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NEUTRON RADIOGRAPHY: A 1962 PROGRESS REPORT 

by 

Harold Berger 

INTRODUCTIOJ!T 

Since the relative absorption in materials for thernaalneutrops and X- 

rays is very the use of neutron radiography as a complimentary 

inspection method to X-radiography has many potential advantages. ihe 

possibility of improved detection discrimination between selected materials, 

the high absorption of several light materials such as hydrogen, lithium and 

boron, and the relatively low absorption of many heavy materials ape some 

characteristics which make neutron radiographic inspection attractive as a 

complimentary technique to X-radiography. 

In the current study of neutron radiography ~rhich is being conducted at 

Argonne National Laboratory, the emphasis has been placed upon determining 

many of the characteristics of various techniques for detecting neutron images. 

This approach to a.n investigation of neutron radiography was taken in order 

that neutron radiography might be evaluated using detection methods which had 

desirable characteristics for the particular application under study. Many 

of the characteristics of photographic detectors for thermal neutron Images 

have now been determined and reported. This report will outline some recent 

extensions of such data. 

Before getting into the details of the data, however, it may be appropriate 

to discuss in general terms the methods which have been used in this study to 

detect them1 neutron images photographically. This limitation to photographic 

detection methods will apply to the work reported here. Readers desiring fur- 

ther information about noaphotographic techniques for detecting neutron images 



are referred t o  a review of that subject by watts.' A second l imita t ion i s  

t h a t  the  discussion w i l l  be concerned with neutrons i n  the thermal energy 

region. One reason f o r  t h i s  l a s t  l imita t ion i s  t h a t  neutrons of thermal energy 

y ie ld  widely varying absorption coeff ic ients  i n  d i f fe ren t  materials. These 

absorption differences a r e  much reduced f o r  f a s t  neutrons. Therefore, t h e m 1  

neutrons appear capable of providing be t t e r  radiographic discrimination between 

different  materials than do f a s t  neutrons. Although the resonance neutron re- 

gion may provide even be t t e r  discrimination capabi l i t i es  than thermal neutrons, 

f o r  .a'few selected materials i n  a par t icu la r  neutron energy region, the  use of 

thermal neutrons appears t o  have more general radiographic application. 

I n  sp i t e  of the f a c t  t h a t  thermal neutrons do influence photographic film 

i t s e l f ,  it has usually been found advantageous t o  employ with the f i lm  some 

converter material  which converts the neutron image in to  one formed by some 

more readi ly  detectable radiation. These converter materials include prompt 

emission materials such as cadmium, gadolinium, boron and lithium, and poten- 

t i a l l y  iadioactive materials such a s  rhodium, indium, s i lver ,  gold, and dys- 

prosium. The charac te r i s t ics  of many of these materials f o r  photographic neu- 

t ron  detection applications have been reported previously. 7 ~ 8  

The image detection methods used include both d i r ec t  exposure techniques 

i n  which the film and converter screen are exposed t o  the  neutron beam together, 

and t ransfer  methods i n  which only the screen i s  exposed t o  the  imaging beam. 

The screen i s  then t ransferred t o  a f i lm  loaded casse t te  and the photographic 

exposure i s  made by the radioactive decay of the  image-carrying, radioactive 

screen. Materials which become radioactive easi ly ,  and which have convenient 

half-liven are used f o r  t h i s  t ransfer  technique. I n  t h i s  work, gold, indium 

and dysprosium have been used extensively. A l l  the  converter materials can be 

used f o r  d i rec t  exposure techniques. 



The neutron source used f o r  most of t h i s  work hss been described i n  several  

reports.  397r8 Use has been made of the monouhromatic neutron beam (1.05 i) 
used f o r  neutron d i f f rac t ion  studies,' a t  Argonnets CT-5 reactor. This beam 

5 2 has an in tens i ty  of 3 x 10 thermal neutrons/cm -sec over an oval shaped area 

about 1/2 x 1 in., and covers about a 3 in. diameter c i r c l e  f o r  radiographic 

use. There i s  r e l a t i ve ly  l i t t l e  gamma radiat ion i n  the beam. 7910 

