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NEUTRON RADIOGRAPHY - A NEW DIMENSION IN RADIOGRAPHY 

by , 

Harold Berger 

ABSTRACT 

I n  keeping with the metals technolow theme of the  Pacific 

Northwest Metals Conference, t h i s  discussion w i l l  s t r e s s  the poten- 

t i a l  advantages of neutron radiographic inspection methods f o r  

metals. '  Primarily these advantages are associated with the re la -  

t i v e  differences i n  the  absorption of materials f o r  neutrons as 

compared t o  gamma, or  X-radiation. These absorption differences 

can be used i n  many cases t o  obtain improved discrimination between 

several  materials which may be present i n  an object  under inspection. 

I n  addition, because of the  higher tmnsmission of thermal neutrons 

through most heavy metals, there a re  advantages t o  be gained i n  

employing neutron techniques f o r  the inspection of such materials. 

A comparison of neutron and other radiographic inspection methods 

f o r  the  inspection of uranium, i n  par t icular ,  i s  given. It i s  

shown, using available neutron sources, both radioactive and ac- 

celerator ,  t ha t  s ignif icant  gains i n  exposure time can be achieved 

over most other radiographic equipment. Using a reactor  neutron 

source, the  speed of the neutron inspection method would surpass 

t h a t  of a 22 MEV betatron for  uranium radiography. It i s  a l so  

shown t h a t  these gains can be achieved while maintaining high 

image quali ty,  since contras t  s e n s i t i v i t i e s  i n  the order of 1 t o  

274 have been obtained. 



INTROmCTION 

The technical  l i t e r a t u r e  fo r  the  years pr ior  t o  1960 contains r e l a t i ve ly  

few publications on the subject of neutron radiography. 
1-4 Although the advan- 

tages of the  use of neutron radiographic inspection techniques were known and 

demonstrated during those ear ly  years, the f a c t  t h a t  neutron sources sui table  

f o r  such work were not easy t o  obtain imposed a severe l imi ta t ion  on extended 

work i n  t h a t  f i e l d ,  More recently, & increasing number of organizations have 

expressed in t e r e s t  i n  neutron radiography and a re  contributing t o  improved 

knowledge concerning many of i t ' s  charac te r i s t ics  and capabi l i t ies .  5-13 This 

increased a c t i v i t y  i n  the  f-ield of neutron radiography has probably been brought 

about by the increased ava i l ab i l i t y  of neutron sources, and by the knowledge 

t h a t  d i f f i c u l t  current and future  inspection problems w i l l  require new and un- 

usual inspection methods. 

The advantages of neutron radiographic methods f o r  inspection have been 

l4 Rimari ly ,  the advantages are as- extensively discussed previously. ' ' ' ' 
sociated with the f a c t  t h a t  the r e l a t i ve  absorption of materials i s  d i f fe ren t  

f o r  neutrons than it i s  f o r  X-radiation. Such absorption differences can be 

used i n  many cases t o  obtain improved de%ection discrimination between mater- 

ials. Another advantage i s  tha t ,  because of the r e l a t i ve ly  low absorption of 

thermal neutrons i n  most heavy materials, neutron radiography o\f large thick- 

nesses of such materials frequently of fe rs  the  prospect of substant ia l  exposure 

time reductions over other available techniques. It i s  primarily with t h i s  

l a s t  advantage t h a t  t h i s  paper w i l l  be concerned. 

METHODS FOR NEUTRON RADIOGRAPHY 

The experimental procedures employed i n  the study described here a r e  the  

same as have been reported previously. 8914 The neutron beam being used i s  ob- 

tained from,a c rys t a l  spectromter  used primarily fo r  neutron d i f f rac t ion  15 
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s tudies  a t  Argoiine ' s CP-5 re&cdo$. The b a r a l l e l  neutron beam i s  essen t ia l ly  I 

monochrobatic, x i t h  ti walelength of 1; b5 'A, and i s  r e l a t i ve ly  f r e e  of pntna rad- 
: j', 

i a t i on i  *'I4 The neutron ;ntenii ty has been determined by gold f o i l  ac t iva t ion .  

