i o n 
s a m p l e , the d e t e c t o r , o r the m a t e r i a l in the v ic in i ty , can c o n t r i b u t e to 
o v e r a l l fog and to d e c r e a s e d i m a g e r e s o l u t i o n . 

VI. DISCUSSION O F E X P E R I M E N T A L STUDY O F 
P H O T O G R A P H I C NEUTRON D E T E C T O R S 

The e x p e r i m e n t a l s tudy h a s y i e lded i n f o r m a t i o n on the r e l a t i v e 
s p e e d , the r e l a t i v e r e s p o n s e to n e u t r o n s and g a m m a r a d i a t i o n , and the q u a l i ­
t i e s of i m a g e r e s o l u t i o n tha t can be ob ta ined wi th s e v e r a l p h o t o g r a p h i c 
n e u t r o n - i m a g e - d e t e c t o r t e c h n i q u e s . F r o m the da ta p r e s e n t e d , i t m u s t be 
conc luded tha t the B ' - l o a d e d s c i n t i l l a t o r , u s e d in a d i r e c t - n e u t r o n - e x p o s u r e 
m e t h o d wi th type F f i lm, h a s the m o s t p r o m i s e . Th i s m e t h o d h a s y i e lded the 
b e s t s p e e d , the b e s t r e l a t i v e n e u t r o n - g a m m a r e s p o n s e , and good r e s o l u t i o n 
q u a l i t i e s . One p r o b l e m with th i s d e t e c t o r i s t ha t the phosphor u s e d in i t 
(ZnS:Ag) t e n d s to a g g l o m e r a t e . The nonun i fo rm d i s t r i b u t i o n of the phosphor 
in the s c r e e n h a s y i e l d e d m o t t l e d p i c t u r e s . T h i s is d e m o n s t r a t e d in F i g ­
u r e 10, which shows 2 v i ews of t h e ' n e u t r o n b e a m . The f igure a t the left was 
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t a k e n with the s c i n t i l l a t o r and No S c r e e n f i lm . The l o w e r c o r n e r of the 
b e a m in e a c h c a s e w a s a b s o r b e d by | - - i n . s t e e l . The d i f f e r e n c e s in the 
p i c t u r e s , n a m e l y , the m o t t l e d a r e a s of the s c i n t i l l a t o r p i c t u r e , a r e c a u s e d 
by the a g g l o m e r a t i o n of the ZnS in the s c i n t i l l a t o r . * 

F i g u r e 10 

Shown a r e two v i e w s of the n e u t r o n b e a m de t ec t ed by d i r e c t 
n e u t r o n e x p o s u r e s us ing 20-30 i n d i u m (r ight ) and a B 
l o a d e d s c i n t i l l a t o r (left) , e a c h us ing No S c r e e n f i lm . One 
edge of the b e a m in e a c h c a s e w a s a b s o r b e d by ^ - i n . s t e e l . 

Of the o t h e r m a t e r i a l s t e s t e d , r h o d i u m a p p e a r s to be the m o s t u s e ­
ful for the d i r e c t - e x p o s u r e m e t h o d . This m a t e r i a l has shown the b e s t 
s p e e d and r e l a t i v e n e u t r o n - g a m m a r e s p o n s e of the m e t a l s c r e e n s . Ind ium, 
c a d m i u m , and s i l v e r m u s t be g r o u p e d nex t a s far a s speed and r e l a t i v e 
n e u t r o n - g a m m a r e s p o n s e a r e c o n c e r n e d , but the poor r e s o l u t i o n ob ta ined 
wi th c a d m i u m wi l l l i m i t i t s u s e f u l n e s s . A s far a s r e s o l u t i o n is c o n c e r n e d , 
the e x c e l l e n t r e s u l t s ob ta ined wi th g a d o l i n i u m should m a k e th i s m a t e r i a l 
v e r y usefu l . 

*An a t t e m p t i s p r e s e n t l y be ing m a d e to p r e p a r e a m o r e u n i f o r m 
s c i n t i l l a t o r . Th i s w o r k is be ing done t h r o u g h the c o o p e r a t i o n of 
W. R. A l l i s o n , N u c l e a r E n t e r p r i s e s , Ltd . L i t h i u m s c i n t i l l a t o r s 
( R e f e r e n c e 29) a r e a l s o unde r s tudy . 
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In the neutron flux available for this study, indium and gold a r e u se ­
ful in the radioact ive t ransfer imaging method, whereas rhodium and s i lver 
a r e not useful because the shor t act ivi t ies assoc ia ted with these m a t e r i a l s 
a r e l imiting fac to r s . The t rans fe r method appears to offer an advantage 
other than the el imination of gamma detection in the neutron radiograph, in 
that improved resolut ion can be obtained by this method. 