M W A L  RESULTS 

A. Metal Screen Data 

8 
I n  the progress report  which was made last year, the  r e l a t i ve  speeds of 

d i f fe ren t  thickness single gadolinium screens were presented i n  a preliminary 

manner. That information has now been coxi'irmed, and the r e l a t i ve  speeds of 

double screen gadolinium d i rec t  exposure methods have been determined. This 

i s  presented i n  Figure 1. The back screen (screen away from the neutron source) 

thickness i s  plot ted against  f i lm  density f o r  each of several  f ron t  screen 

thicknesses. Each neutron exposure f o r  the  various combinations was  fdenti-  

c a l  and films were processed together as much a s  possible. The f i lm  density 

therefore, represents speed and it can be seen t h a t  a 0.00025 in. f ron t  screen 

and a 0.002 in. back screen technique y ie lds  the  best  speed. The notation we 

have used f o r  such an exposure technique i s  0.25-2 Gd. The f irst  number re- 

presents  the  thickness of the f ron t  screen i n  mils; the second number i s  the 

back screen thickness i n  mils and the chemical symbol i den t i f i e s  the material. 

The resolution charac te r i s t ics  of various gadolinium screen combinations 

have a l so  been studied i n  more d e t a i l  during the past  year.'' For s ingle  

screen work, best  resolution r e su l t s  have been obtained f o r  a 0.00025 in. 

screen with e i t h e r  a f ron t  o r  back f i lm and f o r ' a  0.0005 in. screen with a 

f ron t  f i l m .  From the speed standpoint the  112 m i l  screen with a f ron t  f i lm  

would be the best  of these three good resolution techniques and would, therefore 

be preferred. 



, 

/ *  
25 FRONT SCREEN 

\.50 FRONT SCREEN - 

. , 

~ 1 . 0  FRONT ,SCREEN < 
-2.0 FRONT SCREEN 

1 .  I 

. . 
r' 

. . 

. tGADOLINIUM BACK SCREEN THICKNESS (MILS) 
The f i l m  d e n s i t y  obtained f o r  equal  neufron exposures of s e v e r a l  double screen  
gadolinium d i r e c t  exposure methods i s ' p lo t t ed  a g a i n s t  back screen  th ickness ,  f o r  
each of s e v e r a l  f r o n t  sc reen  th icknesses .  Best f i l m  dens i ty ,  and t h e r e f o r e  b e s t  
speed, i s  shown by t h e  0.25 - 2 Gd technique;  
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Ahmst as good resolution can be obtained with a double screen technique 

employing 0.25 - 2 Gd screens. The lead-gadolinium screen combination discussed 

8 
previously of fe rs  no advantage over t h i s  technique e i t h e r  i n  speed o r  resolu- 

t ion.  Using a 0.005 in. lead f ron t  screen with a gadolinium back screen yields  

about the same speed a s  the  0.25 - 2 Gd technique, and does not yie ld  as good 

resolut ion character is t ics .  

A be t t e r  metal screen technique f o r  speed takes advantage of the  f a c t  tha t ,  

f o r  single screen work, f ron t  f i lms yield  best  speed when used'with gadolinium 

while back fi lms yield  bes t  speed f o r  most of the  other metal screens. There- 

fo re  a combination of a gadolinium back screen a d  a f ron t  screen which yields  

f a s t  r e s u l t s  should produce a f a s t  method. A 0.010.in. rhodium f ron t  screen 

and a 0.002 in. gadolinium back screen d i rec t  exposure combination, for  example, 

has yielded a speed number which i s  f a s t e r  than the double rhodium screen tech- 

7 nique ( the f a s t e s t  response metal screen method from previous data ) by a 

f ac to r  of about 15 p e r ,  cent.* Similar high speed r e s u l t s  may be obtained f o r  

a dysprosium-gadolinium screen combination. A l l  these techniques appear t o  

have good resolut ion qual i t ies .  11 

The other metal screen material  which has received appreciable a t ten t ion  

during the pas t  year i s  dysprosium. This r a r e  ea r th  metal has 1.3 minute and 

2.3 hour a c t i v i t i e s  having act ivat ion cross sections of about 500 and 2000 

barns respectively. Although the  p rac t i ca l  useful  cross sections are not 

ac tua l ly  so large because they both involve Dy-164 which i s  only 28.1s of 

natural ly  occurring material, the  convenient half- l ives  and high cross sections 