5 2 methods t o  be 3 x 10 neutrons/cm -sec. This maximum in t ens i ty  i s  obtained only 

over a re lk t ive ly  & A l l  central ,  oval shaped area, approximately 1" x 1/2". 

The beam s ize  f o r  radiographic purposes is  i n  the order of 3" i n  diameter. 

The detection techniques employ conventional X-ray film used with materials 

which emit photographically detectable radiat ion upon neutron bombardment. Two 

d i s t i n c t l y  separate detection methods, cal led the d i r ec t  exposure and t ransfer  

methods, have been u t i l i zed .  The d i r ec t  exposure method can be used with a l l  

of the  materials which have proved useful f o r  photographic detection of neutrons 

because the f i lm and screens a r e  exposed t o  the  neutron image together. There- 

fore  the f i lm  i s  present t o  record any prompt radiat ion from the screens and i s  

a l so  present t o  record radioactive decay.radiation,  including t h a t  from short  

ha l f - l i f e  a c t i v i t i e s .  

The t ransfer  technique employs a screen of some mater ia l  which becomes 

conveniently radioactive when exposed t o  neutrons. Gold, indium, and more 

16 recent ly  dysprosium have been par t icu la r ly  useful  i n  our studies.  The screen, 

carrying a radioactive image a f t e r  neutron exposure, i s  placed on photographic 

f i lm and the exposure takes place using only the radioactive decay radiat ion 

from the screen. This technique i s  generally slower than the d i r ec t  exposure 

method but it does have the advantages t h a t  radiographs having improved image 

8 
sharpne.ss and contrast  can usually be obtained and tha t  the resu l tan t  radio- 

graph w i l l  not be influenced by radiat ion other than neutrons which may be 

e i t h e r  i n  the beam, o r  introduced in to  the beam by the radiographic object. 14 
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A number of materials which appear useful  f o r  photographic neutron detection 

methods have been studied. A s  a r e s u l t  of these several  detection 

methods have been recommended f o r  use w$th neutron radiography. l4 These recom- 

mendations f o r  d i r e c t  exposure neutron iadiographic 'detectors a re  repeated i n  
.! 

Table I. A few ra~rinions have been mad6 i n  these methods, on the  bas i s  of in- 

formation obtained since the previous recommendations. For applications requir-  

ing good image sharpness, ' t he  gadolinium screen method i s  par t icu la r ly  useful  

since the radiographs obtained using gadolinium have yielded the bes t  image 

sharpness qua l i t i e s  of any method u s e d i n  t h i s  investigation thus far. 

Results obtained with many of these detection methods, both d i r ec t  exposure 

and t ransfer ,  w i l l  be fur ther  discussed later i n  this report .  

Before closing t h i s  section on methods for  neutron radiography, some other 

techniques which appear po ten t ia l ly  useful, shouid be mentioned. A number of 

detection methods which may be regarded a s  nonphotographic have been proposed 

and studied. A review of several  of these, including so l id  s t a t e  detectors a d  

spark counters, has been given by A number of suggestions f o r  neutron 

sensi t ive  pick-up tubes have also been given, par t icu la r ly  i n  the patent litera- 

t ~ r e . ~ ~  S t i l l  another detection method, namely the use of a sensi t ive  s c i n t i l -  

l a t o r  a s  a fluoroscopic screen has been suggested.' It i s  d i f f i c u l t  t o  predict  

a t  the present time how useful  these methods may be f o r  general neutron inspec- 

t i o n  applications. However they should be considered i n  s e t t i ng  up a neutron 

inspection f a c i l i t y .  

A s  far a s  neutron sources a re  concerned, it i s  usually t rue  t h a t  neutron 

radiographic equipment i s  shown next t o  a nuclear reactor.  Although a reactor  

has much t o  recommend it, other sources can be usef i l .  The low neutron yield  

l imi ta t ion  imposed by most available radioactive sources may no longer be a 

val id  objection t o  the use of such sources, now t h a t  a high yield  antimony- 



TABLE I 

Recommended Photographic Detection Methods f o r  Direct Exposure 
Therxnal Neutron Radiography 

Method 

E3cintillatora and type F or  similar 
X-ray film, o r  Polaroid film, 

Characterist ics 

This i s  a very high speed method. Detec- 
t ab le  imagesb have been reported with 
thermal'neutron exposures i n  the order of 
400 neutrons/&. The disadvantages of 
t h i s  method are t h a t  images a r e  r e l a t i ve ly  
grainy a ~ d  t h a t  reciprocity-law f a i l u r e  
responsesC limit the l a t i t ude  which can 

.be obtained. A t h i r d  disadvantage i s  t h a t  
contras t  s ens i t i v i t y  capabi l i t i es  appear 
t o  be i n  the  order of 6 t o  lo$. 

