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ABSTRACT 

The s u b j e c t  of t h i s  t h e s i s  i s  t o  p rov ide  a coLerent  p i c t u r e  o f  t h e  

components and methods involved i n  n e u t r o n  radiograp'ny, t h a t  i s  by now a  

proven t echn ique  i n  non d e s t r u c t i v e  ~ e s t i n g .  

Having p r e s e n t e d  a d e t a i l e d  p i c t u r e  o f  t h e  p r i o r i p l e s  r e l a t e d  t o  

n e u t r o n  rad iography ,  d e s i g n  and c o n s t r u c t i o n  of a neu t ron  r a d i o g r a p h i c  ca-  

z s r a ,  c o n t a i n i n g  a 241 Am - Be n e u t r c z  s o u r c e  hzs beer- developed.  

I n  t h s  f i r s t  c h a p t e r  t h e  methods and comFanents of a  n e u t r o n  r a d i o -  

graphy u n i t  has  been d e s c r i b e d .  

I n  c h a p t e r s  t w o ,  t h r e e ,  f o u r  a d  f i v e  t h e  compozents of neu t ron  r a -  

d i o g r a p h i c  f a c i l i t y  has  been cons idered  i n  a d e t a i l e d  -2nner .  

I n  c h a p t e r  s i x  t h e  d e s i g n  o f  a neu t ron  radiogra;hic  c a m r a  has  been 

c o n s i d e r e d  and some t h e o r e t i c a l  methods have been a p p l i e d  t o  d e t e r m i n e  t h e  

thermal  neu t ron  d i s t r i b u t i o n  and t h e  dose r a t e s .  

F i n a l l y ,  c o n s t r u c t i o n  of a n e u t r o n  r a d i o g r a p h i c  camera and d i s c u s s i o n  

of p r o s p e c t s  on t h i s  t o p i c  and a p p l i c a t i o n s  have been p r e s e n t e d  i n  t h e  l a s t  

s e c t i o n .  



Bu gallgmanln konusu, tahribatsrz muayene teknikleri araslnda de- 

nenmig bir y6ntem olan ntitron radyografisi prensipleri ve bilegenlerinin 

detayll bir biqimde sunumudur. 

NBtron radyografisi tekniginin ayrlntlll tanltlnlndan sonra 
2L i 
&-Be ntitron kaynagl igeren bir ndtron radyografi kameraslnln tasarlm ve 

Yaplml gerqeklegtirilmi~tir. 

Birinci S8liimde bir ndtron radyografi iizitesinin dayandlgl y8ntem 

ve bilegenler tanltlldlktan sonra 2, 3, 4 ve 5 ci btilii~lerde bByle bir iini- 

tenin ayr~ntllarl incelenmigtir. Altlncl bBliimde kamera tasarlml anaclyla 

termal n8tron daglllml ve doz hesaplamalarl ifin gerekli teorik yontemler 

$-gularm~stlr. Son bdlumde ise, bir ntitron radyografi kamerasinln yapml ve 

mCnteme1 uygulamalar aflslndan degerlendirilmesi yapll~lgtlr. 



TABLE OF COXTENTS 

ACKNOWLEDGEMENT 

ABSTRACT 

oZET 

LIST OF TABLES 

LIST OF FIGURES 

LIST OF SYMBOLS 

I. I K T R O D U C T ~ O N  

1.1 The Discovery of Neutron and I t s  P r o p e r t i e s  

1 .2  Keutron Radiography H i s t o r y  

1 . 3  Bas ic  Types o f  ~ ~ ~ l i c a t i o n s  of Neutron Radiography 

1 . 4  Neutron Radiography and I t s  Components 

1 . 5  Scope 

11. NEUTRON SOURCES 

2 . 1  Reac to r  Keutron Sources  

2 . 2  A c c e l e r z t o r  Neutron Sources  

2 . 3  Rad io i so tope  Neutron Sources  

2 .4  Comparison o f  Neutron Sources  

111. MODERATOR SHIELD AND COLLIMATOR 

3 .1  Moderator 

3 .2  S h i e l d  

3 .3  C o l l i m a t o r  

3.3.1 Assessment of Neutron Be= ~ n t e n s i t y  

3 .3 .2  C o n t r o l  o f  Impor tan t  V a r i a b l e s  

I V .  DETECTION SYSTEMS FOR NEUTRON RADIOGYWHY 

4 . 1  P h o t o g r a p h i c  D e t e c t i o n  Method 

4 . 1 . 1  D i r e c t  Exposure Method 

4 . 1 . 2  T r a n s f e r  Exposure Method 

4 .2  Nonphotographic D e t e c t i o n  Method 

4 . 2 . 1  Track E t c h  Image Recorders  

4 . 2 . 2  E l e c t r o n i c  Image Recorders  

V.  INAGE SYSTEM CHARECTERISTLCS 

5 . 1  ~ e n s i t y  Exposure C h a r e c t e r i s t i c s  and S p a t i a l  Reso lu t ion  

5 . 2  Fi lm Types and P r o c e s s i n g  



5.3 Image Quality Indica~ors 

5.4 Some ~ecommendations for Tnermal Neutron Radiography 

VI. DESIGN OF ~ J T R O X  RADIOGRAPHIC CAMERA 
6.1 Source 

6.2 Moderator 

6.2.1 Removal Diffusion Theory 

6.2.2 Two Group Diffusion Theoq- 

6.2.3 Removal Age Taeory 

6.3 Shield 

6.3.1 ~ttenuation 05 Neutrons 

6.3.2 Shield Calculation Xethods 

6.3.3 Seutron Dose b t e  Calculations 

6.3.4 Attenuation of  Gamma Rays 

6.3.5 Calculztion of Gamma Dose Rate 

VII. DESIGX AND CONSTRACTIOX OF hTUTRO?i RADIOGRAPHIC CAYERA 

7.1 Desiga 

7.2 Constraction 

7.3 Application 

VIII. DISCUSSIJN AND CONC,LTSIONS 

REFERENCES 



LIST OF Tk3LES 

TABLE 1.1 Neutrons Classified Accordkg to Energy 

TABLE 2.1 Some Thermalization Factors Measured in 

TABLE 2.2 

TABLE 2 . 3  

TABLE 2 . 4  

TABLE 2.5 

TABLE 4.1 

TABLE 4 . 2  

TABLE 4 . 3  

TABLE 4.4 

TABLE 4.5 

TABLE 4.0 

TABLE 4.7 

TABLE 4.8 

TABLE 5.1 

TABLE 5.2 

TABLE 6.1 

TABLE 6 . 2  

TABLE 6 . 3  

TABLE 6 . 4  

Water Moderator 

Characteristics of Some Ratioactive Neutron 

Sources 

characteristics of Some Isotopic Sources for 

Neutron Radiography 

Summary of Properties of S ~ z e  Typical Facilities 

for Neutron Radiography 

Characteristics of Thermai Neutron Sources 

Characteristics of Several Neutron Photographic 

Image ~ntensifier mate ria:^ 

Relative Photographic Spee, of Several Direct 

Exposure Ilethods 

Some Characteristics of Thermal Keutron Intensifying 

Screens 

Neutron Image Resolution Smmiary of Direct Exposure 

Methods 

Neutron Image Resolution Srrmmary of Some Transfer 

Exposure Methods 

Minimum Beam Intensities fcr Radiography Using 

The Transfer Technique 

Useful Detectors for Epithtrmal Neutrons 

Etching Conditions for Some Commonly Used Solid 

State Track Detectors 

Approximate Comparison of European and 

U.S.A films 

Information from ASTY Bears, Purity Indicator 

Thermalizarion Factors for 2ifferent Moderators 

and Sources 

Diffusion Parameters for T~2rmal Neutrons 

Thermalization Factors Obtzined from Three Methods 

Values of Mass Attenuation Coefficient for Shield 

Materials 



LIST OF FIGURES 

Page 

FIGURE 2.1 

FIGURE 2.1 

FIGURE 2.2 

FIGURE 2.3 

FIGURE 3.1 

FIGURE 3.3 

FIGURE 3.4 

FIGURE 3.5 

FIGURE 3.6 

FIGURE 3.7 

FIGURE 3.8 

FIGURE 3.9 

FIGZRE 4.1 

A comparison of mass attenuation coefficient of the 

elements for x-rays and for thearmal neutrons plotted 

as a function cf atomic nuder of absorber. 4 

Grafical representation of neutron radiografic system 6 

Total neutroryield versus bombarding energy for 

sevaral accelerator produced neutro reactions 8 

Standart Numec ?lutonium Beryliun neutron source 11 

Increase in neutron flux as subcritical size is 

increased 

Effect of neutron collimation on image from a slit in 

neutron absorbkg plane 18 

Three types of neutron b e z .  collimators investigate? 

in neutron radiograpy i 9 

Neutrcnsource~~ollimator and image plane 2 0 

Polar plot reprssentation of fast and thearmal neutrons 

associated ;<ith apoint source embedded in a moderating 

medium 

Neutron ealliwr~r g e o x t r y  

Effects that czq be obtained by changing collimator 

ratio using 25'~f facility 

Effect that ca2 be obtained by changing coll'  mato or 

dimensions using 252~f facility dimensions 

Illustration 0 5  air gap air gap 

Effects that cz? be obtained by fine tuning of air gap 

Photographic film exposure zethods for neutron 

radiography 

Film density yielded by eqcel neutron exposure of 

sevaral 6ouble cadmium screens thickness co~binatio~ 

used in 6irect sxposure metiod 

Cadmium resolution test piece 

An image ampliilsr system 

Television sysztn for neutron radiography 



FIGURE 4.6 

FIGURE 5.1 

FIGURE 5.3 

FIGURE 5.4  

FIGURE 5.5 

FIGURE 5 .6  

FIGURE 5.7 

FIGURE 5.8 

FIGURE 5.9  

FIGURE 6.1 

FIGURE 6.2 

FIGURE 6.3  

FIGURE 6.4 

FIGURE 6.5 

FIGURE 6.6 

FIGURE 6.3 

FIGURE 6.10 

The diagram of thermal neutron image intensifier 

Typical exposure characterstic curves for light 

emitting (NE421 and NE 9 0 5 )  and electron emitting 

(gadolinuim) intensifyin screens for direct technique 

thermal neutron radiography used signly behind 

selectee films 

~ypical density exposure charecteristic curves for 

elctron emitting intensifying screens of gadolinium 

and dysporsium 

A schen~tic drawing of image detection 

Illustrztion of Klasen's niethod for measuring 

the unstarpness of film screen combination 

Diagram of atest object L-hose transmission varies 

sinusoically along its lezgth 

Contrast transfer functions of NE 421 and NE 905 

scintillators,Gadolinium screen and x-ray films 

Diagraorric representation of the forcation of the 

image,d;saeter (x+a)  of decail 

Bearn purity indicator 

Sensiti~ity indicator 

Neutron source and its handle 
241 

Neutron energy spectra of Am-Be source 

Geometq- for computing the flux from distributed source 

in an isfinite medium 

Geometry for computing thermal flux according to 

Removal-Age theory 

Thermal neutron flux distribution calculated from 

three model 

Thermal neutron flux distribution (e~perirnantall~) 

 produce^ by 1 Ci Am-Be source in a water moderator 

Fast neuzron attenuation in cylindrical containers 

of paraifin and water 

Neutron Zose rate calculated from thres different ways 

The dose rate at the surfece of camerE for varius 

thicnesc2s 

The dos? rate from capture gammas 



FIGURE 6.11 T o t a l  g z m a  dose  r a t e  a t  t h e  c a n e r a  s u r f a c e  9 3  

FIGURE 6.12 T o t a l  gzmr~a and neE t ron  d o s e  r a t e  9 4  

FIGURE 7 . 1  D e t a i l e d  d rawing  of  camera 

FIGUE 7.2 Xeu t ron  r a d i o g r a p h y  f a c i l i t y  

FIGURE 7 . 3  Keu t ron  r a d i o g r a p h  u s i n g  Gadol in ium c o n v e r t e r  s c r e e n  

w i t h  t \ ~ e  D 7 f i l m .  9 8  



LIST OF S\?*BOLS 

Cross section 

Total scattering cross section 

Total abroption cross section 

Moderation ratio 

Average log2rithmic energy decrement per collision 

Neutron flux 

Neutron current 

Collimator length,diffusion lengt 

Collimator inlet diameter,dose rate,film densit) 

Source to oSject distance 

Image to objzct distance 

Geometric unsharpness 

Inherent unsharpness 

Total unsharpness 

Decay constant 

Activity 

Exposure,energy 

Contrast 

Transport mean free path 

Fast flux 

Thermal flus 

Removal cross section 

Neutron source strength 

Age to therrl range 

Diffusion constant 

Slowing do&. density 

Angular divergens of collimated beam 

Attenuation factor of neutrons 

Build-up factor 

Surface source strength 

Voulemetric sourcc strength 

&(Zr + K)R 



CHAPTER 1 

1.1. The ~ i s c o v e r y  of Neutron md I ts  p r o p e r t i e s  

Neutron was discovered by Chadwick i n  1932 when he was i n v e s t i g a t i n g  

the na tu re  of a h ighly  pene t r a t ing  rad ia t ion  khich r e su l t ed  when a l ~ h a  

pi i r t icalssfrom polonium were allowed t o  bombard beryllium. A t  t h a t  :lime Bothe 

artd Beckor i n  Germany and Jo l ie t -Cur ies  i n  P a r i s  were a l s o  sea rch ing  t h e  

na tu re  of t h i s  h ighly  pene t r a t ing  rad ia t ion .  They assumed t h e  b e r y l l i u m  

r a d i a t i o n  t o  . cons i s t  of h ighly  penet ra t ing  gmna rays .  

Hmever t he re  was a problem, such t h a t  the protons produced by t h e  

bery l l iun :  r ad i a t ion  allowed t o  bombard paraf f in ,  possesed an energy of 

approximately 5-7 Mev and the  computed value t o  produce r e c o i l  p ro tons  , 

wich such energy would r equ i r e  inc ident  gamma rays of approximately 55 Mev. 

So i t  could 'nt  be explained how such a high exergy g m a  ray could be  

produced by beryl l ium, bombarded with p o l o n i n  alpha ? a r t i c l e s  having  

enzrg ies  of approximately f ?.re ?.lev. 

Chadvick reasoned t h a t  momentum and e n e r q  must be  conserved. I n  t h i s  

r eac t ion ,  S O  t h a t ,  i f  the unknown radi2:lon c z ~ s i s t e ?  of  p a r t i c l e s  havinp 

a s a s s  of approximately t h a t  of proton, then 211 of the problems d isappeared .  