VII. PRELIMINARY RESULTS OF SOME RECENT 
EXPERIMENTAL WORK 

As par t of this p rogram, it is planned to investigate other neutron 
sources for application to neutron radiography. The things sought in other 
sources include a m o r e uniform neutron flux over a l a rge r inspection a rea , 
and beams of other neutron energy. A s t a r t in this direct ion has been made 
in an init ial t r i a l with a Van de Graaff genera to r . The Li'(p,n) B e ' react ion 
was used at a voltage of 2.5 Mev and a proton cur ren t of 10/ iamp. The 
modera t ing configuration used in this t r i a l was unsat isfactory (6 in. of water 
in front of the thick li thium target ) , and further efforts a r e planned using 
improved modera t ing configurations. In this initial t r i a l , the bes t imaging 
r e su l t s were obtained with the fast neutron beam, modera ted only by the 
thick t a rge t and the a i r path. The effective flux was re la t ive ly low (about 
10 n / c m - sec at 12 in. from the ta rge t ) and seemed to follow the i n v e r s e -
square law over a range from 6 to 24 in. At a 36-in. dis tance, the effective 
flux was higher than anticipated, and this r i s e may have been caused by 
backsca t t e r . Best resolut ion r e su l t s were obtained at the 6-in. distance, 
indicating that sca t te r of the beam in the a i r path may be causing some 
difficulty. 

De tec to r -wise , it is planned to investigate s eve ra l r a r e ea r th 
m a t e r i a l s for their possible usefulness as intensifier s c reen m a t e r i a l s . 
Some p re l im ina ry r e su l t s with gadolinium indicate a re la t ive speed about 
equal to s i lver (based on data in Table II) and ve ry good resolut ion qual i t ies . 
The good resolut ion probably r e su l t s from the fact that ve ry thin sc reens 
can be used (O.OOl and 0.002-in. s c r e e n s were used in this p re l imina ry 
test) because of the ve ry high neutron c r o s s section for gadolinium. Mate­
r i a l s being p repa red for use at the p re sen t t ime include s a m a r i u m and 
dyspros ium in addition to gadolinium. 

VIII. APPLICATIONS 

Relat ively little has been done to apply neutron radiography as an 
inspection technique. The s t r e s s in this investigation has been placed on 
a be t ter understanding of the techniques which can be used to obtain neutron 
images . However, in the course of this work, s eve ra l p ic tures have been 
taken which indicate possible a r e a s of application. 
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The h igh n e u t r o n a b s o r p t i o n of h y d r o g e n m a k e s n e u t r o n r a d i o g r a p h y 
of p o t e n t i a l v a l u e in b i o l o g i c a l s t u d i e s . F i g u r e s 11 and 12 i n d i c a t e the type 
of n e u t r o n r a d i o g r a p h s which can be ob ta ined for b i o l o g i c a l s a m p l e s wi th 
p r e s e n t t e c h n i q u e s . The r a d i o g r a p h s show p r i m a r i l y a r e a s of h y d r o g e n 
c o n c e n t r a t i o n in a g r a s s h o p p e r ( F i g u r e 11) and a j aw bone and t e e t h 
s a m p l e ( F i g u r e 12). A l though s u c h p i c t u r e s a p p e a r to be of g e n e r a l i n t e r ­
e s t , spec i f i c a p p l i c a t i o n of n e u t r o n r a d i o g r a p h y in the field of b io logy wi l l 
p r o b a b l y r e q u i r e t e c h n i q u e s y ie ld ing m u c h i m p r o v e d r e s o l u t i o n . 

F i g u r e 11 

This d i r e c t n e u t r o n 
e x p o s u r e of a g r a s s ­
h o p p e r w a s t aken 
us ing 20 -30 ind ium 
s c r e e n s and AA f i lm. 

F i g u r e 12 

This n e u t r o n r a d i o g r a p h of a jaw bone 
was t aken by a t r a n s f e r t e c h n i q u e 
us ing 0 .020- in . i nd ium and type KK 
f i lm. N e u t r o n e x p o s u r e was 13.5 m i n ; 
t r a n s f e r t i m e was o v e r n i g h t . 