Metal screen methods using 0.0005" Slower speed methodse which yield  improved 
gadolinium a s  a back screen or  a image sharpness and contras t  s ens i t i v i t y  
double metal screen naethods using a re  given i n  order of decreasing a b i l i t y  
gadolinium (0.5-2 ) screens, rhodium f o r  image sharpness. 
f ron t  and gadolinium back scrleens 
(10-2)) o r  rhodium (10-10) screens. 

a Sc in t i l l a to r s  used a re  B-10 and Ei-6 loaded. See references 8, 9, 17, 18, 19, 
and 21. 

Reported neutron exposure was f o r  a f i lm  density of 0.5. See reference 9. 

C The speed of response of the s c in t i l l a to r - f i lm  detector tends t o  decrease as 
. the  neutron in tens i ty  i s  lowered beyond a cer ta in  l i m i t .  See references 20 

and 21. 

Numbers a f t e r  double screens r e f e r  t o  thicknesses. of f ron t  and back. screens ' 
respectively i n  thousandths of an inch. The rhodium-gadolinium screen com- 
bination is  the  f a s t e s t  metal screen configuration studied i n  our t e s t s .  See 
reference 21. 

e The speed of these methods will depend upon the f i lm  used. For t e KK film, 

f o r  a f i lm densi ty  of 0.5. 
2 t o t a l  exposures i n  the order of 3 t o  10 x lo4 thermal neutrons/ a r e  needed 



beryllium source has been described by ~ e n n e l l ~ . ~ ~  Further improvements i n  radio- 

ac t ive  sources, employing transuranic elements,22 hold addi t ional  promise f o r  the 

future.  A number of accelerators  a l so  appear po ten t ia l ly  useful  as sources f o r  

neutron radiography and several  investigations of neutron radiography using 

such sources have and a re  being made. 6916 A review of available 

sources, including neutron yields  and approximate i n s t a l l a t i on  cos t s  has been 

given by Burrill and M a c ~ r e g o r . ~ ~  A number of the  accelerators  l i s t e d  a r e  cap- 

7 2 able  of supplying a thermal neutron f lux  i n  the order of 10 neutrons/cm -see. 

within a moderator. An external  thermal neutron beam usef'ul f o r  neutron radio- 

graphy should be available from such a source. The in s t a l l ed  costs  l i s t e d  f o r  

a number of these sources a re  i n  the order of 20 t o  30 thousand dol la rs  which 

puts them i n  a pr ice  range competitive with high voltage X-ray equipment. For 

the par t icu la r  task of 'inspecting heavy metals, it w i l l  be seen tha t  the accel- 

e r a to r  neutron source would have an exposure time advantage fo r  many heavy 

.metal.inspection si tuations.  A f i n a l  comment concernhe: neutron sources f o r  

radiography of heavy metals should be made which involves gamma radiat ion i n  

the imaging beam. It has been previously pointed out 8,14 t h a t  gamma radiat ion 

i n  the  imaging beam can present problems f o r  general neutron radiographic in- 

spection. If one were attempting Bo observe hydrogen concentrations within 

metals, f o r  example, a gamma image superimposed on a neutron image would pro- 

bably ob l i te ra te  the desired information. The information could be obtained 

i n  t h i s  case by employing t ransfer  exposure methods.. For the  specif ic  problem 

of inspecting heavy metals however, gamma radiat ion i n  the imaging beam may not 

be a problem, even f o r  d i r ec t  exposure neutron radiographic methods. The ganrma 

radiat ion i n  the neutron beam may even contribute t o  fu r the r  exposure time re- 

ductions. This i s  one addi t ional  reason why accelerator  and radioactive neutron 



sources can be recommended f o r  t h i s  application. The gamma radiat ion which re- 

s u l t s  from moderation, and other neutron bombarded objects i n  the  beam, need 

present no serious problem f o r  heavy metal inspection. 