Then he e ~ q l a n e d  the na ture  of the beryl l ium rad ia t ion  a s  an uncharged 

p a r t i c l e  known as  neutron and having a mass s l i g h t l y  h ighe r  than pro ton .  

As a l ready  indica ted ,  t he  mass of n e u t r a  is  s l i g h t l y  h ighe r  than  

tha t  of proton, i . e .  1.00807 atomic mass un i t ,  and it possesses  no e l e c t r i c a l  

charge. ~ e u t r o 6  is  an unstable  p a r t i c l e  with a h a l f  l i f e  of 1 2  minutes when 

i t ' s  f r e e  from nucleus,  and it decays i n  t o  a proton, an e l e c t r o n ,  and a 

neutr ino.  

Since neutron c a r r i e s  no charge, i t  is m a f f e c t e d  by e l e c t r o s t a t i c  

f i e l d s .  T ~ e r e f o r e  neutrons can e a s i l y  penetrare  t he  e l e c t r o n i c  c laud  

surrounding t h e  nucleus and i n t e r r a c t  d i r e c t l y  w i th  the atomic nuc leus .  



The p robab i l i t y  t h a t  a nuclear  r eac t ion  w i l l  occure between neut ron  

and n u c l e c s  i s  measured by i t s  cross  s e c t i o n .  The u n i t  of microscobic c ros s  
-24  2 s e c t i o n  is  j a m  and masured  i n  a r e a l  dimensions, i .2 .  15' 10 cm . The 

t o t a l  c ross  s ec t ion  is equal  t o  the  sum of the  absorbt ion 5a and s c a t t e r i n g  

c ross  s e c t i s n ,  which a r e  e l a s t i c  and i n e l a s t i c ,  crs,and va r i e s  wi th  t h e  

inc iden t  neutron energy, and the nuc lea r  s t r u c t u r e  of t he  t a r g e t  nuc leus .  

The r eac t ion  types between neutron and nucleus w i l l  be explained wi th  more 

d e t a i l  i n  rie sh i e ld ing  sec t ion .  

Neut rms  are c l a s s i f i e d  in t o  a number of groups according t o  t h e i r  

energ ies .  Tze energy groups and the  ~ r o ~ e r t i e s  of neutrons i n  these  groups 

a r e  presented i n  Table 1.1. 

1 .2 .  Neutron Radiography His tory  

Neut rm radiography w a s  began s h o r t l y  a f t e r  Chadwick's discovery of 

neutron. Roxtine radiography began t o  take  place a f t e r  t h e  f i r s t  thermal  

r e a c t o r  wsnc c r i t i c a l ,  i n  the 1960's and 1970's. 

The f i r s t  i nves t iga t ion  about neutron radiography was per$ormed i n  

Germany by Kallman, and Khun using smal l  accelerator- type neutron genera tor .  

They and o a e r  workers, such as P e t e r  i n  Germany, Thewlis and Derbyshire 

a t  Harwell showed t h a t  neutron radiography has some advantages over x- 

radiography f o r  s e p a c i a l  and d i f f i c u l t  inspec t ion  problems. 

Af te r  the development of a v a i l a b l e  neutron sources,  neutron radiography 

w a s  mostly Cone i n  research centers ,  and came in  t o  r e a l  use i n  t h e  inspec- 

t i o n  of nuc lear  f u e l .  

Around 1970's some of neutron radiography cen te r s  were opened i n  U.S.A. 

and Europe= count r ies ,  s o  t h a t  o u t s i d e  i n d u s t r i e s  could send them any i tem 

they  wished t o  have neutron radiographed. 

Then sane standards were e s t ab l i shed ,  as  neutron radiography took  i t s  

p l ace  along s i d e  o the r  non des t ruc t ive  t e s t i n g  techniques. 

Now, centers  with considerable  needs f o r  neutron radiography a r e  

beginning to purchase and optimize t h e i r  own radiography f a c i l i t i e s  f o r  

t h e i r  o m  worir. sca t te red  around i n  t he  world. I n  add i t i on  some t rends  a r e  



TABLE 1.1. Yeutrons C las s i f i ed  According t o  Energy (2). 

Term Comments Energy range 

Slow 0 .OOeV t o  10 3 eV 

Ccld 

Thermal 

Epithermal 

Resonance 

P a s t  

Mater ia l s  possess h igh  cross-sect ions 
a t  t hese  energ ies ,  which decreas? the  Less than  0 .01  eV 
transparency of most ma te r i a l s  5u t  a l s o  
increase  the e f f i c i ency  of de tec t ion .  
A p a r t i c u l a r  advantage is the  reduced 
s c a t t e r  i n  mater ia l s  a t  energ ies  below 
the  Bragg cu to f f .  

Produced by slowing down of f a s t  neutrons 0.01 eV t o  0.3eV 
u n t i l  the average energy of the  neutron 
is equal  t o  t h a t  of t he  medium. Thermal 
neutrons provide good discr iminatory 
c a p a b i l i t y  between d i f f e r e n t  mater ia l s ;  
sources a r e  r ead i ly  ava i lab le  . 

4 
Produced a t  energ ies  g rea t e r  than thermal,  0 .3  eV t o  10 eV 
e .g .  f i s s i o n  energ ies  and sur romded by a 
moderator. Neutrons a re  slowed down u n t i l  
they have energ ies  i n  t h e m 1  equi l ibr ium 
with the  moderator molecules. A t  any loca- 
t i o n  where thermal equi l ibr ium bas no t  
been achieved t h e  d i s t r i b u t i o n  of neutron 
v e l o c i t i e s  w i l l  conta in  ve loc i t i e s  t h a t  
exceed t h a t  permit ted by a Maxwellian 
d i s t r i b u t i o n  of t h e  moderator t e q e r a t u r e .  
Such neutrons a r e  r e f e r r ed  t o  zs epi thermal  
neutrons. 

2 
c e r t a i n  nuc le i  e x h i b i t  s t rong  absorbt ion 1 eV t o  10 eV 
c h a r a c t e r i s t i c s  a t  well-defined energ ies  
c a l l e d  resonance absorpt ions.  Neutrons 
i n  these  s p e c i f i c  energy ranges a re  
r e f e r r ed  t o  as resonance neu t rms  and 
provide exce l l en t  d i scr imina t ion  f o r  
p a r t i c u l a r  mater ia l s  by working a t  
energ ies  of resonance. Greater  transmis- 
s ion  and l e s s  s c a t t e r  occur i n  samples 
containing mater ia l s  such as hydrogen 
and enriched r e a c t o r  f u e l  mater ia l s .  

3 
Fas t  neutrons provide good penet ra t ion .  LO eV t o  20MeV 
Good poin t  sources of f a s t  neutrons 
a r e  ava i lab le .  A t  t he  lower energy 
end of the spectrum f a s t  neutron 
radiography may be able  t o  perform 
many inspect ions performed with 
thermal neutrons, bu t  with a pmoramic 
technique. Poor ma te r i a l  d i s  c r i x i n a t i o n  
occurs,  however, because the cross- 
s ec t ions  tend t o  be s m a l l  and s i m i l a r ,  

R e l a t i v i s t i c  >20 MeV 



4 

developing t o  look beyond the c a p a b i l i t i e s  of a s t r a i g h t  forward thermal  

neutron radiography (2). 

1.3. Basic  Types of Applications of Neutron Radiography 

To understand t h e  c a p a b i l i t i e s  of neutron radiography a p p l i c a t i o n s  

i t  w i l l  be  usezul t o  view the c a p a b i l i t i e s  of neutron radiography i n  

comparison with t h a t  of x-radiography, t h i s  i s  because, neutron rad iograp  

and x,- radiography a r e  s i m i l a r  i n  the  p r inc ip l e  of t h e i r  techniques.  From 

Figure 1.1 one s e e  t h a t  thermal neutrons show a random a t t enua t ion  p i c t u r  

wi th  r egu la r ly  i n c r e a s h g  atomic number of absorber.  The x-ray a t t e n u a t i o  

c o e f f i c i e n t ,  m t h e  o the r  hand, increases  i n  r egu la r  manner when s i m i l a r 1  

I I I I I I I I 1 1 
1 0 2 0 3 0 4 0 X , W 7 0 8 0 4 0 r ? 0  

ATOMIC NUVBER 
- 

Fig. 1.1. A Comparison of aass -a t tenuat ion  c o e f f i c i e n t s  of the  elements  
f o r  X-rays ( s o l i d  l i n e )  and fo r  t.herma1 neutrons p l o t t e d  a s  a 
funct ion of atomic number of absorber (1) .  

examined. A t  low energies  neutrons show r e l a t i v e l y  more a t t enua t ion  than  

x-rays f o r  l o r  atomic number ma te r i a l s .  Conversely thermal neut rons  a r e  

t r ansmi t t ed  e s s i l y  by most heavy mater ia l s .  But x-rays a r e  absorbed 

s t rong ly .  This major d i f f e r ence  i n  a t tenuat ion  c h a r a c t e r i s t i c s  pre  s e n t s  

a major a t t r a c ~ i o n  f o r  success f u l l  examination of p l a s t i c ,  rubber ,  paper ,  

adhesive,  explosive,  i . e .  hig'n hydrogen content ma te r i a l s ,  i n  meta l  

containment assemblies. Also the  use of radiography t o  d iscr imina te  betwe 

many neighborizg e l e m n t s  is e a s i e r  with thermal neutrons than i t  i s  with 

x-rays. For e x q l e ,  i n  d iscr imina t ing  between carbon and boron, cadmium 

and barium with t h e m 1  neutron radiography, p re sen t s  l e s s  d i f f i c u l t y  than 

x-ray radiography does. 



On the o ther  hand, it is ~ o s s i b l e  t o  d i f f e r e n t i a t e  the  i s o t q e s  

the same e l e m n t  with neutron radiography, be cause the  a t t e n u a t i a  of 

neutrons by d i f f e r e n t  isotopes can be q u i t e  d i f f e r e n t .  

I n  general  neutron radiography has following p o t e n t i a l  a p p l i c a t i o ~  

a) Radiography of dense mater ia l s  b )  Contrast  of l i g h t  m a t e r i a l s  eavelop( 

i n  denser mater ia l s  c )  Contrast between isotopes of the  same elemezt d) 

Radiography of r ad ioac t ive  mater ia l s  5) Biomedical app l i ca t ions .  

1 .4 .  Neutron Radiography and I t s  Components 

As is a l l  forms of radiography neutron radiography cons i s t s  of 

p lac ing  an o3ject  i n  a neutron beam m d  recording the  emerging nectron 

beam, which can beta s p a t i a l l y  he t ro  geneous according t o  the  i so topi  

composition cf the  objec t ,  by means cf s u i t a b l e  de tec tors .  The d i f fe rence  

from other  - f o r m  is such t h a t  the emerged neutrons a re  f i r s t  &sorb€ 

by converter  s a t e r i a l  which then emits secondary r a d i a t i o n  t h a t  i n  t u r n  

cont r ibu tes  t o  the  formation of a d i r e c t  o r  i n d i r e c t  l a t e n t  image ix a 

s u i t a b l e  recorder.  The l a t e n t  image eventua l ly  made v i s i b l e  t o  the naked 

eye i n  the  form of s p a t i a l l y  varying darkness o r  t r a c s ,  and can be r e l a t e  

t o  the mater ia l  composition of t he  o5jec t  t o  y i e l d  des i red  m a t e r i a l  i n f o r  

t i o n .  

Most of neutrorl radiography i s  made wi th  thermal neutron because, 

as already k d i c a t e d  before ,  t h i s  i s  t h e  energy region t h a t  e x h i b i t s  t h e  

most i n t e r e s t i n g ,  and use fu l  a t t enua t ion  c h a r a c t e r i s t i c s .  Also thermal 

neutron i m a g s  e a s i e s t  t o  de t ec t  and record. There a r e  some app l i ca t ions  

i n  which resonance, f a s t  and cold neutrons a r e  necessary.  But we vlli 

mostly be cooserned v i t h  thermal neutron radiography. 

Since most of neutrons a r e  born i n  a s u i t a b l e  source wi th  ene rg i e  

considerably above z 'nemal,  moderation of neutrons i s  necessary f o r  t h e m  

neutron radicgraphy. Af te r  moderatioc, t h e  moderated neutrons diff-cse i n  

a l l  d i r e c t i o r s ,  hence some s e l e c t i o n  of neutrons i s  necessary i n  order  t o  

ob ta in  a s h a e  radiography of the  objec t .  It i s  t he  func t ion  of collimate 

t h a t  p e r f o m  t h i s  s e l e c t i o n ,  Then t c \  record the  a t tenuated  beam a detec-  

t i o n  system i s  necessary, and f i n a l l y  a b i o l o g i c a l  s h i e l d  must employed 

f o r  reasQns cf sa fe ty .  



The main components of neutron radiographic imaging system i s  

shown schematical ly  i n  Figure 1.2.  

F i g .  1 .2 .  Graphica l reqresenta t ion  of neutron rad ioprapkic  s y s t  

1 .5 .  Scope 

I n  the  f i r s t  p a r t  of t h i s  t h e s i s  neutron radiography is descr ibed  

as a Non Destruct ive Test ing too l .  Attent ion has been concentrated on 

thermal neutron radiography and the  components of neutron radiography 

systems a r e  given i n  a d e t a i l e d  manner, i n  Chapters 2 ,  3 ,  4, 5 .  I n  Chap te~  

6 t h e  design of a neutron radiography camera i s  presented.  I n  Chapter 7 

the cons t ruc t ion  of a p r a c t i c a l  camera containing 241Am-~e neutron source ,  

f o r  use i n  laboratory,  i s  presented.  



CHAPTER I1 

NEUTRON SOURCES 

Neutrca sources a re  c l a s s i f i e d  i n  t o  t h r e e  general  types a )  nuclea.  

r e a c t o r s  b )  acce lera tors  c) rad ioac t ive  i so topes .  

The poss ib le  use of these neutron sources f o r  neutron radiography 

must be consi&red from severa l  po in t  of view. One must consider  t he  neutrc 

energy and i n t e n s i t y ,  gamma i n t e n s i t y ,  cos t ,  s i ze ,  p o r t a b i l i t y ,  s h i e l d i n g  

problemsand general u t i l i t y .  Each of these c h a r a c t e r i s t i c s  f o r  each of 

neutron sources w i l l  be cms ide red  and f i n a l l y  be compared. 

2.1. Reactor Neutron Sources 

A l tho~gh  most r eac to r  based neutron radiography f a c i l i t i e s  use 

research r eac t a r s  which have been i n s t a l l e d  f o r  a va r i e ty  purposes,  t h e r e  

a r e  man!- r e a c t s r s  t h a t  a r e  i n s t a l l e d  s p e c i f i c a l l y  f o r  neutron radiography. 