.combine t o  make t h i s  material  very useful  f o r  t ransfer  techniques, i n  particu- 

lar. 8 

Single screen speed data f o r  various thicknesses of, dysprosium are shown 

i n  Figures 2 tbnd 3. For both t ransfer  and d i r ec t  exposure techniques a screen 
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curve i s  s i m i l a r  t o  those  of Figure 2, except  t h i s  i s  f o r  a dysprosium t r ans fe r - exposu re  technique I 
t h i ckness  of about 0.010 i n .  i s  aga in  optirium f o r  speed. The curve shown i s  f o r  a f r o n t  f i lm .  The curve f o r  
a back f i l m  i s  s i m i l a r  except  t h a t  it begins t o  show a decrease i n  speed a t  5 t o  10 m i l s  because of absorp t ion  
of t h e  neutron beam i n  t h e  screen  ma te r i a l .  

DYSPROSIUM SCREEN THICKNESS (MILS) 
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thickness i n  the order of 0.010 in. aypears about optimum fo r  speed considera- 

t ions.  The r e l a t i ve  speed ra t ing  of a 0.010 in. dysprosium single screen d i r ec t  

exposure method using a back f i lm i s  about 0.9 (based on response of 10 - 20 

Cd = 1.0) on the same basis  as previously published speed comparisons. 7,8,10 

This i s  a f a s t  single screen technique. Double screen data i s  not ye t  avai l -  

able, but a high speed ra t ing  f o r  t h a t  technique would a l so  be anticipated. 

A double screen method employing a dysprosium f ron t  screen and a gadolinium 

back screen also puts fo r th  the promise of a 'h igh  speed metal screen technique, 

with reasonably good resolution qual i t ies .  These methods are expected t o  be 

more f u l l y  studied i n  the near future. 

From the resolution standpoint dysprosium yie lds  average resu l t s ,  about 

equal t o  rhodium f o r  d i rec t  exposures and t o  indium f o r  t ransfer  work. l3 me 

high speed of dysprosium t ransfer  techniqyes, however, mkes  t h i s  an ex t r emly  

useful  exposure method. A number of exposure curves f o r  heavy metals have been 

obtained and a re  being reported f o r  t h i s  exposure method. 14,l'j 

A t h i r d  r a r e  ear th  metal which a l so  appears useful  i s  samarium. l6 S m i u m  

metal screens a re  expected t o  be available f o r  detai led study a t  Argonne i n  the  

near future. 

To summarize these r e s u l t s  on metal converter screens, it can be pointed 

out that ,  of the  materials evaluated t o  date, gadolinium screens appear t o  

provide the  best  image qual i ty  f o r  d i r ec t  exposure' techniques.. Used a s  single 

screens t o  yie ld  the bes t  resolution qua l i t i es ,  a s  double screens f o r  be t t e r  

speed, or  i n  combination trith some material  such as rhodium o r  dysprosium t o  

yield  even be t t e r  speed, the resolut ion qua l i t i e s  of gadolinium d i r ec t  ex- 

posure neutron radiographs a r e  be t t e r  than any of those obtained with the other 

converter materials studied i n  t h i s  program. 11 



For t ransfer  work the r e s u l t s  found i n  t h i s  work in'dicate the  super ior i ty  

of dysprosium f o r  speed and of gold f o r  resolution. 

B. Sc in t i l l a to r s  

4 
Additional e f f o r t s  with boron and l i thium based s c i n t i l l a t o r s  during the  

pas t  year have yielded fur ther  information on speed comparisons, contras t  cap- 

a b i l i t i e s ,  resolution qua l i t i e s  and reciprocity-law f a i l u r e  responses. Speed- 

wise the 4:1 znS(Ag) and L i - 6 ~  s c i n t i l l a t o r  mixture described by Wang e t  a1 17 

i s  the f a s t e s t  photographic thermal neutron image converter material  presently 

known t o  the author. Using fast f i lms  such a s  3000 speed Polaroid f i lm  o r  Type 

F or  similar X-ray film, a useful image can be obtained with t o t a l  exposures 17318 