mEUTR0N RADIOGRAPHY OF REAVY METALS 

Radiographic inspection of heavy metals frequently involves long exposures 

using X- or  gamma ray  equipment. 26y27 I n  extreme cases, involving large thick- 

ne sses and/or equipment l imita t ions ,  the inspection capabi l i ty  i s  l imited by 

excessive scatter.28 Both these problems a re  much reduced, i f  thennal neutrons 

a r e  employed f o r  the  radiographic inspection, because of the appreciable increase 

i n  transmission of the  radiat ion beam through the object  under inspection. A 

comparison of radiat ion transmission through na tura l  uranium f o r  a number of 

d i f fe ren t  radiations,  i s  shown i n  Figure 1. Note the r e l a t i ve ly  high transmis- 

sion of thermal neutrons through uranium, a ra ther  typ ica l  charac te r i s t ic  of 

thermal neutrons and most heavy metals. Similar comparisons could be made f o r  

materials such as lead and bismuth i n  which the r e l a t i ve ly  high transmission 

of thermal neutrons would be apparent. This low absorption of thermal neutrons 

i n  many heavy metals makes the use of neutronradiography a t t r ac t ive  as an 

inspection technique. 

I n  sp i t e  of t h i s  high transmission of thermal neutrons through heavy 

metals, one i s  inclined t o  f e e l  tha t ,  comparing actual ly  available equipments, 

the exposure advantage f o r  neutrons would be s l i g h t  because of low neutron 

yields  of available neutron sources. I n  the author 's  opinion, t h i s  i s  not .the 

case, and the exposure information contained i n  Figure 2 helps t o  i l l u s t r a t e  

th i s .  

Shown'in t h i s  f igure  are exposures versus natural  uranium thicknesses f o r  

a number of X- and gamma ray  sources and f o r  several  neutron radiographic 
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FIGURE 1 

Shown i n  t h i s  graph are the percentages of radiat ion from various 
sources which w i l l  be transmitted through d i f fe ren t  thicknesses of 
na tura l  uranium. Gamm and X-ray data  were obtained from reference 
26. A half-value thickness of 0.5 inches was used fo r  the neutron 
data. This value i s  i n  reasonable agreement with the absorption 
da ta  given by ~ h e w l i s 3 , ~  and a s  determined by Argotme experiments. 
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FIGURE 2 

Ekposure times versus natural  uranium thicknesses a re  shown f o r  a number of 
radiation sources and f o r  several neutron techniques. The radiation source 
data were obtained from reference 26 and were adjusted f o r  Type AA f i lm 
( u s i n . . a  speed factor  increase of 2 times over Type A film). All data shown 
are for  Type AA fi lm except the sc in t2 l la tor  technique, where Type F f i lm is 
indicated on the curve. The cobalt-60 source was 25 curies used a t  a dis-  
tance of 30 inches. A GE X-Ray 1000 KVP uni t  was used with the transmitted 
beam, 3 ma, 12 inches distance. The betatron was operated a t  an output of 
100 R/min. a t  a reeter arid a t  a distance of 72 inches. The thermal neutron 
intensi ty  used for  a l l  the neutron data was 3 x 105 n/cn?-sec. 
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methods. Tkie iieutron data were a l l  taken a t  a thermal neutron in t ens i ty  of 

5 2 5 2 3 x 10 neutrons/cm -sec. Thermal neutron in t ens i t i e s  i n  the  order of 10 /cm - 

I sec should be available from sources having f a s t  neutron y ie lds  i n  the  order of 

101° neutrons/sec. A radioactive source having this '  output has been described 

24 25 i n  the l i t e r a tu re ,  and a number of accelerator  sources having such yields  

a r e  commercially available. For those who may be for tunate  enough t o  have a 

I reactor  available as a neutron source, thermal neutron i n t e n s i t i e s  i n  the order 

7 2 . of 10 /cm -sec should be possible. In t ens i t i e s  such a s  t h i s ,  of course, would 

decrease the neutron exposures shown i n  Figure 2 by a fac tor  i6  the order of 

30 times, and would put them far ahead of most other available equipment. 