Ar~y ncc lear  r eac to r  equipped with probe tubes and capable of opera! 

a t  a pm7er g rea t e r  than one .Kw can be use fu l  f o r  neutron radiography. 

However higher  power leads t o  g r e a t e r  source f l u x ,  hence the  more convenic 

t h e  methods, a d  the b e t t e r  t h e  radiagraphs become. Generally r e sea rch  
14 2 

r e a c t o r s  have the thermal f l u x  i n t e n s i t y  range of 1012 t o  5x10 n/cm -set-: 
wi th  t h e i r  thermal output of 250 Kw t o  50 nw and have 10 t o  20 beam 

f a c i l i t i e s .  Any of these beam f a c i l i t i e s  can be employed f o r  nea t ron  

r a d i o g r q h y  with minor modi f ica t ions . .  

I n  recent  years  the s t e a d l y  increas ing  demand f o r  neutron radiogra;  

e s p e c i a l l y  f o r  spec i a l  problems such a s  those involved in t he  shipment of 

e x p l o s i m s  o r  r eac to r  f u e l ,  has l ed  t o  t h e  development o r  a s e r i e s  of smal 

s i z p l e ,  and r e l a t i v e l y  inexpensive r eac to r s  designed p r imar i ly  f o r  neut ron  

r a d i o g r q h y .  Snch r eac to r s  operate  a t  a power range of 5 t o  250 Kw, and i n  
13 2 

thermal f l u x  rmge of 2 . 5 ~ 1 0 ~ '  t o  10 n/cm -sec wi th  * r e l a t i v e l y  lor- c o s t s (  

Some of these 'cppe reac tors  a r e  TRIGA, CANADA SLOW POKE-2, COYPIISSARIATE 

A 1  ENERGIE ATQXIQUE reac tors  ( 4 ) .  



2.2. A c c e l e r a t o r  Neutron Sources  

A l a r g e  number of neu t rons  a r e  produced by bombzrding s u i t a b l e  

t a r g e t  m a t e r i a l s  w i t h  a c c e l e r a t e d  p o s i t i v e  ions. Typica l  r e a c t i o n s  a r e  

9 
4 Be +$ -+it + n + 4.35 MeV 

$ t$ -+:~e 4 n + 3.28 MeV 
3 2 +ID -+3e + n + 17.6 MeV 
9 2 9 4Be f iH -+5B t n 4 1.85 MeV 

t ~ e  t l  - 3 2 3 ~  i n - 1.67 MeV 

F ig .  2 . 1  shows t h e  neu t ron  y i e l d  as  a f u n c t i o n  of p o s i t i v e  i o n  

en2rgy from s e v e r a l  of t h e s e  r e a c t  ions .  

fig. 2.1. ~ ~ e ~ l  n ~ ~ t r o n  y i e l d  versus bombarding energ? f o r  se \ re r s l  
a c c e l e r s c o r  produced neuEron r e a c t i o n s  (5).  



I n  addi t ion t o  t he  neutron y i e l d ,  the  energy spectrum of t he  sourc 

neutrons i s  a l so  important, s i nce  the  higher  the  neutron energy t h e  g rea t  

t he  average d is tance  it may t r a v e l  i n  a moderator before becoming 

thermalized. Hence the  thermal f l u x  d i s t r i b u t i o n  produced by h ighe r  energ 

neutron sources w i l l  be neces sa r i l y  m r e  dispersed than t h a t  of a low 

energy source, and the maximum peak f l u x  w i l l  be lower. To compare d i f f e r  

sources with t h i s  respec t ,  the  thermalizat ion f a c t o r  of some sources i n  

water  a r e  given i n  Table 2 . 1 .  

TABLE 2.1. Some Thermalization Factors Measured i n  Water Moderator (3). 

Source Thermalization Factor  
Me as ure d Rounded 

D(d,n) a t  150 kev 

T(d,n) a t  150 kev 

Be(p,n) a t  2 .8 Mev 

Be(d,n) a t  2.8 Elev 

4 
Among these reac t ions  $(d,n) He,D-T r eac t ion  has received the  mos 

a t t e n t i o n ,  because it has r e l a t i v e l y  high y i e l d  a t  low bombarding ene rg i e  

I n  t h i s  type reac t ion  acce l e ra t ing  vo l t a t e s  a r e  i n  t h e  order  of 150 t o  40 

k i l o v o l t s  whereas the o ther  reac t ions  require  acce l e ra t ing  vol tages  i n  t h  

order  of ?lev range. Lower bombarding energies  f o r  D-T r eac t ion  have made 
12 

i t  economically useful .  A f a s t  neutron output of order  o f f  10~'-10 n l s  

can be obtained from t h i s  r eac t ion .  Sealed tube neutron genera tors  employ 

t h i s  type react ion.  Prom radiographic poin t  of view, t he  disadvantage of 

t he  D-T reac t ion  neutron source a r e  such t h a t ,  it produces neutrons of 

r e l a t i v e l y  high energy, and tritium ta rge t s  have s h o r t  l i f e  time. The 

t a r g e t  has an endurance of hundred hours before t he  t i t an ium t a r g e t  s u r f a  

becolnes too demaged t o  hold t r i t i u m .  However the  high energy, 1 4  mev, of 

neutrons can be used t o  induce f a s t  f i s s i o n  i n  uranium, An improvement i n  

t he  peak t h e m 1  f l u s  by a f a c t o r  of around 2.5 was obtained when 2.5 cm 

t h i c k  n a t u r a l  uranium i s  placed i n  f r o n t  of the  t a r g e t  ( 3 ) ,  (6 ) .  

The re (6 ,n) lug reacti~n has t h e  highes: neutron y i e l d .  f o r  p o s i t i i i e  ion  

bombardment. However energ ies  i n  excess of 1 Mev a re  necessary t o  o b t a i n  

such h igh  y i e l d .  Expensive and bulky equipment, such as  Van de Graff 

a c c e l e r a t o r s  are  needed t o  supply acce l e ra t ing  p o t e n t i a l  of t h i s  magnitud 

But t h i s  and o ther  pos i t i ve  ion neutron y i e ld ing  r eac t ions  which fequir- 



acce l e ra t ion  voltages i n  the Mev region have some advantages i n  t h a t  suck  

generators  a r e  more v e r s a t i l e .  For example these sachines a r e  o f t e n  cap&& 

of acce l e ra t ing  d i f f e r e n t  p r o j e c t i l e s  employing d i f f e r e n t  t a r g e t s ,  such rs 

Be(d,n) and Be(p,n) (5). 

k e  o ther  type of reac t ion  i s  t h e  photo nectron (x ,n)  r eac t ion  czic .se  

by use of i r r a d i a t i n g  a s u i t a b l e  neutron y i e ld ing  n a t e r i a l  wi th  t he  

bremstrzlilung produced when ene rge t i c  e l ec t rons  s t r i k e  a t a r g e t  of h igh  

atomic number. Therefore an e l ec t ron  acce l e ra to r  equipment ( e l e c t r o n  l k e a  

acce l e ra to r )  can be used as a neutron source. As a t a r g e t  element f o r  su& 

equipment, any nucl ide can be made t o  undergo pho& des in t eg ra t ion  w i t h  

photons of adequate energy. Most of the  t a r g e t  mater ia l s  requi re  photons 

of g r e a t e r  than z.ergT7 except h e r - l l i u r .  1 .66  Mev, and deuter-jZA 

2 . 2  ?lev. L1ranium an? b e r y l l i u m  a re  most widelv t a r g e t  m a t e r i a l s .  T ~ Z  

threshold of u r a n i m  is  %9 Mev and y i e l d  r e i s e s  q r i t e  rap id ly  as photon 

energy increases .  Accelerators t h a t  produce such high energy x-rays f o r  

photo neutron production serves  dual r o l e ,  s ince  i r  could be used f o r  

neutron radiography f o r  hi$h energy x-radiography ( 5 ) .  

2 . 3 .  Radioisotope Neutron Soiirces 

Radioisotope neutron sources a r e  based on the  ( a ,n )  r eac t ion  wi th  

beryl l ium and boron as the  s t a n d a r t  t a r g e t ,  on phcto neutron o r  (y ,n)  

r eac t ion  with beryllium and deuterium (D20) a s  the  t a r g e t ,  o r  on spontanesu  

f i s s i o n  with heavy nucle i ,  such a s  2 5 2 ~ f  being widely used. The c h a r a c t e r  

i s t i c s  of some of radioisorope neutron sources a r e  given i n  Table 2.2 an2 

so= of react ions are  

BE + OL -+ C * n + 5.71 Mev 

H + y +  H + n  - 2 . 3 3  Mev 
25ZCf 

+ 2 f i s s  + 3.8 n + 200 Mev 

241Am 23gP*- 
(a ,n)  sources: The e c s t  comonly employed alpha e s l t t e r s  a re  3 -. 
"'PO an2 226Ra having alpha energ ies  of 5.477, 5.114, 5.305, 4.777 Mev. 

A common neutron source i s  prepared by a mixture of an alpha e m i t t e r  and 

a l i g h t  element, such as Be. Among these  sources Pr: forms i n t e m e t a l l i c  

cowounds with Be wheras i n  t he  case of radium and ~o lon iu in  i t  is n e c e s s z q  



t o  prepare  pressed wchan ica l  mixtures. 

The mixture or  compound i s  doubly encapsulated, f i r s t  i n  a welded 

inne r  capsule of Ta, then i n  s t a i n l e s s  s t e l l  ( see  Fig.  2.2) 

F i g .  2.2. Standarr  Xu- P lu tonium-3ery l l iw neutron s?urce ( 7 ) .  

The p r a c t i c a l  neutron y i e l d  depends on t h e  p h y s i c ~ l  and chemical 

p rope r t i e s  of the mixcure. Energy s p e c t r m  of t h e  neu t ro r s  can be c a l c u l a t ~  

on the  b a s i s  of Q ,  ezergy change due t o  the d i f fe rency  ir t o t a l  r e s t  masse 
I 

of a l l  cons t i t uen t s  of t h e  reac t ion ,  kinematics of (a,n) r eac t ion  and t h e  

nuc lear  ~ r o ~ e r t i e s  05 'Be. However, the neutrons are nci mono e n e r g e t i c  

because a l ~ h a  p a r t i c l e s  lose  energy i n  the  ma te r i a l  and a l l  angles  of 

incidence a r e  expericced. (7), (9 ) .  

(y ,n)  Sources : S i n e  the  y energy of rad ioac t ive  su3s t z l ces  r a r e l y  exceet 

3 Mev only beryl l ium and deuterium are  used as  t a r g e t  elezients,  The Q value 

of ' ~ e ( y , n )  and 2~(1- ,n)  reac t ions  a r e  1.67 MeV and 2.23 YeV r e s p e c t i v e l y .  

The most c m m l y  used photo neutron source is  12'S-b-Be which 

p rohcesneu t ron  of 26 kev energy. Antimany-124 i s  produce? by i r r a d i a t i o n  

of normal antimony. 

Spaqtaneous Fission Saarces : The even mass isotopes wi th  the h e a v i s t  even- 

Z elements are  spontsleously f i s s ion ing  elements.  h o ~ g  t k s e  Californium- 

252 i s  t h e  most conrmmly used isotope because of i t s  h igh  a e u t r m  ou tpu t ,  

and i t  is produced i c  milligram t o  gram q u a n t i t i e s  by i r r a 5 i a t i o n  of 

plutonium, cr t r ansp lz ton ic  nucleidcs i n  high thermal ne r t ron  f l u x e s .  This  

source is  being increasingly used as  rad ioac t ive  neutron source f o r  rad io-  



'I'AP,T,R 2 . 2 .  ~ h a r a c t e r i s  r i c ~  of Some Rnd i o n c t i v e  Netst  rsn Sotirces (3) .  -- -- - - - - - - - - - -  .-.."- 
ISOTOPE HALF-LIFE NEUTRON NE UTRON APPROXIMATE y-RADIATION FROM 

PRODUCING YTET.,D(~-!~-~) MEAN ENERGY EN CAPSIJLATED SOURCI?, HEAT OUTPUT 

REACTION Pe r  ci Per  g (MEV) ENERGY 
8 -1 

EXPOSURE LATE (Id/ 19 ns  ) 

p e r  108n sG' 

most abundant 0.04 1.5 - -- ------ 
2 

1.91 a 9 B e ( y , n ) 1 ~  2x10 ' 1 . 7 ~ 1 0 ~ ~  2 2 8 ~ h  4-6 va r ious  up 
4 6 t o  2.6(max) 

3 1,o ------ 
2 5 2 ~ f  2.65 a Spontaneous. 4.3~1011 9 2 . 3 ~ 1 0  12 

2 0.5 t o  1 most 0.007 

f i s s i o n  abundant - - ---- -- - - 
12 1 8 . 1 a  9Be(y,n) C 2 . 5 ~ 1 0 ~  2 . 1 ~ 1 0  8 2 4 4 ~ m  4-6 0.043 most n e g l i g i b l e  1.4 

I , 
4 b 

abundant 
1-11--1--1- 

1 
'Be(y,n) 2C 1 . 5 ~ 1 0 ~  1 . 1 ~ 1 0  9 22 7 ~ c  4-6 va r ious  up 2 1 . 8 a  0.8 1 .2  6 

t o  0.83(mnx) -- - . - - " - - - - " - . -  ...-.--" -- - 7-- - 
2'1 8~ ,I 

' ~ e ( y  ,n)I2C 2 . 3 ~ 1 0  4 . 1 ~ 1 0  86.4 a , 
4 -6 0.099 nios it n e g l i g i b l e  1.4 

, 

abundant 

Various up t o  6 

2.4-0.61 most 

abundant 

1.69 most abundant 80 



oraphp because its low y output, y i e l d  per  un i t  cos t  and t h e m a l i z a t i o n  
0 

f a c t o r .  

242 I t  i s  worth t o  meztion Cm-Be source such t h a t  it can  be made 
24 1 simply by i r r ad i ad ing  an h B e  source i n  a  s u i t a b l y  h igh  f l u x  t o  produce 

rhe AmericiunrBerilliunrCurium source i f  only 10Z of t he  2 4 1 ~  i n  ccinverted 
242 

EO Cm t h e  source outpnt is  masured  by a  f a c t o r  g r e a t e r  t5an 100 due t o  

t he  h ighe r  a - ac t iv i ty  of curium. But the disadvantage is  the  s h o r t  ha l f -  

l i f e  of 163 d of Curium. (3) .  