5 2 of much l e s s  than 10 thermal neutrons/cm . 
The ac tua l  value w i l l  depend upon the  neutron in tens i ty  because .of the  

influence of the  reciprocity-law f a i l u r e  response of the  f i lm  used. 19920 m- 

served reciprocity-law f a i l u r e  responses f o r  a B-10 polyester type s c i n t i l l a t o r  

and Type F X-ray film have involved speed differences %n the  order of 5 times 

f o r  a neutron in t ens i ty  change of 100 times.12 Some~rhat l e s s  change i n  speed 

has beenobserved f o r  the Li-6 s c i n t i l l a t o r s  and Polaroid film.18 In pract ice  

the reciprocity-law failure response need not l imi t  the  use of  these materials 

f o r  neutron radiography. Once t h i s  type of response i s  recognized it i s  a 

simple matter t o  adjust  exposure times f o r  d i f fe ren t  conditions. l 5  *or a 

speed comparison, however, t h i s  type of response presents d i f f i cu l t i e s .  

The resolution capabi l i t i es  of the  sc in t i l l a tor - f i lm detectors were gen- 

e r a l l y  good. Although the resolution observed on neutron radiographs taken 

with s c i n t i l l a t o r  techniques was not as good a s  t h a t  obtained with the bes t  

inuslging methods (gadolinium screens, f o r  example ) , the  \ralues observed were 

generally comparable t o  those which could be obtained with metal screen methods. 
11 

Ekcellent resolution was observed on radiographs made with a special ly  prepared 



t h i n  s c i n t i l l a t o r  employing a vapor deposited phosphor layere1 on a th in  B-10 

deposit,  but t h i s  technique was extremely ~ l o r r , ~ ~  and therefore of less prac t i -  

c a l  value. 

The contras t  s e n s i t i v i t i e s  generally observed with the s c i n t i l l a t o r  de- 

t ec to r s  have been i n  the order of 6 t o  15 per cent. The best  values (6 t o  10 

per cent)  were observed on radiographs of several  inches of uranium using the .  

B-10 s c i n t i l l a t o r  and Type F X-ray film. 14,15 The poorer values were observed 

on similar t e s t  samples using a Li-6 s c i n t i l l a t o r  and Polaroid film.18 The 

l imita t ion i n  t h i s  l a t t e r  case appeared t o  be the film, howe-er, ra ther  than 

the s c in t i l l a to r .  Using F film instead of the Polaroid, a contras t  sen- 

s i t i v i t y  i n  the order of 10 per cent was  obtained. 

I n  summary, the s c i n t i l l a t o r  techniques a s  detectors f o r  neutron radio- 

graphy o f f e r  excellent speed of response. This advmtage, along with good re- 

solution properties and r e l a t i ve  neutron-gamma response ( to  be discussed i n  

more d e t a i l  l a t e r  i n  t h i s .  report )  should make such imaging methods very useful. 

Problems such as reciprocity-law fai 'lure response, r e l a t i ve ly  poor a b i l i t y  t o  

display small changes i n  neutron in tens i ty  and nonuniformities7' 8'10 should, 

however, be recognized. This l a t t e r  problem involving graininess and nonuni- 

form d is t r ibu t ion  of components within the s c i n t i l l a t o r  can be la rge ly  elimi- 

nated by taking advantage of s c i n t i l l a t i n g  glasses.22 Recent work by Watts 2 3 

with such materials has indicated tha t  uniformity problems are much reduced 

and t h a t  good speed of response has been miiltained. The addi t ional  property 

t h a t  the glasses  a re  more chemically s tab le  than many of the other s c i n t i l l a t o r  

forms i s  another advantage. 

C. Relative Neutron-Gamma Response 

The r e l a t i ve  response of d i r ec t  exposure detection methods t o  neutrons 

and t o  gamma radiat ion i s  of importance i n  many radiographic si tuations.  If 



the inspection object  i s  radioactive or  emits large amouxts of radiat ion upon 

neutron bombardment, or  i f  the  neutron beam i t s e l f  contains high in tens i ty  com- 

ponents of gamma radiation,  a d i rec t  exposure neutron radiograph may not y ie ld  

the desired information. 3r7710 1n extreme cases, of course, t ransfer  methods 

can be used t o  eliminate such in te r fe r r ing  radiation. 