A s  f a r  a s  comparisons of inspection qual i ty  a re  concerned, the neutron 

techniques described i n  Table I and shown i n  Figure 2 a r e  capable of detecting 

thickness var ia t ions  i n  the order of 1 t o  2%. This i s  t rue  f o r  a l l  the  methods 

discussed except the  s c i n t i l l a t o r  technique f o r  which contras t  s e n s i t i v i t i e s  

i n  the order of 6 t o  10% were found. A neutron radiograph of a 3 inch thick 

na tura l  uranium sample, approximately 2 inches square i s  shown i n  Figure 3. 

A thickness var ia t ion i n  the order of 1% was eas i ly  detected on the or ig ina l  

radiograph. I 

Before progressing too far from the exposure information shown i n  Figure 

2, however, there  a re  a number of comments concerning the neutron,detection 

methods, which should be made. S ta r t ing  w i t h  the two s lorer  neutron techniques 

shown, the t ransfer  methods, it can be seen t h a t  the exposure curve f o r  the 

1 dysprosium t ransfer  exposure begins t o  curve upward f o r  thicker  uranium ex- 

posures. This occurs because once the dysprosium has been i r rad ia ted  i n  a 
I .  

given neutron in tens i ty  f o r  three half- l ives ,  fu r ther  exposure time produces 

l i t t l e  Ebdditional a c t i v i t y  i n  the  material. The half  - l i f e  of dysprosium-165, 



lhis is a reproduction of a neuima m&qp?@ of s 3 in& ttLi& zwimal 
wmium sample. !the raliograph was taken by a direct a&paure ~ ~ q u e  
usiag gadolinium screens (0.5-1) and AA film. T k  neutron exp~eure vas 
5 hours. The uranium test slab vistble in We &w%v of the M u m  aaariple 
is 0.065" ~ c k .  The contrast sensitivity 1s OII the a n a l  
radiograph a thickness change of 0.033", representing a contrast sensitivity 
of 1.1% could be seen. This is a negative print, as are all the radiographs 
shown in this report. k k  areas are weas of high neutron exposure. 



the  isotope responsible f o r  most of the  dysprosium ac t iv i ty ,  i s  2.3 hours. 

Therefore there  i s  l i t t l e  t o  be gained i n  using dysprosium t ransfer  exposures 

longer than about 7 hours. The curve f o r  gold would eventually curve upward 
I .  
1 also,  but t h i s  point i s  beyond the scale used i n  Figure 2. The h a l f - l i f e  of 

I gold-198 i s  2.7 days. 

1 The exposures f o r  the d i r ec t  exposure techniques a re  theore t ica l ly  capable 

of being extended.in a ' l i n e a r  manner t o  accomodate whatever material  thickness 

m y  be involved. This i s  e s sen t i a l l y  true,  except for  an inspection mater ia l  

I such as uranium, which i s  and emits radiat ion which w i l l  fog the 

With type AA f i lm and gadolinium screens, &d with the na tura l  

uranium sample i n  contact with the casset te ,  exposures should be l imited t o  

I about 8 hours t o  avoid excessive f i lm  background. If longer exposures seem t o  

be required, lead screens can be used t o  lessen t h i s  e f fec t .  29 

I The other neutron exposure technique shown i n  Figure 2, the  B-10 loaded 

sc in t i l l a to r ,  a l so  involves a pecul ia r i ty  which should be mntioned. Note 

t h a t  the  exposure versus thickness curve f o r  t h i s  technique changes slope i n  

the region of l t o ' l . 5  inches. Beyond a thickness of 1.5 inches, the  exposure 

curve should continually curve upward s l i gh t ly  f o r  increasing uranium thick- 

nesses, although the s t r a igh t  l i ne  shown approximates the ac tua l  exposure s i tua-  

I tions. This change occurs because of a reciprocity-law f a i l u r e  response f o r  

the s c i n t i l l a t o r  - F fi lm detectorm21 The speed of response of t h i s  detector 

I decreases beyond a cer ta in  in tens i ty  l i m i t .  The magnitude of t h i s  decrease i s  

such tha t ,  i r r ad i a t ing  the detector with the same t o t a l  exposure a t  3 x 10 5 