From the poin t  of view of radiography (y ,n)  r eac t ion  seu t ron  sources 

a r e  no t  u se fu l  f o r  neutron radiography because of s h o r t ' h a l f  l i f e ,  smal l  

y i e l d  of neutrons and h i @  g a m a  i n t ens i ty .  But (y ,n)  sources,  e s p e c i a l l y  

Sb-Be, y i e l d  very low energy neutrons which has an advanta2e of easy 
s 
thermal iza t ion .  The (y  ,n )  and spontaneous f  i s s ion ing  neutron sources a r e  

very use fu l  because of t h e i r  long-galf l i f e  and low gamma in t ens i ty .  

Some c h a r a c t e r i s t i c  comparisons of some rad ioac t ive  neutron sources f o r  

radiograhpy a re  given i n   he Table 2.3. 

TEBLE 2 .3 .  Charac te r i s t ics  of Some I so top ic  Sources f o r  Neutron Radiography(1). 

ISOTOPE XE ACT1 EX HALF -LIFE COE'ENTS 

124~b-13e Y-N 60 days - Shor t  h a l f - l i f e  and high y-back- 

ground low neutron energy i s  

advantage f o r  thermal iza t ion ,  

a  low c o s t ,  high y i e l d  source 

2 1 0 ~ o - ~ e  ( ~ , n )  138 days - Shor t  h a l f  l i f e ,  low y-back- 

ground low cost  

241Am-~e - (v,n> 458 a Long h a l f  - l i f e ,  h igh  c o s t ,  

e a s i l y  sh ie lded  y-background 

241Am-242~m-~e (v ln )  163 days Shor t  h a l f - l i f e ,  medium cos t ,  

h igh  neutron y i e l d  

252m Spontaneous 865 a  Long h a l f - l i f e ,  h igh  neutron 

f iss ion.  y i e l d ,  smal l  s i z e  and low 

energy o f f e r  advantages i n  

thermal iz at ion 



The output  of a radioact ive neutron source can be increased  by p lac ing  

it i n  a s u b c r i t i c a l  assembly. This assembly cons i s t s  of a mixture of moderator 
7 35 and f u e l  m t e r i a l  e n r k h e d  iz U. This a s s e d l y  increases  neutron popula- - - 

2 35 t ion  through f i s s i o n  reac t  io2 between t h e m a l i z e d  neutrons and U nuc le i .  

However, t he  considerable increase i n  neutron output depends on c r i t i c a l l y  

f a c t o r ,  keff of the assembly. From Figure 2 . 3  one can s e e  t h a t  k %us t 
e f f  

be g r e a t e r  &an about 0.9 before a usefu l  increase  i n  neutron output  is 

a t t a i n e d .  The s tud ie s  has been performed on s u b c r i t i c a l  boos te rs  f o r  neutron 

radiography a t  severa l  d i f f e m t  l abo ra to r i e s  and a thermal f l u x  inc rease  

by a f a c t o r  of 30 over t he  best pure moderator system was obtained ( 4 ) .  

Very r ecen t ly ,  Idaho Nuclear have designed a f a c i l i t y  of kerf 0.999 which 

is ca l cu la t ed  t o  give a f l u x  boost of 400. 

P i g .  2.3. Increase in  neutron f l u x  as s u b c r i t i c a l  s i z e  is increased(  lo). 

2.4. Comparison of Neutron Sources 

The comparison w i l l  be made under the c r i t e r i a  of time r equ i r ed  t o  

produce a radiograph, cos t  and mobil i ty .  

The most g rea t e s t  neuiron f luxes  a r e  obtained from reac to r s  and ;lost 

r e a c t o r  be- a r e  r i c h  i n  thermal neutrons a s  compared t o  the  o t h e r  radia-  

t i o n s ,  This  f a c t  is very desir3ble  because neutron radiograhy is  most ly 

done by thermal neutrons. The app l i ca t ions  t h a t  allow t h e  ob jec t  t o  h e  

moved e a s i l y  genera l ly  require e i t h e r  good r e so lu t ion  wi th  low t o  moderate 

through p u t  o r  high production r a t e s ,  low t o  moderate r e so lu t ion  and an 

i n t e n s e  neutron source is highly des i r ab l e  f o r  e i t h e r  of these condi t ions .  

Prom Table 2.4 cone can see  t5e advantage of r eac to r  neutron sources  over 

a l l  the o the r  sources,  On the o the r  hand most of t h e  eaply research  i n  

n e u t r ~ n  radiqgraphy has been done i n  t he  r e a c t o r  i ndus t ry  the re fo re  moretechniqnel 

back ground is avai lab le  i n  c3is  a rea  than r ad ioac t ive  and a c c e l e r a t o r  sources.  



TABLE 2.4. Summary of t h e  ~ r o p e r t i e s , o f  Some Typica l  ~ a c i l i t i e s  f o r  Neutron ~ a d i o g r a ~ h y  ( 3 ) .  - -- 
SOURCE Coll imator  Co1 l i ina tor  Typi cnl neam Cl~nrnc te r j  s  t i c s  a  Tmaging Technique Neutron 

P o s i t  ion  Bas ic  Flux ~ n t e n s i t y  L/D Cd r a t i o  Screen Film Exposure b  

-2 -1 
(cm -s 1 Time (S )  -- II__-- 

Multi-purpose research  ~ a d i a l  10 l4 10 250 2  -5 I n  D2 10 

r e a c t o r  Tangential. 10 l3 10 250 10-50 D Y D2 10 

Cold source 2x10 10 100 00 Gd D2 2x10 11 3 

c R r ~ d  iogrripliy rtlnetc3r ~ a t l i a l  1012 lo6 250 2 -5 1 11 '8 % lo1' 

Tangent ia l  4x10 100 10-50 DY D4 10 11 
2x10 

6 

Ilc(l(j ,n) ; ']MeV, 110011 A Ratlinl 3x10' 2 x l ~ 5  3 3 5-20 D 7 5x10 3 
UY 

Re(y,n);§.5MeV,lO9uA ~ a d i a l  4x10 8x10 18 5-20 DY D7 5x10 
8 2 

T( y ,n)  U; 120keV, 711A Radial  10 2x10 18 5-20 Dl0 8x10 4  3 
DY 

2 5 2 ~ f ;  5mg Sub-cr i t  Radial  3x10 18 2-10 D7 5x10 9 
2x1 0 

5 3 
DY 

2 5 2 ~ f ,  1 mg Radial  2x10 10 12 5-20 G d D 10 4x10 
7 3 

- ------ 
a The t r a n s f e r  technique has been used as  the main example he re  because i t s  value t o  t he  nuc lea r  i ndus t ry .  

The neutron exposure times assume a  f i lm  exposure time >5x T 1/2 

b ~ i l m s  from the  Agfa-Gavent range, o the r  manufacturers o f f e r  a  c l o s e l y  p a r a l l e l  s e r i e s  of f i l m  

c A s m a l l  r e a c t o r  designed t o  make neutron rndiogrnphy as  convenient and economic as  poss ib l e  



The precurement of nuclear  r eac to r  requi res  a b i g  investment because 

of i t s  expensive l icens ing  and con t ro l  fea tures .  Bowever, on t h e  b a s i s  of 

pe r  neutron output cost?  a nuclear  r eac to r  w i l l  be cheaper than the  o t h e r  

two. On the o ther  hand, neutron radiography can be e s s e n t i a l l y  a by-product  

of many r e a c t o q  therefore  operat ing cos ts  can ofe ten  be shared wi th  o t h e r  

programs. Hence, t he re  a r e  very s t rong  economic incent ives  t o  u t i l i z e  

e x i s t i n g  f a c i l i t i e s  whenever poss ib le .  One e c o n o s c  way t o  ob ta in  high 

i n t e n s i t y  thermal f l u x  f o r  neutron radiography i s  t o  use a s u b c r i t i c a l  

boos t e r  as neutron source. However, t h e  f l u x  a d v a t a g e  i s  only poss ib l e  

wi th  keff  of 0,9 o r  g rea t e r .  Therefore, such an assembly have t o  have 

eva lua t ions  and approvals f o r  s a f e  guards, operat ion,  and shipping.  

I n  some neutron radiography appl ica t ions ,  it i s  des i r ab l e  t o  take  

the  neutroil source t o  the inspect ion s i t e  r a t h e r  than tak ing  the objec t  

t o  t he  neutron ~ 0 u r c e ~ i . e .  on-site appl ica t ion  i s  necessary,  and modest 

co l l imat ion  and lengthy exposure times are acceptable.  For such a p p l i c a t i o n s ,  

a por tab le  neutron radiography f a c i l i t y ,  using r ad ioac t ive  neutron source 

o r  a small  neutron generator  i s  required.  Table 2.5 shows the  charac te r -  

i s t i c s  of neutron sources on the b a s i s  of rad iogr tphic  r e s o l u t i o n , e ~ ~ o s u r e  

speed, ease of operat ion and economic aspects .  

TABLE 2.5. ~ h a r a c t e r i s t i c s  of Thermal-Neutron Sources (1). 

Type of Source Typical Radio- - -  Average 

~ a d i o ~ r a p h i c  graphic Exposure Charac ter i s  t i c s  

I n t e n s i t y  ' - -  i le iolut ion T i m  

- -. - - - - - - - - - 

Radioisotope 
1 

10 ' t o  10 
4 

Poor t o  Long S t ab le  ope ra t ion ,  

medium 
medium investment c o s t ,  
poss ib ly  p o r t a b l e  

Acce lera tor  
3 

10 t o  10 
6 

Medium Aver age On-of f  o p e r a t i o n , ~ d i  i 
cos t , poss ib ly  p o r t a b l e  

S u b c r i t i c z l  4 
10 t o  10 Good 

I 
as semb l y  Aver age S tab le ,ope ra t ion ,ued im 

t o  high i n v e s t m n t  cos t  
. P o r t a b i l i t y  d i f f  icu2.t 

Nuclear 
r e a c t ~ o r  

5 10 t o  10 * Excel len t  Short  S t ab le  o p e r a t i o n , m e d i d  
t o  high investment cos  
P o r t a b i l i t y ,  d i f f i c u l t  3 



CHAPTER 111 

MODEPATOR SHILED AIVD COI,LI!'lATOR 

3.1. Xoderator 

Since all of Bsutron sources produce fast neutrons. it is necessary 

to sloi\r @own these nsutrons to thermal range for thermal neutro; radiography. 

This task is done by the moderator. Moderators must consist of E inaterial 

that will slow down but not capture neutrons. Materials having high 

moderation ratio are preffered for this purpose. The moderation ratio is 

given bx: 

where 5 is the average logarithmic energy decrement ~ercolllsio; 
Cs is the macroscopic scattering cross section of the medi-i 

Ca is the macroscopic absorbtion cross section of the medic 

As will be seen  fro^ the formula the moderation ratio is nroportlonal to 
- 
5 and Cs. However C is given by 

where 

A is the atomic weight of the nucleus. 

From the formula given above the lower the atomic weight, the greater the 
- 
5 .  Therefore as a molerator material, low atomic weight materials or 

materials contain in^ low atnic weight elements are usually preffered. 
Such materials are vezer, heavy water, ber-Jlliun. and 

metalhy6rldes. From c5sse elements,~raphite and other materials with 

relatively long sfowln$ dowz lenghts are only appropriate for rEtctors 

where pri3ary source is refativelp large,and materials with high bpdrogen 

density such as parr~fin,water,and metal hydrides should be choscn for 

radioisotopes and acczlerator sources. 



3 . 2 .  Shie ld  

People working i n  r a d i a t i o n  a r e a s  must be  p r o t e c t e d  by s h i e l d i n g  

z g a i n s t  p o t e n t i a l  hazards  a r i s i n e  ou t  of r a d i o a c t i v e  m a t e r i a l s .  I n  n u c l e a r  

r e a c t o r s . s h i e l d s  a r e  u s u a l l y  made of a  mix tu re  of c o n e r a t e  and heavy 

rn?ze-riaJs However f o r  r a d i o  i s o t o p e  and a c c e l e r a t i o n  s o u r c e s  s h i e l d s  a r e  

c s u a l l y  made of  m i x t u r e s  0 f h r d r 3 p e n ~ c a s  m a t e r i a l s  and s t r o n g  n e u t r o n  

r l s o r b c r s ,  such a s ,  boron,  l i t h i u m .  

3.3. Col i imator  

I n  n e u t r o n  rad iography ,  t h e  des ign  of  t h e  n e u t r o n  c o l l i m a t o r  i s  a n  

important  f a c t o r  f o r  o b t a i n i n g  good q u a l i t y  r a d i o g r a p h s .  T h i s  

. L p o r t a n c e  - can be  i l l u s t r a t e d  as  i n  Figure  3 .1 .  

F ig .  3.1. E f f e c t  of n e u t r o n  c o l l i m a t i o n  on image from a  s l i t  i n  n e u t r o n  
absorb ing  plane .  

A w e l l  c o l ? i m a t e d  nu t ron  beam, a i l 1  produce a s h a r p  image w h i l e  a  non 

c o l l i m a t e d  neu t ron  beam w i l l  no t  produce such a  s h a r p  image. 

Ihe  c o l l i m a t i o n  of neutrorts  i s  made by means of a c o l l i x a t a r  which  

i s a b a v  of p e r m i t t i n s  o n l y  t h o s e  neu t rons  c l o s e  t o  t h e  t u b e  t o  p a s s  t o  t h e  

r z d i o g r a p h i c  p o s i t i o z .  The w a l l s  of the  c o l l i m a t o r  a r e  l i n e d  w i t h  a  n e u t r o n  

o r sque  m a t e r i a l s  which p r e v e n t q z 2 ) -  neu t rons  e n t e r i n g  t h e  s y s t e 3  v i a  t h e  

c c l l i ~ s t n r  w a l l .  

Cc l l ima tors  a r e  c l a s s i f i e d  according t o  t h e i r  shape a s  s o l l e r  s l i t  

(x,lcich~nnel) ? a r a l e l  s i d e d  and d ive rpen t  c o l l i m a t o r s  a s  s h o ~ m  i n  F i g u r e  

3 .7 .  ( 1 1 ) .  



F i g .  3.2. Three t y p e s  of neutron beam c o l l i m t o r s  i n v e s t i g a t e d  i n  n e u t r o n  
radiography. 

The important f a c t o r s  f o r  each t y p e  of c o l l i m a t o r  a r e  t h e  t o t a l  ~ 

l e n g t h  and t h e  s i z e  of e n t r a n c e  opening o r  aper ture*.  These pa ramete rs  

d e f i n e  t h e  angu la r  d ivergence of t h e  Ezam and t h e  neu t ron  i n t e n s i t y  a t  t h e  

inspec ted  o b j e c t  a s  w i l l  be seen l a t e r .  