Nevertheless, a knowledge of the r e l a t i ve  neutron-gamma, response of d i r ec t  

exposure detection methods can be useful i n  helping t o  decide whether or  not 

the slower speed t ransfer  methods1' appear necessary. It i s  d i f f i c u l t  t o  

generalize such information because the gamm energies involved i n  one s i tua-  

t i on  may be d i f fe ren t  from those of another one. However, f o r  the specif ic  

comparison between thermal neutrons and cobalt-60 gamma radiat ion it was found 

5 2 that a t o t a l  exposure of about 10 t h e r m l  neutrons/cm yielded about the  stme 

f i lm  response a s  1 milliroentgen of g a . m  radiation.  That information was f o r  

24 double metal screen techniques used with ' ~ ~ p e  KK f i lmO3 More recent data 

indicate  t h a t  t h i s  r a t i o  i s  reasonably accurate f o r  single metal screen methods 

and f o r  Type AA film. Similar r e su l t s  have been reported by Watts. 25 some 

26 agreement i s  a l so  found i n  the  data of Xhrlich which indicated a r a t i o  i n  

6 the order of 5 x 10 f o r  each of several  d i f fe ren t  speed films exposed without 

converter screens. The addit ion of the  converter screen increases the  speed 

8 
of the detector t o  neutrons by a fac tor  i n  the order of 20 t o  100 times,. and 

6 yields  l i t t l e  change i n  the  garmna response.3 The r a t i o  of 5 x 10 , a s  indicated 

> by Ehrlich, therefore, approaches a va.lue of 10 when the detector consis ts  of 

converter screens and film. 

Because of the high speed of the s c i n t i l l a t o r  techniques for  neutron de- 

tection,  a somewhat be t t e r  r a t i o  of neutron-gamma response i s  found. The B-10 

4 2 s c i n t i l l a t o r  with Type F film requires only about 10 thermal neutrons/cm 

f o r  the same response as 1 m r  of gamma radiat ion and the ~ i - 6  s c i n t i l l a t o r  

presents an even be t t e r  r e l a t i ve  response ra t io .  



Therefore, f o r  a given ezposure s i tuat ion,  a knowledge of the  t o t a l  neu- 

t ron  and gamm exposures t h a t  the f i lm  w i l l  receive can be used t o  determine 

the correct  exposure technique. If the  r a t i o  of neutrons/cm2 t o  milliroentgens 

of gamma radiat ion i s  appreciably greater  than lo5, no d i f f i c u l t y  with d i r ec t  

exposure methods should be encountered. I f  t h i s  r a t i o  i s  i n  the order of lo', 

s c i n t i l l a t o r  d i r ec t  exposure methods may prove useful. For neutron/cm2 t o  

> ga.nraia m r  r a t i o s  l e s s  than 10 however, t ransfer  methods m y  be required. 

This last statement employed the word "may" ra ther  than "must" because 

the gamma image of the object  under study w i l l  be detrimental t o  the neutron 

radiograph primarily if the object  contains l i g h t  materials and i n  cases i n  

which the in te r fe r r ing  radiat ion or iginates  i n  the object  i t s e l f .  The neutron 

image of a p l a s t i c  component, f o r  example, might be obl i terated if the high 

transmission of a large gamma in tens i ty  were a l so  recorded on the neutron radio- 

graph. Neutron radiography of a radioactive object  would a l so  present problems 

since the radioactive decay radiat ion would tend t o  fog the film. I n  neutron 

radiography of sone material  such as lead, however, gamma rad ia t ion . in  the  

neutron beam would not necessari ly be a problem since a gamma image of the  lead 

objects would contribute t o  a fur ther  reduction i n  exposure t i m e .  Each problem 

therefore, must be considered individually a s  far a s  the inflcence of in te r -  

f e r r ing  radiat ion on the f i n a l  image i s  concerned. 

D. The Influence of Scat ter  on Image Quality 

The influence of scat tered radiat ion on image qua l i ty  i s  a problem en- 

countered i n  any imagiag technique. Watts has s+;udied t h i s  problem i n  regard 

t o  neutron imaging. 6'25 I n  one report  by neutron radiographs of somr 

cadmium s t r i p s  of varioxs s izes  were shown, a s  graphite was placed between 

object  and detector. The influence of the sca t te r ing  medium, a s  represented 

by the graphite was quite apparent. 
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The test s t r i p s  used by Watts, however, did not permit him t o  place a 

number on the degradation of 5mge qua l i ty  a s  a f inction of s ca t t e r  thickness. 