E v e n wi th the r e s o l u t i o n p r e s e n t l y a c h i e v a b l e , n e u t r o n r a d i o g r a p h y 
a p p e a r s r e a d y for a p p l i c a t i o n to the " u n u s u a l " p r o b l e m , to the p r o b l e m 
which t a k e s a d v a n t a g e of the di f fer ing a b s o r p t i o n b e t w e e n n e u t r o n s and 
X r a y s . F i g u r e 13 i l l u s t r a t e s th i s point by showing the i m a g e of a s h e e t of 
r u b b e r 32 in. t h i c k on ^ - i n . s t e e l . Other i n s p e c t i o n a p p l i c a t i o n s which have 
b e e n s u g g e s t e d by the a b s o r p t i o n d i f f e r e n c e s b e t w e e n n e u t r o n s and X r a y s 
inc lude the d e t e r m i n a t i o n of the u n i f o r m i t y of s i n t e r e d b o r o n c a r b i d e 
d e p o s i t s in b o r o n c a r b i d e - z i r c o n i u m e l e m e n t s , the l oca t ion of z i r c o n i u m 
h y d r i d e d e p o s i t s in s i n g l e - c r y s t a l z i r c o n i u m , and the i n s p e c t i o n of m e t a l s 
in g e n e r a l for h y d r o g e n l o c a l i z e d a r e a s . 
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F i g u r e 13 

This n e u t r o n r a d i o g r a p h was t a k e n 
by a t r a n s f e r t e chn ique us ing a 
O.OZO-in. i nd ium and KK f i lm. The 
e n t i r e b e a m was f i l t e r e d t h r o u g h 
-^-in. s t e e l . The s q u a r e i m a g e 
shown is tha t of -32-in. r u b b e r . The 
ova l shaped a b s o r b i n g ob jec t a t the 
point of the r u b b e r s q u a r e is a 
p i e c e of 0 .001- in . g a d o l i n i u m . 

A n o t h e r i n t e r e s t i n g p o s s i b i l i t y i s d e m o n s t r a t e d b y F i g u r e 14 -which 
shows 3 d i f fe ren t v i ews of a 0 . 1 0 0 - i n . - t h i c k n i c k e l d i s k M^hich w a s cut f r o m a 
c a s t r o d . The u p p e r p i c t u r e , t a k e n at 4.8 X m a g n i f i c a t i o n , (and r e p r o d u c e d 
h e r e at 75% reduc t ion ) shows an o p t i c a l p i c t u r e of one s u r f a c e of the n i c k e l 
d i s k a f t e r po l i sh ing and e t c h i n g . The l ower p i c t u r e s a r e an X r a y (left) and 
a n e u t r o n r a d i o g r a p h ( r ight ) of the s a m e d i s k . The s u r f a c e c r y s t a l s t r u c ­
t u r e s a r e we l l shown in the m e t a l l o g r a p h i c s a m p l e p i c t u r e . The X r a y 
s h o w s , upon c l o s e e x a m i n a t i o n , s o m e of the b o u n d a r i e s b e t w e e n t h e s e dif­
f e r e n t a r e a s of c r y s t a l o r i e n t a t i o n . The n e u t r o n r a d i o g r a p h d i s p l a y s the 
c r y s t a l o r i e n t a t i o n d i f f e r e n c e s wi th in the s a m p l e . The d i f f e r e n c e s in n e u ­
t r o n t r a n s m i s s i o n wi th in the s a m p l e follow f rom the w o r k of B e y e r , Nix, 
and othersV-^^'^^/ who have d e m o n s t r a t e d in t h e i r w o r k on m a t e r i a l s , s u c h 
as i r o n , n i c k e l , and c o p p e r , t ha t s ing le c r y s t a l s h a v e g r e a t e r n e u t r o n 
t r a n s m i s s i o n than p o l y c r y s t a l l i n e s a m p l e s and tha t l a r g e r g r a i n s i z e a r e a s 
h a v e h i g h e r n e u t r o n t r a n s m i s s i o n . T h i s ab i l i t y to p i c t u r e i n t e r n a l g r a i n 
s i z e and c r y s t a l o r i e n t a t i o n d i f f e r e n c e s m a y be of a p p r e c i a b l e va lue in 
s o m e m e t a l l u r g i c a l s t u d i e s . 
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Figure 14 

This figure shows three views of a 0. 100-in. thick nickel disk cut from a cast rod. The large picture (taken 
at 4. 8 X magnification and reproduced here at 75% reduction) shows surface crystal orientation after polishing 
and etching. The lower pictures are an X ray (left), showing only the boundaries between different crystal 
orientation areas, and a neutron radiograph (right), showing internal crystal structure. 



IX. CONCLUSIONS 

The neutron radiographs present ly being produced can be obtained 
in reasonable exposure t imes and can yield resolut ion qualities general ly 
equivalent to those obtained with gamma radiography. Both these p rope r ­
t ies seem well enough advanced so that neutron radiography can now be 
considered for application as an inspection method. The problems to 
which neutron radiography may be applicable should take into account the 
absorpt ion differences between neutrons and X radiation, because the 
advantage which the use of neutron radiography may have in any specific 
problem will probably be associa ted with these differences. 
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