Each of t h e  c o l l i m a t o r  systems c i t e d  a3ove, has  i t s  d e s i r a b l e  and 

u n d e s i r a b l e  c h a r a c t e r i s t i c s .  The par?-181 s i d e d  c o l l i m a t o r s  produce a  beam 

of p a r a l l e l  pa th  n e u t r o n s ,  b u t  t h e  be= coverage i s  ve ry  l i m i t e d  in s i z e  

and d i s p l a c e s  more moderator m a t e r i a l  l e n c e  reduces  t h e  the rmal  f l u x .  

The s o l l e r  s l i t  c o l l i m a t o r  p rov ides  a  l a r g e r  u s e f u l  beam a r e a  a s  w e l l  a s  

a  beam of p a r a l l e l  pa th  n e u t r o n s ,  but t h e  i n l e t  r e q u i r e s  a  uniform n e u t r o n  

f l u x  over  l a r g e  voluae t o  p reven t  non un i fo rmi tv  q rob lens  a t  t h e  p l a n e  

of t h e  i n s p e c t i o n  o b j e c t  and a l s o  i ) r o - ~ c e r  a n a t t e r n  of ciSrcld; o r  

lines on t h e  rad iograph ic  image due t o  a  bundle o f  smal l  ;tub& o r  

d i v i d i n g  s l i t s  - 

. However t h e  d ivergen t  c o l l i m a t o r  can p rov ide  a  l a r g e  un i fo rm a rea  

on t h e  inspec ted  o b i e c t  but some image d i s t o r t i c n  occurs  a t  t h e  edge of t h e  

i n s p e c t e d  o b j e c t  because neu t ron  p a t s  a r e  r a d i a l  r a t h e r  t h a n  p a r a l e l .  

The beam d i s t o r c i o r ,  can be decreased  by a d j u s t i n g  c o l l i m a t o r  d imensions ,  

and t h e  d i s t o r c l o n  however, i s  of small  i n t e r e s t  except  i n  c a s e  o f  a few 

s p e c i a l  i n s p e c t i o n s .  On t h e  o t h e r  hand t h e  smal l  s i z e o f  t h e  a p e r t u r e  of 

t h e  d i v e r g e n t  co l l imator  n e a r  e f f e c t i v e  t h e r m a l n e u t r o n  source  nakes  i t  

e x c e l l e n t  for s m a l l n e u t r o n  g e n e r a t o r s  an2 r a d i o a c t i v e  sources  (11 ). 

3 . 3 . 1  Assesment of Neutron Beam I n t e n s i t ?  

S ince  we have an i s o t r o p i c  n e u t r ~ m  s o u r c e ,  t h e  d i s c u s s i o n  w i l l  b e  

c o n c e n t r a t e d  on i s o t r o p i c  neu t ron  sources .  



i s  o b t  

As i n d i c a t e d  before ,  a  thermal neutron beam 

a i n e d  from v a l m e  d i s t r i b u t e d  sources  a s  show 

f o r  n e u t r o n  rad iography  

i n  t h e  F i g u r e  3.3. 

Fig .  3.3. Neutron source ,  c o l l i m a t o r  and image p lane .  

It w i l l  be assumed t'mt those  neutrons  t h a t  e x i t  from t h e  volume s o u r c e  and 

e n t e r  t h e  beam tube  through t h e  a p e r t u r e  a r e  ~ i r e c t i o n a 1 1 ~ -  Fsot ropic .  

F igure  3.3. d e s c r i b e s  t h e  system t h a t  i l l u s t r a t e s  t h e  c a l c u l a t i o n  of t h e  

n e u t r o n  i n t e n s i t y  a t  t h e  image p lane  by t h e  fol lowing c o n s t u r c t i o n .  

Let  4 ,  represen t  t h e  i s o t r o p i c  neutron f l u x  a  t h e  i n l e t  of t h e  

c o l l i m a t o r ,  and a ,  i s  the i n l e t  a p e r a t c r e  a r e a ,  a ?  i s  t h e  image p l a n e  a r e a ,  
& 

and L i s  t h e  d i s t a n c e  from i n l e t  t o  co l l imator  t o  t h e  image p l a n e .  

Then t h e  n u d e r  of neu t rons  t h a t  pass  through image a r e a  a  
2 

per  second, r epresen ted  b!r n  i s  given by 

i s  rhe  f r a c t i o n  of t h e  s o l i d  angle  subtendef by a  a t  c o l l i m a t o r  where -- 
4 7rL2 -2 -1 

2 
i n l e t .  The neu t ron  f l u x  a t  t h e  image plane (cm sec  ) is  g i v e n  by 

2 
For  a c i r c u l a r  a p e r t u r e ,  a r 7i(D 1 2 )  2-ields 1 



where d i s  t h e  a p e r t u r e  d i a e t e r  

The f r a c t i o n  of neu t rons  lost due t o  c o l l i m a t i o n  w i l l  be  t h e  r a t i o  

F l u x  a t  t h e  en t rance  - + 1 L 2 - - E. 16 (-) 
Flux  a t  t h e  e x i t  

@ 2 
D 

The r a t i o  of t h e  c o l l i m a t o r  l e n g t h  t o  i n l e t  diametef ( L / D ~  i s  c a l l e d  t h e  

c o l l  ima tor  r a t i o  which r e p r e s e t e n s  an angula r  bean d ivergence  8 

This  a n ~ l e  i s  used a s  a  p a r e x e t e r  desc r ib ing  t h e  e x t e n t  of c o l l i m a t i o n  

One can s e e  t h a t  From equa t ion  (3.5.)  t h e  l a r g e r  ~ / d  ( s m a l l e r  .d i m p l i e s  

a more c o l l i m a t e d  beam and t h e  g r e a t e r  l o s s  of i n t e n s i t v  a t  t h e  image 

s u r f  ace .  

The express ion  (3 .4)  was obta ined by assuming t h a t  211 of  t h e  

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

p r a c t i c e  some of them w i l l  come from t h e  c o l l i m a t o r  w a l l s  a d j a c e n t  t o  t h e  

a p e r t u r e .  Yowkes:,7ortf! has  shown t h a t  t h e  t o t a l  f l u x  i s  given by 

where h i s  l e n g t h  of c o l l i m ~ r o r  w a l l  which emits  n e u t r o n s .  The l e n g t h  h  

v a r i e s  w i t h  d i f f e r e n t  t y p e s  of c e u t r o n  radiography u n i t  i n  t h a t  i t  i s  

u s u a l l y  a s e c t i o n  of t h e  c o l l i m a t o r  t h a t  i s  no t  l i n e d .  For s o u r c e s  of low 

i n t e n s i t y  t h e  unl ined l e n g t h  i s  u s u a l l y  about two d iamete r s  long .  (10) 

3.2.2 C o n t r o l  of Important Var iab les  

The l o c a t i o n ,  d imensie ls  and an a i r g a p  between c o l l i m a t o r  and 

s o u r c e  e f f e c t s  t h e r e s c l u r i o r .  t h e  exposure t i n e  and t-he i r a g e  c o n t r a s t .  

The l ~ c a t i o n  of t h e  c e l l i m a t o r  e n t r a n c e  must be such t h a t  i t  i s  

s u f f i c i e n t l y  c l o s e  t h e  source and c o n s i s t e n t  w i t h  t h e  need f o r  enough 

for  t h e r m a l i z a t i o n  2nd a t t e n u a t i o n  o f c o n t a m i n a t i r , ~  r a d i a t i o n .  

For  a  rad ioac t ive  neutron socrcc  t h e  l o c a t i o n ' o f  a  c o l l i m a t o r  e n t r a n c e  i n  



% t a n ? e n t i a l  p o s i t i o n  w i l l  i n c r e a s e  t h e  t h e m a l  beam i n t e n s i t y  and d e c r e a s e  

t h e  beam contaminat ion (gamma) and f a s t  neutron f l u x  (because  f a s t  and 

Rams r a y s ,  from source  i t s e l f  have a  p r e f e r e n t i a l  r a d i a l  d i r e c t i o n  from 

t h e  source  ( s e e  f i g u r e  3.4.) This f a c t  improves t h e  r e s o l u t i o n  and image 

c o n t r a s t  

F i g .  3 .4 .  P o l a r  p l o t  r e p r e s e n t a t i o n  of f a s t  and thermal  n e u t r o n s  a s s o c i a t e d  
w i t h  a  p o i n t  source  embedded i n  a moderat ing medium. 

The e f f e c t  of t h e  c o l l i m a t o r  dimensions on r e s o l u t i o n  can be s e e n  

from ~ i g u r e  (3.5.) c o n s i d e r i n g  the i m g e  u n ~ h a r p n e s s  

~ i g .  3.5. Neutron c o l l i m a t o r  geometry. 
- .  . 

D 
Uns ahypnes s  i s  exnressed by Ug = - Lf 

L s  

where Ug i s  t h e  geometric image unsharpness ,  cm 

D i s  t h e  source-aper ture  s i z e ,  cm 

L i s  t h e  image t o  o b j e c t  d i s t a n c e  f 
L i s  t h e  source  t o  o b j e c t  d i s t a n c e  

S 



Since Lf << L and is usually equal to the object thinkness the geometric 
S 

unsharpness is linearly dependent the inverss of collimator ratio. So 
- - 

the image unsharpness decreases with ineresiiig collimator length. 

J. l a r c o n  have studied the effect of collimator ratio, using 

radioactive netron source os exposure speed, overall detail visibilitv and 

contrast. The effects can be seen fror the figure (3.6.) 

Fig. 3. E ects that can be obtain& bv chaging collimator ratio using 
2 f 4 ~ f  facility (12). 

~ o t e  thzt the greater the L/D ratio, tk? lok7er the exposure speed, 

the higher the detail visibility and the lower the contrast. 

For a gi-cen collimator ratio, t:~? effe:: of collirnztor di~ensions 

on exposure tice contrast and d e t a i l  1-LsL 'c i l i~--  can  be  s e e z  froi-. F i g u r e  

(3 .7  1. 



Figc-3 .7 . -  E f  f ec tq5$ha t  c a l  be obta ined Ey chaoging c o l l i m a t o r  diinensions - <.A - - 
Using C f  f a c i l i t v  dimensions ( c o i l i m a t o r  r a t i o  h e l d  
c o n s t a n t ) ,  (12). 

From F igure  3.7. one can s e e  t h a t  a  smal l  c o l l i m a t o r ~ e n ~ i h  w i t h  . 
a s m a l l  a p e r t u r e  D l e a d s  t o  h i g h  exposure speed b u t  l o w c - o n t r a s r .  The 

r e a s o n s  can b e  exp la ined  by (a )  s i z e  of i n p u t  a p e r t u r e  r e l a t i v e  t o  t h e  

the rmal  f l u x  peak i n  moderator (b) source f l u x  d e ? r e s s i o n  caused by l a r g e  

a p e r t u r e  c o l l i m a t o r s ,  and (c) i n t e r f e r e n c e  r a d i a t i o n  t h e t  reaches t h e  

imaging p l a n e  (12). 

On t h e  o t h e r  hand, 3 .P .  Bart03 has  shown t h a t  an  a i r  gap between 

n e u t r o n  s o u r c e  and c o l l i m a t o r  (Figure  3.8.)  i m ~ r o v e s  o v e r a l l  d e t z i l  

v i s i b i l i t y  and i n c r e a s e s  t h e  exposure speed.  Th i s  advantage i s  d c s  t o  t h e  

e p a r E t i o n o f  t h e  highly absorb ing  c o i l i m a t o r  m a t e r i a l  from t h e  peak t h e r m a l  

f l u x  p o s i t i o n  which l e a d s  t o  reduced thermal  f l u x .  



Fig.  3 . 8 .  I l l u s t r a t i o n  of a i r -aap  and z e r o  air-gap. 

F i g u r e  3 . 9 .  shows t h e  e f f e c t  of changes i n  t h e  d i m n s i o n  of  t h i s  

a i r -gap  on over  a l l  d e t a i l  v i s i b i l i t y ,  t h i n  o b j e c t  r e s o l u t i o n ,  c o n t r a s t  

and exposure  speed 

- F i g ,  3 , 9 .  E f f e c t s  t h a t  can be ob ta ined  by f i n e  t u n i n g  of a i r - g a p .  



Note tha t  in_trcducinE an a i r  gap leads t o  approxi ra te ly  90 percent  

i nc rease  inexmsure sqeed For t h e f i r s t  2 .5  crn gap. There a f t e r  a l e v e l i n g  

of: t rends  t o  occur-e* Likewise t h e  same e f f e c t  can be seen on the  c o n t r a s t .  

However, a f t e r  2 .5  cn air-gap the  reso lu t ion  sharply increases .  

An optimum air-qap i s  chosen according t o  the r e q u i r e n t ~ e ~ t s  of 

each s p e c i f i c  a p ~ l i c a r i o n .  For over a l l  d e t a i l  v i s i b i l i t y  an a i r  gap of 

2 .5  cm, f o r  the bes t  cont ras t  and exposive speed, 10 cm i s  r eco~ended  and 

f o r  a  good compromise, 5 cn should be used (13) 

In generaly, the  shape 2nd dimension of a  c o l l i m e t o r & n ~ n d s o n  the  

information of the  source and the  sample t o  be radiographed. For r s e c t o r  sources 

the  dimensions of col l imator  a r e  usual ly l a rge  and the col l imator  i s  l i n e d  

a l o n ~  i t s  f u l l  length (10) .  

Since the  s p a t i a l  neutron f lux  i n  a  small source rode ra to r ,  

r ad ioac t ive  and acce la tor  sources,  var ies  across  the  collimator a p e r t u r e ,  

ane t he  longer the col l imator  t h e  grea te r  i s  t he  a t tenuat ion  l o s s  due t o  

co l l ima to r  atmosfer, f o r  t h i s  type of source the  co l l imatcr  i s  usua l ly  

made sho r t  and narrow. The l e a s u r e  of co l l imator  dimensions i s  u sua l ly  

a compromise between exposure speed an? reso lu t ion .  But the  coi is t ruct ion 

of t he  neutron source usual ly s e t s  the  l i m i t s  on t h e k d t h  and the  l eng th  

of a col l imator .  Generally, i t  i s  usual t o  design co l l imators  whose 

dimensions are var iab le .  