'2  neutrons/cm -sec, and a t  a neutron in t ens i ty  reduced by 100 times, a relative 

I film exposure reduction i n  the order of 8 times will be found a t  the  lower in- ! 
tensi ty .  Aside from somewhat complicating exposure c a l c ~ l a t i o n s , ~ ~  the in- 

fluence of t h i s  reciprocity-law f a i l u r e  response is  t o  decrease the l a t i t ude  
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of the idspection. If an exposure 04 ;an obJect containing a nUaber of dif -  

fe ren t  thicknesdeb &re s e t  t o  record* the thinnest  section, f o r  example, the  

neutron if i tdhsity transmitted through the thicker portion of the  object  might 

not be suf f ic ien t  t o  be recorded, because of the decreased response of the  

detector f o r  t h a t  in tensi ty .  Further s tudies  of t h i s  aspect of neutron radio- 

graphic inspection are planned. Generally speaking however, the  l a t i t ude  f o r  

neutron radiographic inspection of a noaterial such as uranium w i l l  probabu be 

f a i r l y  high because of the  Large thickness f o r  a half-value layer. 

An example of a heavy metal inspection problem which was recent ly  en- 

countered i n  the author 's  Laboratory, i s  shown i n  Figures 4 and 5. The 

radiographic object  i s  a pressed uranium oxide cylinder, 1 inch i n  diameter 

and approximtely 2 112 inches high, containing a wax f i l l e d  cen t r a l  cavity. 

The cylinder was prepared f o r  use a s  a p y c n o ~ t e r .  31 

The object  of the  inspection was t o  locate the i n t e rna l  cavity so t h a t  a 

hole could be accurately d r i l l e d  through the upper sloping w a l l  t o  the top 

of the  cavity. Of the  radiographic equipment available f o r  t h i s  inspection, 

a 250 KVP X-ray generator, a 5 cur ie  cobalt-60 source and the neutron inspec- 

t i o n  f a c i l i t y ,  the i n f o m t i o n  shown i n  Figures 1 and 2 indicates the super- 

i o r i t y  of the neutron radiographic method. The high contras t  between the wax 

and uranium made the inspection r e l a t i ve ly  simple by neutron radiography. 

Sat isfactory r e su l t s  could be obtained using e i t h e r  gadolinium screens 

( ~ i ~ u r e  4 )  or  t h e  f a s t e r  s c i n t i l l a t o r  method ( ~ i ~ u r e  5). 

CONCLUSIONS 

The case f o r  neutron radiographic techniques i n  the inspection of heavy 

metals is, i n  the author's opinion, a strong one. The problems of s c a t t e r  

and long exposure times which a re  frequently encountered i n  radiographic in-  

spections of large thicknesses of heavy metals are much reduced using neutron 





This neutron radiograph, taaen using a B-10 loaded scintillator 
with !&e F X-ray film, shows the object pictured i n  F m  
4. Ihe neutron exposure time was 8 seconds. 



radibgr&bhy because of the increased transmission of thermal neutrons, a6 
I ' 

co&ared to x-rays, through materiaTs such as uranium, lead and bismuth. 

This increased transmission of thermal neutrons through these materials does 

result in exposure time gains using readily available sources of neutrons and 

comparing the exposures to other existing radiographic equipment, Several ac- 

celerator neutron sources and at least one radioactive neutron source have 

been shown to be capable of supplying thermal neutron intensities sufficient 

for such inspections. The demonstrated contrast sensitivity in the order of 

1 to 2% for neutron radiographic inspection of uranium, is indicative of the 

high quality of inspection possible using neutron radiography. 

Results such as these, along with the large nuuiber of other application 

14jn inspired the title for this possibilities for neutron radiography ' ' 

report.32 The potential usefulness of neutron radiography for heavy metals 

inspection, the location of materials such as hydrogen, lithium or boron 

within materials or assemblies, the inspection of hydrogen containing mater- 

ials such as wood, paper, .rubber,adhesives, and, for the same reason, in bio- 

logical studies, as well as for untold other applications, truly makes neutron 

radiography a new dimension in radiography. The complimentary techniques of 

neutron and X-radiography greatly broaden the scope of radiographic inspection. 
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