Since a t e s t  piece designed a t  Argonne f o r  resolut ion studies1' was available,  

it was decided t h a t  Watts' work might be prof i tably repeated i n  order t o  numeri- 

ca l ly  define the influence of the  sca t te r ing  medium on image resolution. 

The test piece designed f o r  resolut ion s tudies  consisted of a 0.020 in. 

th ick cadmium sheet containing a number of 0.020 in. diameter holes whose 

spacing continually decreased. The spacing between holes was 0.00012, 0.002, 

0.0036, 0.0048, 0.0096, 0.019 and 0.0304 in. Resolution was determined by a 

number of observers deciding what holes were resolved on the neutron' radio- 

graph of the t e s t  piece. The smallest separation between holes which could be 

resolved by the xmjority of the  obsertiers was said t o  be the resolution. 

To study the influence of sca t te r ,  an imaging method having good resolu- 

t i on  properties i n  i t s e l f  m e  used.ll The single screen gadolinium d i rec t  ex- 

posure technique employing a 0.0005 in. scfieen and a f ron t  f i lm was used 

throughout. 

Figure 4 shows the influence of spacing the t e s t  object  away from the f i lm  

cassette,  both as a function of a i r  spacing and graphite spacing. The addi- 

t i o n a l  influence of the scat ter ing medium i s  apparen-t from t'nis plot .  The re- 
B 

solution of the t e s t  object, described above, through 4 in. of graphite was so 

poor t h a t  none of the 0.020 in. diameter holes could be resolved. Another 

cadmium test piece, containing d r i l l e d  holes va.rying i n  diameter from 0.013 in. 

t o  0.040 in. w a s  used t o  obtain t h a t  Last point. The smallest hole s ize  ob- 

served on the radiogrcph was 0.030 in. (0.020. in. hole could not be resolved). 

Although the influence of sca t te r ing  material  on image qua l i ty  i s  appre- 

c iable ,  ' i n  p rac t i ca l  si.tuations an even greater  influence on such fac tors  m y  



be contributed by the divergence of the neutron beam i t s e l f .  This study at  

Argonne has benefited from the f a c t  t h a t  a >:ell defined, p a r a l l e l  neutron beam 

was available. 7?10911 Other invest igators  have had neutron be- containing 

appreciable amounts of diverging radiat ion t o  contend with.. The neutron beam 

used i n  Watts1 study, f o r  example, w a s  barely capable of resolving the neutron 

image of a 0.051 in. wide cadmium s t r i p  which was separated from the detector 

by an a i r  path of 3 in. From the  data presented i n  Figure 4, t h i s  beam diver- 

gence causes a s  much, o r  more, degradation i n  image resolut ion with a 3 in. 

air path as does 4 in. of graphite. The charac te r i s t ics  of the  neutron beam 

therefore, may be a greater  influence on image qua l i ty  than tha t  produced by 

sca t te r ing  media. 

This i s  a problem which i s  ju s t  beginning t o  receive a t ten t ion  i n  t h i s  

study a t  Argonne, because such problems have been encountered a t  a second 

neutron radiographic f a c i l i t y  recent ly  made available. This beam f a c i l i t y  

i s  located a t  Argonnels Juggernaut reactor. The beam presently available has 

7 2 a thermal neutron in t ens i ty  of about 10 neutrons/cm -sec and uniformly covers 

a 2 l /2  x 4 in. axea. Beam divergence i s  such t h a t  spacing the  t e s t  obJect 

a distance of 1 in. from the casse t te  r e su l t s  i n  a resolution i n  the  order of 

0.010 t o  0.020 in. A Sol ler  s l i t  collimating i s  now being pre- 

pared t o  make t h i s  neutron beam more u s e r i l  f o r  inspecting large thickness 

samples. 

DISCUSSION AND CONCLUSIONS 

Many of the charac te r i s t ics  of methods f o r  detecting thermal neutron 

images a r e  now known. A s  far a s  photographic detection techniques a r e  con- 

cerned, methods covering a wide range i n  properties such a s  speed, contrast ,  

resolut ion and r e l a t i ve  nectron-gamma response are available. Some general 

comparisons between d i f fe ren t  c lasses  of photographic detection methods a r e  
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summarized i n  Table I. Of these photographic detection techniques, the  most 

promising appear t o  be s c i n t i l l a t o r  d i r ec t  exposure methods, par t icu la r ly  f o r  

problems requiring high speed, gadolinium screen d i rec t  exposure methods f o r  

high resolution, and dysprosium and gold t ransfer  methods f o r  s i tua t ions  re- 

quiring respectively high speed o r  high resolut ion techniques. Most of these 

detection methods a re  capable of yielding images having qua l i t i e s  good enough 

f o r  many inspection problems. 