CHAPTER 4Y 

DETECTION SYSTEMS FOR NEXTRON RADIOGRAPv 

The d e t e c t i o n  systems used i n  n e u t r m  radiography can be c l a s s i f i e d  

i n t o  two genera l  groups;  photgraphic  d e t e c t i o n  systems and non pho tograph ic  

d e t e c t i o n  systems. Each of t h e s e  systems w i l l  be cons idered  s e p a r a t e l y .  I 

4.1. Photographic ~ e t e c t i o n  ?lethod 

Altf;oug'n, t h e r e  a r e  a  number of a v a i l a b l e  medthods f o r  p h o t o g r a p h i c a l l y  

d e t e c t i n g  n e u t r o n s ,  such a s  s p e c i a l  f i l m  enu ls ions  loaded w i t h  n e u t r o n  

- a b s o r b e r ,  b s r o a  and l i t h i u m  o r  normal photographic f i l m ,  t h e  c o n v e n t i o n a l  

way i s  t o  use  x-ray f i l m  w i t h  a  conver ter  s c r e e n ,  

S ince  neu t rons  have v e r r  l i t t l e  e f f e c t  on ?ho tograph ic  f i l n  t h e s e  

conver te r  s c r e e n s  a r e  used t o  conver t  t h e  neutron image i n t o  a l p h a ,  b e t a  

o r  gam.a r a d i a ~ i o n  which can be de tec ted  rncre r e a d l g  by t h e  p h o t o g r a p h i c  

f i l m .  

The photographic  d e t e c t i o n  methods involve two d i f f e r e n t  approaches  

accord ing  t o  t h e  conver te r  m a t e r i a l ,  given i n  Table (4 .1 )  which a r e  prompt 

emiss ion o r  r a d i o a c t i v e  m a t e r i a l s .  The f i r s t  t y p e  of m a t e r i a l s  

a r e  used i n  d i r e c t  exposure method i n  which f i l m  and s c r e e n  a r e  exposed 

t o g e t h e r  t o  t h e  neu t ron  image, t h e  second type i s  used i n  t h e  t r a n s f e r  

exposure  method i n  which t h e  i m g e  i s  d e t e c t e d  f i r s t  by r a d i o a c t i v e  

c o n v e r t e r  s c r e e n  t h e n  t h i s  sc reen  placed next  t o  t h e  ~ h o t o ~ r a ? h i c  f i l m  

( s e e  F io .  4 .1)  

F i g .  4 . 1 .  ~ h o t c ~ r a p h i c  f i l m  exposure w t h o d s  f o r  n e u t r o n  radiography.  
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4.1 .1 .  D i r e c t  Exposure Method 

A s  a l r e a d y  i n d i c a t e d ,  i n  t h i s  ~ t h o d  t h e  f i l m  and sc reen  a r e  exposed 

t o g e t h e r  t o  necrron beam, so  t h a r  t h e  fLlm may be p r e s e n t  t o  d e t e c t  t h e  

p r o q t  r a d i a t i r z  e m i t t e d  from t h e  s c r e e r  (See F ig .  4 .1 )  . The s c r e e n s  

which a r e  used i n  d i r e c t  exposurE m e t h ~ z  a r e  l i t h i u m ,  boron cadmium, . ? 

gadolinium, sil-zer and rhodium o r ' s r  ~ r e r i a l s  l i s t e d  -in which become 

r a d i o a c t i v e  e a s i l y ,  can be used i2 t h e  Zrans fe r  exposure method. (5) 

The d i r s c t  exposure  method i s  2 f a s t  d e t e c t i o n  t echn ique  bu t  i t  h a s  

a  d isadvantage such t h a t :  i f  t h e  beam 'ES h i g h  i n t e r f e r i n g  gamma r a d i a t i o n  

o r  the  r a d i o g r ~ 2 h e d  o b j e c t  i s  r a f i o a c t l ~ s  and emi t s  gamna rays ,  t h e  f i l m  

p r e s e n t  t o  deti : t  t h e s e  g a m a  r z ~ s  w i l l  be gamma-fozped Also r a d i a t i o n s  

which a r e  emi t r sd  by r e a c t i o n s  bs:ween zeu t rons  and t h e  inspec ted  o b j e c t  

o r  xiith o t h e r  r j j e c t s  i n  t h e  b e a z  pa th  ; r esen t  t h e  same problem. 

I n  c o n s i d e r i n g  a  m e t a r i a l  l i s t e l  i n  Table 4 . 1  f o r  use a s  a  d i r e c t  

exposure conv~l-: tr  s c r e e n ,  one m s t  t h l z k  about what t h i c k n e s s  c r e e n  t o  u s e ,  

t h e  r e l a t i v e  syesd o r  r e s o l u t i o n  ~ h i c h  can be ob ta ined  w i t h  t h a t  m a t e r i a l  

c o w a r e d  t o  o t h s r s  and whether the sc resn  should be p leced  on t h e  n e u t r o n  

s i d e  of t h e  f i l n  ( c a l l e d  f r o n t  s c r e e n s >  o r  on t h e  back s i d e  of t h e  f i l m .  

( c a l l e d  back sc reens )  

I n  g e n e r a l ,  t h e  c h o i c e o f  t h e  cclnverter t h i c k n e s s  i s  a  compromise 

between h i g h  r ~ s o l u t i o n  and s h o r t  exposzre t imes .  Thick sc reen  l e a d s  t o  a  

s h o r t  exposure  eime b u t ,  t h i s  tire r e s c l u t i o n  i s  s a c r i f i s e d .  Berger h a s  

worked on t o  d ~ c e r m i n e  t h e  o p t i m . z  th ickness  of a  p a r t i c u l a r  c o n v e r t e r  

( o r  i n t e n s i f i e r )  sc reen  which w o d d  pru3uce t h e  g r e a t e s t  f i l m  d e n s i t y  f o r  

a  given n e u t r o z  exposure,  by s a n e i c h i t - ;  x-ray f i l m  between known t h i c k n e s s e s  

c o r r s r t e r  s c r ~ z n  m a t e r i a l  and e q o s i n e  t h i s  combination t o  t h e  n e u t r o n  

beam f o r  a  kno;= total n e u t r o n  er;?osure. F igure  (4 .2 )  shows e x ~ e r i m e n t a l  

r e s u l t s  f o r  Ca&-iuIo, vn ich  can be u s e i  :o determine _the c ~ t i m u m  s c r e e n  

tni~xziss and ::-sination. 

It can  3e seen from F i g c r s s  4 . -  t h a t  t h e  c c r v e s  a l l  t e n d  t o  l e v e l  

o f f  f o r  a back sc reen  t h i c k n e s s  cf 0.0" inch .  and t h a t  t h e  h i g h s t  

d e n s i t r  cu rve  is obta ined  f o r  a f r o n t  s c r e e n  t h i c k n e s s  05 O . l O , i n . S i m i l a r  

c o n s i d e r a t i o n s  f r o =  o t h e r  f i " , r ? ~  t h a t  t h e  07tirnurn ; i l m  dens i t , . ,  



( b e s t  speed f o r  a  e iven conver te r  screen)  can be ob ta ined  u s i n g  10-10 Rh, 

20-33 I n ,  18-18 Ag.O.5-2 ~ d ~ ( 5 ) .  ( 1 4 ) .  

F i g .  4 . 2 .  ~ i l m  d e n s i t v  y i e l d e d  bv equal neu t ron  exposurss of s e v e r a l  
double cadxiurn s c r e e n  th icknesscombinat ions  used i n  d i r e c ~  exposure  
method(Nu~3ersm curves  (upper p a r t )  r e f e r  t o  cadmium f r o n t  
s c r e e a  th i 'mess  i n  m i l s ) .  Best speed i s  produced by a  10-20 
sc reen  combination (5). 

T h e o r e t i c a l l y  t h e  t h i k n e s s  of a  conver te r  sc reen  x h i c h  would produce 

t h e  g r e a t e s t  f i l m  d e n s i t y  f o r  a  g iven neutron exposure can be e s t i m a t e d  by 

c o n s i d e r i n g  t h e  absorp t ion  of neu t rons  by c o n v e r t e r  sc reen  and t h e  a t t e n u a t i o n  

o f  ezxitted r a d i a t i o n  wi th in  t h e  sc reen  m a t e r i a l .  For t h e  b e t a  e ~ t t e r s ,  such 

as g8dolinium, ar, e s t i m a t e  of s c r e e n  th ickness  can be made on t h e  b a s i s  o f  

t h e  range o f  t h e  emi t t ed  b e t a  energ.7. Borger shor17ed t h a t  f o r  t h e  most p a r t ,  

t h e  f r o n t  s c r e e n  ehickness  which y i e l d  t h e  b e s t  exper imental  r e s u l t  w a s  i n  

t h e  o r d e r  expected from t h e  range of t h e  most i n t e n s e  b e t a  energy .  For t h e  

g a m  e m i t t e r s  such a s  cadmium, t h e t h i c k n e s s  f o r  t h e  o p t i r m  d e n s i t y  shou ld  

e s s e n t i a l l y  absorb t h e  neutron beam (5). 

X 
It is u s u a l  t o  use a s ior t -hand des igna t ion  such a s  10-20 Cd t o  d e s c r i b e  
a  sec of  s c r e e n s  having a  th ickness  of 0.10 h a s  a  f r o n t  s c r e e n  and 0.020 
i n .  a s  back sc rezn .  



The r e l a t i v e  speed comgarisons between d i f f e r e n t  conver te r  s c reens  

has been performed by Berger. Ee used the  optimum screen th ikness  f o r  each 

converter  screen and pointed the r e l a t i v e  speed f o r  each of them. The 

r e s u l t s  a r e  summarized i n  Table 4 .2 .  From Table 4.2 i t  ~511 be seen t h a t  

t he  order  of the r e l a t i v e  photographic speed f o r  metal d i r e c t  exposure 

converter  mater ia l s  i n  decreasing order ,  i s  rhodium, indium, ~ a d o l h i u m  and 

cadmium. This f a c t  has a l so  been confirmed by various.workers (14).  

It w i l l  be not iced  t h a t  t he  f a s t e s t  exposure speed can be obta ined  

b p B c ~ t i l l a t o r : c o n v e r t e r  screens.  These converter  screens cons i s t  of a 

mixture of a neutron absorber a d  a phosphorous mater ia l  such a s  a mixture 

of Toron -10 and znS (Ag) e t c .  

TASLE 4 . 2 .  Relat ive Photographic S ~ e e d  of Several Direcr Exposure Xethods (51, 

Converter Ya te r i a l  and Screen Configuration (1) Film 'I:.-?e Reiative. Photgraphic Speec: 

6 ~ i  Enriched S a n t i l i a t o r  a s  Back Screen (5) F 5 0 
10 

B Loaded S a n t i l l a t o r  a s  Back Scree= (6)  F 3 5 

Rhodium (10) - ~ a d o l i n i u m  ( 2 )  Screen ( 7 )  KK 1 . 6  

Double Rhodium Screens (10-10) KK 1 . 4  

Double Gaddiniun Screens (1-2) KK 1.1 

Double Indium Screens (20-30) 

Double Dysprosium Screens (3-10) 

Double Cadmium Screens (10-20) 

Double S i lve r  Screens (18-18) 

S ingle  Dvsprosium a s  Back Screen (10) 

S ingle  Gaddinim as  Back Screen C1) 

Single Cadmium as Back Screen (10) 

Single Rhodium as Back Screen (141 

Single  Indium as Front Screen (20) 

S ingle  S i l v e r  as  Front Screen (15) 

Double Gold Fcreen (6,fO) (8) 

F i l n  Only - No Converter 

( i )  Numbers i n  connection with z e t a 1  screens r e f e r  t o  screen th ickness  f o r  
f r o n t  screen and back screen, respec t ive ly ,  i n  mi ls .  



AS a s c j n t i l l a t o r  sc reen ,  two main types  a r e  i n  use and t h e s e  a r e ;  

7 t h e  mix ture  of 6 ~ i  and ZnS(Ag) i n  a  mat r ix  of o r g a n i c  p l a s t i c  m a t e r i a l  

about  4 UUQ t h i c k  and cerium-detivated L i t h i u a  g l a s s  about 1 m. Both 

s c i n t i l l a t o r s  a r e  normally made wi th  l i t h i u m  enr iched  i n  6 ~ i  ( 5 ) .  On the - 
10 o t h e r  hand5oron p o l y e s t e r  enr iched i n  B bas a l s o  been used a s  

10 6 sc5ntklil;Later sc reen .  I n  t h e s e  conver te r s ,  B and L i  have h i g h  c r o s s  

s e c t i o n s  f o r  (n ,  a)  r e a c t i o n ,  t h e  r e s u l t i n g  2 emiss ion-causes  l i g h t  

emiss ion  from t h e  phosphor such as  ZnS(Ag), con ta ined  i n  t h e s e  c o n v e r t e r s .  

Th i s  method y i e l d s  f a s t e r  response than t h e  method i n  which t h e  a lphz  

r a d i a t i o n  i s  used d i r e c t l y  on t h e  f i lm.  

6 
The e f f i c i e n c v  of Li-ZnS(Ag) s c i n t i l l a t o r  sc reen  depends on s e v e r a l  

6 f a c t o r s ,  t h e s e  a r e  t h e  r a t i o  of Li  t o  ZnS(kg), t h e  p a r t i c l e  s i z e ,  c i s t r i b u -  

t i o n  and t h i c k n e s s .  The l a r g e  g ranu la r  mixture p a r t i c l e s  degrade t h e  

r e s o l v i n g  power of sc reen  and reduce t h e  l i g h t  o u t p u t .  I n  a d d i t i o n  t h e  
6 

r a t i o  of L i  t o  ZnS must be cons tan t  across  t h e  s c r e e n a n ?  t h e  n i s t u r ?  

must be d i s p e r s e d  homogeneously through out t h e  ~ l a s t i c ,  The l i g h t  o c t p u t  

o f  6 ~ i - ~ n ~ ( ~ p )  changes w i t h  temperature  (15). 

Table  4 . 3  shows some c h a r a c t e r i s t i c s  of s c i n t i l l z o l s  s c r e e n s  

TABLE 4 . 3 .  Some C h a r a c t e r i s t i c s  of  Thermal Keutron I n t e n s i f  i y i n g  s c r e e n s  ( 3 )  
-- - - - 

Typica l  Typical  neutron Inheren t  
t h i c k n e s s  r e g i s t r a t i o n  e f f i c i e n c y  uns>.arpness Be=- n / J  r a t i o  f o r  2 - 1 ~  

Scraen t y p e  (mm) (XI ( ~ m )  -9G% n lOZl(irnage(n-cm mR 

'42!-fgf ar tu la r )  0.65 

426 ( g r a n u l a r )  0.25 

905 ( g l a s s )  1 . 0  80 $00 5x10' 

The rad iograps  ob ta ined  by t h e  s a n t i l l a t o r  t echn icue  a r e  s u b j e c t  

t o  r e c i p r o c i t y  law f a i l u r e .  The same t o t a l  e e o s u r e  f o r  a  s a n t i l l a t o r f i l m  

d e t e c t o r  a t  one i n t e n s i t y  w i l l  no t  necessa ry  produce t h e  same f i l m  d e n s i t y ,  

as would be f o r  i n c a l  d i r e c t  exposure neu t ron  rad iograph  (16). 

%E s t a n d s  f o r  Nuclear E n t e r p r i s e  which produces such s c i n t i l l a t o r  d e t ? c t o r s ,  



As h a s  Seen pointed o u t  be fo re ,  one should a l s o  c o n s i d e r  t h e  

r e s o l u t i o n  p r q e r t i e s  of  conver ter  sc reens .  Berger h a s  iiade some t e s t s '  
u s i n g  cadmium and saln?in&. t e s t  o b j e c t s  which containai h o l e s  ~ r h o s e  spacin~ 

v a r i e d  from very smal l  t o  l a rge  v a l u e s  (See Figure  4 . 3 ) .  The r e s o l u t i o n  

o b t a i n e d  f o r  a c o n v e r t e r  screen was determined by a nurr.-er of  o h s e m e d  

d e c i d i n g  which h o l e  &ages could s t i l l  be reso lved  a s  s m a r a t e  h o l e s  on 

t h z  radiograph.  The r e s u l t  was such f lat ,  godalinium-rhc5ium and l o a d e d  

s c i n t i l l a t o r s  a r e  one which can begin to compare wi th  t h ~  s h a r p n e s s  o f  t h e  

t r a n s f e r  radiograph.  The ~ o o r e s t s h a r p r s s s  w a s  o b t a i n e d  k-ith cadmiurri s c r e e n s .  

L a t e r  s t u d i e s  sho$ed t h a t  t h e  b e s t  r e s o l u t i o n  can b e  o b t a i n e d  by ~ a d o l i n i u m  

s c r e e n s  (5) .  Tze r e s o l u t i o n  c a p a b i l i t i ~ s  of  c o n v e r t e r s  can b e  e x p l a i n e d ,  

bj- h igh  c r o s s  s s c t i o n  f o r  thermal neutron a b s o r b t i o n ,  a  f a c t  which p e r m i t s  

t h s  u s e  of v e r ;  t h i n  s c r e e n s  wi th  reassnab le  exposure t i l e s  and t h e  
X r z l i a t i o n  emitzed . Since radolinium F 2 s  h i g h  a b s o r p t  i o r  c r o s s  s e c t i o n  2nd 

e d t s  v e r y  s o f t  3 r a d i a t i o n  (around 7C kev) 6y means of i n t e r n a l  c o n v e r s i o n  

e l e c t r o n s ,  i t s  use r e s u l t s  i n  t h e  h e s t  image sharpness  cf i n s p e c t e d  o b j e c t  ( 3 )  

Fig ,  4.3 Cadmium r e s c l u t i o n  t e s t  p i e c e .  

Although l i g h t  e m i t t i n g  s c r e e n s  p rov ide  much f a s  tsr r e s u l t s  t h e y  

have a major disadvar.rage i n  t h e i r  poor s p a t i a l  r e s o l u t i o n ,  because  t h e  f i l m  

-ex;.osure i s  due t o  l i g h t  photons r a t h e r  than  t h e  irxedia:? p roduc t  of 

n e r t r o n  a b s o r b t i o n  and produce images ~ i i c h  t end  t o  have a  g r a i n y  apperance  

dus t o  t h e  gra*ki s i z e  of phorophers.  S c i n t i l l a t i n g  g l a s s s s  p a i n t e d  v i t h  

black l i g h t - a b s ~ r b i n ~  naint imProves  t':e r e s o l u t i o n  t o  a p o i n t  where it can  

c o r p e t e  w i t h  f c i l  t r a n s f e r  method b u t t i ~ d  :o i n c r e a s e  e n o s u r e  t ime  (15)- 

5% g r e a t e r  t k r  pen;ratior of the  r a i i a t i o n ,  t h e  power t h e  r e s o l u t i o n  
v c u l d  be expec:ed because of t h e  i n c r - a s i n p  tendency f c r  a  s p r e a d  of  t h e  
7 ;,age - i t  i n  :if emulsio:. 



The choice  o f  t h e  screen a s  back o r  f r o z t  sc reen  a l s o  e f f e c t s  t h e  

speed and r e s o l u t i o n .  I n  case of s i n g l e  metal  conver te r  s z r e e n ,  tk-r u s e  

o f  f r o n t  s c r e e n s  y i e l d  b e s t  speed r e s u l t s  excezt  cadmium, which 3;ields 

about equa l  response f o r  both f r o n t  and back screens  and r h d o l $ c  which 

y i e l d s  b e t t e r  speed when used a s  back sc reen  ( 1 7 ) .  Hovever some e n e r i m e n t s  

L:ution than t h e  have shown t h a t  the use of back s c r e e n s  y i e l d s  b e t t e r  r e s - .  

use  o f  f r o n t  sc reens  (14) On t h e  o t h e r  hand t h e  use .of r z u b l e  c e c a l .  

c o n v e r t e r  sc reens  on each s i d e  of t h e  f i l m  y i e l d s  f a s t e r  r 2 s u l t s  r i a n  t h e  

use  of s i n g l e  conver te r  screen ?u t  r e s o l u t i o n  ---i l l  he  d e c r r a s e .  Tra2 

Table ( 4 . 4 )  one can s e e  va r ious  conver te r  s c r t e n  r.7hich _zve 

optimum sc reen  t h i c k n e s s  and o r i e n t a t i o n  f o r  ?sod r e s o l u t : ~ ~  c h a r n c t e r i s t i c s .  

I n  t h i s  t a b l e  a  compromise conver ter  sc reen  th ikness  betwesn speetand 

r e s o l u t i o n  had beed used f o r  t h e  s i n g l e  matel  sc reen  m a t e r i a l s .  

It i s  i n t e r e s t i n g  t o  n o t e  t h a t  the  use  c f  double c s h i u m  sc reen  

i n c r e a s e s  t h e  f i l m  d e n s i t y ,  a l though 0.010 i n  f r o n t  cadmi,= s c r e e r  a b s o r b s  

about 95 p s r c e n t  of t h e  neutron beam. The a d d i r i o n a l  densiz-  nroc-:sd by  

t h e  back sc reen  i s  due t o  e l e c t r o n  emission a n t  secondary rad ia t i c :  o e n e r a l  i n  

cadsium by t h e  hard g a m a  r a d i a t i o n  of t h e  (n,Yj r e a c t i o n  i3 c a d ~ l : ~ .  

I n  d i r e c t  exposure method, another  imporcant f a c t  i s  t h e  r e l a t i v e  

response of t h e  d e t e c t o r  t o  n e u t r o n s  and gammas. This  r e l a z i v e  res?onse  
2 

i s  determined by t h e  thermal neutrons/cm requ i red  t o  produce t h e  same 

f i l m  d e n s i t y  when d e t e c t o r  i s  exposed t o  one G l i r o e n t g e n  si 6 0 ~ o  pa- 

r a d i a t i o n , a n d  i s  u s u a l l y  measured by neutron tc- gamma respoase  r a t i o  
2 (neutrons/cm p e r  m i l l i r o e n t g e n ) , B e r g e r  has shored t h a t  t h e  s m a l l e s t  

r esponse  can be ob ta ined  by u s i n g  s c i n t i l l a t  o r  - f i l m  d i r e c r  exposure  

method (5)3 (14) .  

The importaqce of these  response r a t i o s  w i l l  appear  vhen i = s p e c t i o n  

problem i s  such t h a t  t h e -  r e l a t i v e  a b s o r j t i o n  of m a t e r i a l s  f o r  n e u t r o n s  i s  
- - 

q u i t e  d i f f e r e n t  from t h a t  of gamma r a d i a t i o n .  For example :r one %rere 

i n s p e c t i n g  5oron s t e e l  samples t o  determine t h e  un i fo rmi t -  3 f  bor~.?:. 

d i s t r i b u t i o n ,  t h e  neutrons  could  y i e l d  a  p o t e n i i a l l y  h igh  c 2 n t r a s t  i x a g e  

because  o f  t h e  high neutron a t t e n u a t i o n  of borcz and lower z t t e n u a r l o n  i n  

s t e e l ,  t h i s  c o n t r a s t  would be reduced i f  t h e  d s t e c t o r  syszerr! a l s o  

respcnded t o  g a m a  r a d i a t i o n ,  because of t h e  rei-ersed attey-;at ion 

c h a r a c t e r i s t i c  of gamma r a d i a t i o n .  This ~ r o b l e r  can be a v o i l s d  bv Z r a n s f e r  

exposure  t echn ique  



'I'ANI.l? 4.4. N t n i ~ t  r o l l  Iinac:c* i lexo$jhtion Summary 01- D i r e c t  Exposure M ( 1 L l l o d s  

( : I ? I I V I %  rf P 1 -  Sc.rr1c.n 
Milter ia l  ' rh ickness  Cadmium Gadolinium 
and O r i e n t a t  i o n  T e s t  p i e c e  T e s t  P i e c e  

Sc r6%c*n 'r11 i ( . I ( I I ( ~ ~ : ! J  N v t 1 1  1.011 T ? X P ~ F I I I  t-r 
I n v e s t i g a t e d  Time Por AA Film 
( m i l s )  D e n s i t y  of 1 . 5  (min) Remarks 

0 . 5  G d ,  back 
3 Cd, hack 
3 R h ,  back 
5 I n ,  f r o n t  

10 Dy, hack 
') A}!, I- roll! 

1 , 2  m i l s  0 , 4  m i l s  
192 - 
2 - 
2 - 
2 - 
7 l o  . J # G  - 

S i n g l e  meta l  s c r e e n  exposure  
methods 

b 
LiF powder, hack 1 . 2  1.0 

6 
Conpressed LiF powder, 95.6% 

e n r i c h e d  

0 . 1  (Tri-X Film) Modified Stedman type  s c i n t i l l a t o r  
9 6 x 6 ~ i  e n r i c h e d  (6) 

0.1. ( T r i - X  ~ i l m )  1:4 powder m i x t u r e  ( 7 )  u s i n g  96% 
e n r i c h e d  6 L i ~  and ZnS (Ag) 

( : i l ~ - i t ~ n ~  nc$t i v t ~ t  c b c l  ? r i  1 ic.nt.c\ ! : In93 
c o n t a i n i n g  2 . 5 %  L i ,  96% 
e n r i c h e d  w i t h  6 ~ i  

S t ~ n  t y p r  scintillator (Q), 92% 
e n r i c h e d  wi th  1013 

Doltble m e t a l  s c r e e n  methods 

10  Rh-2 Gd 3 .85  F a s t e s t  me ta l  s c r e e n  method 



4.1.2.  T r a n s f e r  Exposure Plethod 

As has  been pointed out p rev ious ly ,  t h e  use of ? o t e n t i a l l y  

r a d i o a c t i v e  w t a l  conver ter  screen i n  t h e  t r a n s f e r  exposure metho6 e l i m i n a t e  

t h e  e f f e c t  on t h e  f i l m  of any o t h e r  r a d i a t i o n  in t h e  neutron beam. However 

t h i s  t r a n s f e r  method, a l s o  y i e l d s  radiographs  hav ing  b e t t e r  r e s o l u t i o n  

t h a n  t h e  d i r e c t  exposure methods.  his i s  p a r t l y  due - t o  s c a t t e r  i n  t h e  

f i l m  emulsion and backing m a t e r i a l  d u r i n g  d i r e c t  exposure a r ~ d  p a r t l y  due 

t o  e l i m i n a t i o n  of hard  gamma r a d i a t i o n  from ( n , ~ )  r e a c t i o n  i n  t h e  t r a n s f e r  

methodx. The disadvantage of t h i s  technique i s  t h a ~  i t  r e q u i r e s  l e i ?  exposur  

t ime  . 

F o r  t r a n s f e r  screen m a t e r i a l  i t  i s  r e q u i r e d  t h a t  sc reen  m a t e r i a l  

shou ld  have high a c t i v a t i o n  c ross  sec t ion  and produce an i s o t o p e  wi th  

a  convenient  h a l f - l i f e ,  long enough f o r  food s t a t i s t i c s  i n  s t o r e d  i ~ a g e  

and s h o r t  enouch f o r  convenient read out  on t o  f i l m  and thence rs-use.  

For example, s i l v e r  and rhodium i s  not  i n  g e n e r a l l y  u s e f u l  a s  t h e  c c h e r  

mate r ia l s ,  5-iallse of t h e i r  short-ha15 l i v e s .  s a t u r a t i o n  actiTTi+iti are 

q u i c k l y  reac?ed and m ~ s t  of r a d i a c t i v e  n u c l e i  decavs b e f o r e  enouc; 

bui ld-up o f  r a d i o a c t i v e  n u c l e i '  i s  a t t a i n e d  t o  expose t h e  f i lm.  

To m d e r s t a n d  the  p o i n t  i n d i c a t e d  above, it w i l l  be u s e f u l  t o  look 

a t  t h e  build-up a c t i v a t i o n  of t h e  d e t e c t i o n  m a t e r i a l s  when exposed t o  t h e  

n e u t r o n  beam. The a c t i v i t y  produced, A, can be found  as  fo l lows  

X It  will b e  seen f r o n  Table 4 .1  t h a t  t r a n s f e r  c o n v e r t e r  s c r e e n s  have b e t a  
a c t i v i t y  . 



Where 

A i s  t h e  a c t i v i t y  produced ( d e s i n t e g a t i o n f  seZ) 

Ca i s  t o t a l  ac t iva t ion  c ross  sec t ion  of converter  ma te r i a l  

A i s  t he  -J-~S+Y constant 

$ i s  t he  thermal f l ux  a t  t he  surface of converzer screen 

r i s  the  i r r a d i a t i o n  time 

N ( t )  i s  the  number of radioact ive nuc le i  prodaced. 

Note t h a t  t h e  a c t i v i t y  produced i s  d i r e c t l y  t o  t h e  

nagnitude of t h e  f l u x  a t  t h e  surface of the  converter  sc reen  and i f  t h e  I 

exposure time increases ,  the  sa tura t ion  e f f e c t  is  reached. i . e .  t h e  

a c t i v i t y  w i l l  be equal t o  ~ r o d u c t i o n  r a t e .  Also i t  w i l l  be seen from 

equat ion (4 .2)  t h a t  there  i s  l i t t l e  t o  be gained ir, exposing a  given 

mater ia l  t o  a  given neutron f lux  f o r  exposure t imes &pond severa l  h a l f  

l i f e s .  The same f a c t  i s  v a l i d  when the t r ans fe r  sc ree3  ma te r i a l  has bee= 

t r ans fe r r ed  t o  a  f i lm  f o r  decay. 