A s  far a s  applications of neutron radiography a re  concerned, s tudies  are 

under way at  a number of laboratories,  6928-31 and, from the number of inqui r ies  

about these methods which have been received, it would appear t h a t  many addi- 

t i o n a l  organizations a r e  presently considering neutron radiographic inspection. 

A t  Argonne., some limited inspections of heavy metals, 14,15 and reactor  control  

components, have been made. I n  each case neutron radiography offered a 

def in i te  advantage over other inspection methods. 

This application work i s  expected t o  be appreciably expanded with the pre- 

sent ava i l ab i l i t y  of the Juggernaut reactol' neutron beam f a c i l i t y .  ,ma t  f a c i l -  

i t y  has a greater  neutron intensi ty ,  a m~ch improved uniform beam area  and a 

b e t t e r  means of handling large inspection samples than was.available a t  the 

small beam f a c i l i t y  at  CP-5 reactor.  Inspections presently being considered 

with t h i s  f a c i l i t y  include reactor control  assemblies, reactor  f u e l  components 

and the inspection of highly radioactive materials. Preliminary work i n  t h i s  

l a t t e r  category involving i r rad ia ted  reactor  f u e l  elements has recent ly  been 

completed.15 Neut.ron radiographic inspections of such samples, which emit 

radiat ion leve ls  of several  thousand R/hr a t  one foo t  distance, have shown 

excellent image quality. Deformation of the f u e l  due t o  radiat ion e f f ec t s  

i s  eas i ly  shown by neutron radiography t ransfer  ~ t h o d s .  



TABLE 1 

SUMMARY OF PROPERTIES OF PHOTOGRAPHIC DEZECTORS FOR NEUTRON RADIOGRaPRY 

Approximate 
Neutron Ekposure 

Approximate 
Total Neutron 
Exposure t o  Equal 
Film Response 

Time f o r  ~ i d i u m  t o  1 m r  of CO-60 
Method Converter contrasta Film k n s i t y b  ~e solutionC G a m  EScposure Comments 

Direct s c i n t i l l a t o r  Fair  1 sec o r  l e s s  2 to 5 mils lo3 to lo4 Direct exposure techniques 
Expo sure a r e  f a s t  but a re  subject  t o  

double metal Good 1 t o  1 112 min x- 1 105 in te r fe r r ing  radiation.  
screen technique Sc in t i l l a to r  methods have 

2. 1 lo5 addi t ional  disadvantages of 
single metal Good 2 t o  3 min nonuniformities and recipro- 
screen technique c i t y  law f a i l u r e  responses . 

Transfer Dysprosium Ekcellent 4 min 2 - Transfer techniques o f f e r  
Ekposure f high contras t  and ultimate 

Indium Ekcellent 15min  2 - discrimination against  in- 
t e r fe r r ing  radiat ion a t  

Gold ~ x c e l l e n t  60 min 1 - the expense of speed. 

a Contrast comparisons were made by determining contrast  sens i t iv ik ies  on neutron radiographs of several  inches of 
uranium. Fa i r  covers a range of 6 t o  15$; good 2 t o  3$ and excellent 1 t o  2%. 

2 
bThermal neutron in tens i ty  f o r  t h i s  comparison was 3 x lo5 n/cm -sec. Films used were f a s t  films, equivalent t o  Type F 

o r  high speed Polaroid f o r  the s c i n t i l l a t o r s  and Type'KK f o r  the metal screens. The t ransfer  exposures required a 
three h a l f - l i f e  decay period on the f i lm f o r  these exposures. 

C Resolution l i s t e d  i s  the minimum separation between images of 0.020 in. holes i n  a cadmium t e s t  piece which could be 
resolved on neutron radiographs made by each technique. 

dlbuble metal screen combinations which o f f e r  best  r e su l t s  include 10 Rh - 2 Gd fo r  high speed and 0.25 - 2 Gd f o r  bes t  
resolution. The resolution l i s t e d  i s  f o r  the  l a t t e r  technique. 

e Single ne t a l  screen techniques which of fe r  best  resolution employ 0.25 or  0.5 mil gadolinium screen a s  back screens. 

f~h icknesses  of t ransfer  screens which have yielded best  resolution r e su l t s  a re  0.010 in.  dysprosium, 0.002 in. 
indium and 0.003' in. gold. See reference 11. 



Some examples of neutzon radiographs taken a t  the Juggernaut beam f a c i l i t y  

are shown i n  Figures 5 and 6. Figure 5 i s  a neutron radiograph of an in t e rva l  

timer. This i s  shown, not a s  an example of an application,  but because it i s  

an eas i ly  recognized object which contains a var ie ty  of cdmponents. For a 

progress coxnparison t h i s  radiograph can be judged against  a similar neutron 

radiograph taken ea r ly  i n  t h i s  investigation. 32 

Figure 6 shows a neutron radiograph of some uranium rods which contain 

holes d r i l l e d  pa r t  way in to  one end. Neutron radiographic inspection of such 

material  presents a d i s t i n c t  advantage over conventional radiography, both i n  

terms of exposure time and reduction of s ca t t e r  problems. 14 

Another area  i n  which some progress can be reported i s  i n  the photographic 

detection of neutron d i f f rac t ion  patterns.  Appreciable i n t e r e s t  i n  such ap- 

p l ica t ions  of photographic neutron image detection methods has been expressed 

i n  the  l i t e r a t u r e  of the past  year. 12j17,33 The d i f f rac t ion  pat tern reproduced 

i n  Figure 7 was obtained using a rhodiwn-gadolinium double screen technique 

and using a. curved f i lm  holder. The exposure t i n e  was competitive with elec- 

t ron ic  detection methods and the  resolution was suf f ic ien t  so t h a t  the 311 and 

222 re f lec t ions  from nickel  could be eas i ly  distinguished. The use of metal 

screen detectors f o r  such applications permits in tens i ty  comparisons between 

d i f fe ren t  dif f racted l i nes  since the response of these metal screen-photograp- 

hic  f i lm  detectors i s  r e l a t i ~ e l y  independent of neutron in t ens i ty  ( a t  l e a s t  

5 2 f o r  neutron in t ens i t i e s  of 10 n/cm -sec and less ,  a s  are normally encountered 

i n  d i f f rac t ion  work). Such an in tens i ty  comparison i s  shown i n  Table 2. Al- 

though t h i s  d i f f rac t ion  pat tern could ha,.cre been obtained i n  much l e s s  t i m e  

using s c i n t i l l a t o r  techniques, the in tens i ty  comparison would have been d i f -  

f i c u l t  because of the reciprocity-law f a i l u r e  response. 















TABLE 2 

NEUTRON DIFFRACTION DGTB FROM 

b d ( ~ )  Estimated Miller  
( ~ i t e r a t u r e  ) (~e te rmined  from ~ i l m )  Relative . -  intensityC Indices 

a Sample s i z e  was 5/16 in. Camera radius  was 6 in. Detector used was a 

rhodium-gadolinium screen combination with KK film. The neutron wavelength' 

was 1.16 .A. 

Hannawalt, J. D., H. W. Rinn and L. K. f i eve l ,  Indu-stria1 and Analytical  

Chemistry, Analytical  Edition, 10, No. 9 (1938). 

C 
VS = very strong; S = strong; M = medium; and W = keak. 

The t e s t  camera used covered a 150' arc.  Therefore the  first a r c  distance 

needed t o  determine the  first re f lec t ion  d was not known accurately.  This 

distance was s e t  t o  y i e ld  2.03 and the  same distance vas then used f o r  the  

r e s t  of t he  d. spacing determinations. 
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In conclusion, it is hoped that the efforts of the past year, at the 

several laboratories in which neutron radiogsapliic and associated studies are 

underway, has brought neutron radiography that much closer to being a useful 

inspection method, The work presently forseen for the next year should also 

make some significant contributions totiard that goal. At Az-gonne it is hoped 

that appreciable application emerience will be gained with the Juggernaut 

reactor beam facility. This ap~lication work, along with that at other lab- 

oratories using reactor, 
28 

69 30 accelerator, and radioac t i ~ e ~ ~ '  31 neutron 

sources, should help provide the type of information needed by potential users 

of neutron radiography. 
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