The materials which a r e  mostlv used as  t r a n s f e r  de t ec t ion  screens  

were ~ i v e n  i n  Table ( 4 . 1 ) .  From t h e s e  mater ia l s  d-~srnrs iu- r ,  samarium, i-,dium 

and gold  appear t o  be the  xost  useful .  

Except f o r  r e l a t i v e  neutron-p,amma response t h e  same c h a r a c t e r i s t i c s  

involved i n  t h e  d i r e c t  exposure methods a r e  a l so  v a l i d  f o r  t he  t r a n s f e r  

method. 

Berger has reported t h a t ,  using an i d e n t i c a l  neutron exposure 

and t r a n s f e r  time f o r  a  given screen mater ia l ,  t h e r e  w u l d  be l i t t l e  ~ a i a e d  

i n  t h e  f i l m  dens i ty  by usinc!  indium screen th i cke r  than about 0.020 i n .  

dyspersium th i cke r  than 0.01 i n  o r  gold th icker  than  0.005in.  He has  a l s o  

showed t h a t  these  optimum screen thickneses a r e  s u f f i c i e n t l y  t h i n  so  t h a t  

*th s-ides of t he  screen become almost equal ly a c t i v e  (5). 

The reso lu t ion  p rope r t i e s  of these converter  screens a r e  given ir. 

Table \ , . 4 ) .  From T a b l e  ( 4 . 4 )  one can see t h ~ t  :ne be;: r e s o l u t i o n  can bs 

c b t a i n s ?  b.7 using gold and t h e  b e s t  sleed can bs obtaizsd b r  us ins  

d-snorsiun. 



TABLE 4 . 5 -  Neutron Image Reso lu t ion  Summery of Some Trans fe r  Exposure 
Xethods (3). 

c o n v e r t e r  Screen  Cadmium Gaddinium Screen Thikness Neutron Exposure 
P i a t e r i a l  and Thickness Test  p i e c e  Test  p i e c e  (mils  1 Tims f o r  A.X. F i lm Den 

Another p roper ty  which must be considered f o r  t r a n s f e r  c o n v e r t e r  

s c r e e n s  i s  t h e  a b i l i t y  t o  produce radiographs  with low i n t e z s i t y  beams n o t  

on ly  w i t h  non-reactor neutron sources  but a l s o  i n  r e a c t o r  wcrk,wittl h i g h l y  

absorb ing  o 3 j e c t s .  Thus it i s  necessa ry  t o  e s t i m a t e  t h e  minbum b e a r  

i n t e n s i t y  f o r  image product ion f o r  given metal  f o i l  th ickness .  As En 

example consider  a 100 pn dysprosium which produces good rac iograph  w i t h  
7 2 

a thermal  dose of 10 n/cm / s e c .  

where A i s  the a c t i v i t v  produced 

@ i s  t h e  thermal f l u x  l e v e l  

t i s  i - c a d i a t i o n  time 
- 3 

i s  t h e  decav constant  - 5x10 min. 

AssuGng a maximmi i n t e g r a t i o n  t i n e  f o r  c j s o o r s i u m  s c r e e n  of t h r e e  

h a l f  l i f e s  which i s  equal  t o  e i g h t  hours.  

The radiaton dose impar t ted  t o  t h e  f i l m  i s  given by 

So t h a t  t h e  dose i s  d e t e m i n e d  by t h e  a c t i v i t v  a s  long  a s  d > - c p r o s i c  is 

al lowed t o  decay conp le te ly  i . e .  f o r  e i g h t  hours .  
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7 -2 -1 Since A i s  known from c u r r e n t  exper ience,  f o r  a  f l u x  of 10 n  cm -S 
(181 , the  i r r a d i a t i o n  t ime i s  1 min, t h e  lowest  va lue  of f l u x  w i t h  which 

t r a n s f e r  radiography i s  poss ib le  can be found by 

4 .-2 -1 
$ z 5x10 n  cm s e c  

L n t i l  now we have been concerned w i t h  t h e  p r o p e r t i e s  o f  i n t e r e s t  

f o r  photographic  d e t e c t o r s  i n  thermal neu t rox  radiography s i m i l a r  d e t e c t i o n  

t echn iques  can be a p p l i e d  f o r  e p i t h e r r l  and f a s t  neu t rons .  The m a t e r i a l s  

which a r e  u s e f u l  i n  t h e  epi thermal  or  resonaxce neutron energy reyion a r e  

given i n  Table 4 .6 .  These m a t e r i a l s  cay be used a s  c o n v e r t e r  sc reens  f o r  

e i t h e r  t h e  d i r e c t  exposure o r  t r a n s f e r  exposure methods. 

T ABLE 4 .  7 .  Useful De tec to rs  £ o r  Epithsrmal Xeutroas (1). 

ENERGY OF M4IN I SOTOPE HALF-LIFE 
MATERIAL RESONANCE IN'CLVED PRODUCED 

Indium 1 .46  ev In 54 min 
115 

Gold 4 .9  ev 9Jh 2.7 min 

T u g u s  t e n  18.5 ev w 24 hours  
186 

73.5 ev 
13gh 

Lant hanun 40 hours  

Manganese 337 ev 55h 2.56 hours  

4 .2 .  N o n p h o t ~ g r a ~ h i c  Detect ion Methods 

4.2.1. Track-Etch Image Recorders 

\&en e n e r g e t i c  ions  pass  throush d i e l e c t r i c  m a t e r i a l s  such as mica ,  

g l a s s  and p l a s t i c ,  thev l eave  t r a c k s  05 damage i n t h e i r  wake. Th is  t r a c k  

f o m t i o n  can be expla ined by t h e  f a c t  t h a t  when a  charged ? a r t i c l e  ? a s s e s  

though m a i e r i a l , i t  produces i o n i z a t i o a  a long i t s  p a t h .  Then t h e s e  ions  

r e z e l  each o t h e r  S O  t h a t  a n z r o w  c a v i t ~ s u r r o c n 6 e d  by a r e ~ i o n  under h i g h  

s t r a i n  praduced i n  c r y s t a l l i n e  s t r u c t u r e s  o r  i o n i z a t i o n  produces broken 

chains an$ f r e e s  r a d i c a l s .  I n  bo th  cas2s  t h e  r e s u l t i n g  r e g i o n  i s  chemica l lv  

h i g h l y  r e a c t i v e  because of h i g h s t r a i n .  



Although the l a t e n t  image tracks can be seen under t h e  high 
-+ 

magnif icat ion of an e lec t ron  microscope, i t  i s  conventional t o  use chemical 

e t ch  t o  reveal a  v i sua l  image of t racks (19). 

Detection of t h e m 1  neutrons i s  done by using a  su i tab le  combination 

of charged p a r t i c l e  producing screens i n  contact  with s e n s i t i v e  d i e l e c t r i c  

ma te r i a l  ( so l id  s t a t e  t r ack  de tee tor ,  SSTD).Screens of f i s s i l e  m a t e r i a l s ,  

a lpha producing elements such as L .  and Bo can be used succes fu l lv .  
1 

2 35 However, the  cos t ,poors tabLl i tv  of f i s s i l l e  ma te r i a l ,  U, i n  a i r  and 

radiographic back ground due t o  i t s  n a t u r a l &  a c t i v i t y  lead t o  i n t e r e s t  i n  

sc reens  emittin: a p a r t i c l e s .  The su i t ab l e  a emit t ing screens &re t h e i r  

f l u o r i d e  and carbide,  i . e ,  L i F  and BhC ( 3 )  

X 
The p r inc ip l e  of neutron radiography using SSTDs i s  the  same a s  

f o r  t he  conventional radiographic methods except t h a t  a  charged p a r t i c l e  

s e n s i t i v e  SSTD i s  used ins tead  of conve~tional~hotosensitive f i lm .  

The most useful  SSTDS a r e  polycabonate p l a s t i c ,  which has g r e a t e r  

s e n s i t i v i t y  t o  f i s s i o n  fragment, and ce l lu lose  n i t r a t e ,  which has g r e a t e r  

s e n s i t i v i t y  t o  rad ia t ion .  Theiretchanst  i s  6 .5  N.NaoH. However , mica and 

g l a s s  p l a t e s  a r e  etched i n  HI? acid which requi res  ca re fu l  handl ing.  

The advantages of t r ack  e tch  technioue over conventional 

photographich de tec t ion  techniques a re :  

a )  Thev a r e  cheap and v e r s a t i l e  

b) T h e i r r e g i s t r a t i o n  e f f i c i ency  i s  e s s e n t i a l l v ~ n i m ~ a i r e d b ~  l a r g e  
1 

back grounds of B's, Y'S 'and neutrons theref ore  provide good image 

d e t e c t i o n  f o r  radioact ive mater ials .  

c)  It has no l i g h t  s e n s i t i v i t y  which allows ease  of handling and 

t r a c k  development can take place i n  d a y l i ~ h t  and can be arrested f o r  

i n spec t ion  and r e s t a r t ed .  

d) It provides b e t t e r  reso lu t ion  than t r a n s f e r  technique 

e )  It provides i n f i n i t e  image accumulation time. 

- - 
X 

SSTD1stands f o r  so l id  s t a t e  Track e t ch  Detector 



235 The disadvantages  of t h i s  method a r e  t h a t  U sc reen  produce h igh  
a l p h a  background when used i n  combination wi th  c e l l u l o s e  n i t r a t e  d e t e c t o r  

and low con t rasc  i n  images. However i t  i s  p o s s i b l e  t o  enhance inage c o n t r a s t  

by some methods such a s , c o n t a c t  ~ r i n t i n ~ ,  s c a t t e r e d  l i g h t  anlargement , the  
u s e  of f i u o r e s r r n t  - m t e r i a l  and p l a r i z e d  l i g h t  and red dveE ~ l a s t i c  f i l m s  ( 

Table 1 . 7  shows some of t h e  most commonly used s o l i d  s z a t e  t r a c k  

d e t e c t o r s  and t i e i r  s u p p l i e r s .  

TABLE 4.  . Etcaing Condit ions f o r  Some Commonly Used S o l i d  S tz re  Track 
Betectorf  (20). 

D e t e c t o r  Suppl ie r s  Etching Condit ion 

D a i c e l  Dia Nippon Co., Japan 6.25 N naOH, 10 m i - .  , 5 5 ' ~  

28% KOH, 30 min. ,  5 3 ' ~  

LR 115 Rodak Path6,  France 254 NaOH, 10 min. ,  5 5 ' ~  

Makrof 01 Bayer, A . G . ,  Leverkusen 6.25 N NaOH-4% Benzs 

ti. Germany 20 min, 5 5 ' ~  

T C e l i t  Bayer, A. G . ,  Leverkusen 13% NaOH, 14% KOH, 3.6XSmn04 

IJ. Germany and 64.4% H20, 20 r i n  5 5 ' ~  

C) 25% KOH, 25 min, 6 0 ' ~  

T r a i f  01 sayer, A. G., Leverkusen 251 KOH, 2  hours ,  6 0 ' ~  

k'. Germany 

Lexan General E l e c t r i c ,  P i t t s  6.25 N NaOH-4% Benax 

~ i t t s b u r g  Pa . ,  USA 20 min,  5 5 ' ~  

Soda Lime Glass  1 1  

Muscovite Mica 11 

11 
B i o t i t e  Mica 

4.2.2.  E l e c t r o r i c  Image Recorders 

The majcr d isadvantage of image r e c o r d e r s  of photograp'hic t v p e  

i s  t o  g ive  i m e t i a t e  i zage  a l thf iuoh t h e  use of p e l a r o i d  f i l m  

can l a r g e l y  over  come t h i s  f a c t .  However, e l e c t r o n i c  method of i m e d i a t e  

image p r e s e n t e r i s 3  may a l s o  be used,  but  t h e y  a r e  incomparably c a r e  

expens ive  than  i h e  sc reen  f i l m  method. Before c o n s i d e r i n -  e l e c t r o n i c  image 

p r e s e n t a t i o n  i t  be u s e f u l  t o  cons ider  f l u o r o s c o p i c  image C-zection 

method because it i s  t h e  b a s i s  f o r  e l e c t r o n i c  image p r e s e n t a t i c z .  



Fluoroscop ic  irna3e d e t e c t i o n  i s  used f o r  p roduc t ion  of v i s i b l e  image 

on a  f l u o r e s c e n t  s c r e e n  i . e  f o r  viewing t h e  f l u o r e s e c e n t  image w i t h  d a r k  

adap ted  eyes  dur ing t h e  examination of inspec ted  o b j e c t .  These s c r e e n s  a r e  

g e n e r a l l y  made of zin-c s u l f i d e  o r  cad-ium s u l f i d e  c r y s l a l s  o r  mix tu re  o f  

L i F  i n  c a s e  of neu t ron  inage merhod. The n a t u r a l  s p e c t r a l  emiss ion  of  t h e s e  

s c r e e n s  can be charged bf; t h e  nanufac tu re r  t o  s u i t  c e r t a i n  a p p l i c a t i o n s  by 

add ing  minute amounts of impur t i e s ,  s c  c a l l e d  acrr ivators .  For  example t h e  

use  of  Cu a c t i v a t o r  w i t h  z i n e  c~dmiurr, s u l f i d e  produces  green c o l o u r  l i g h t  

which match c l o s e l y  t h e  s p e c t r a l  sensitivity of t h e  humen eye .  
- -  --- 

- 

Rather  than d i r e c t l y  viewing t i e  f l u o r o s c o p i c  s c r e e n ,  t h e  r a d i a t i o n  

s h i e l d i n n  problem i n  such  a  d e t e c t i o n  z r rangz len t  would be eased w i t h  t h e  

u s e  of a  c losed  c i r c u i t  t e l e v i o z  s y s t m  t o  b r i n g  t h e  f l u o r o s c o p i c  i3aqe 

o u t  of r a d i a t i o n  a r e a .  ~ i t h  most r a d i ~ g r a p h y  u n i t s  t h e  neu t ron  beam 

s t r e g t h  i s  t o o  low t o  give s u f f i c i e n t  Light i n t e n s i t y  t o  be seen i n  moni to r  

s o  image i n t e n s i f i e r s  a r e  p lace2  betwezn t h e  f l u o r o s c o p i c  s c r e e n  and t h e  camer 

Berger  has  developed a  ~ h e r m l  neu t ron  s e n s i t i v e  v e r s i o n  of a  

x-ray image n t e n s i f i e s  i n  w h i c j  t h e  r a d i a t i o n  s e n s i t i v e  n a t e r i a l  i s  L ~ F  

ZnS (3 ) .  

Fig.  4.4. An &age m p l i f i e r  sys tem 

An image a m p l i f i e r  s v s t a  c o n s t s t s  of a  h i g h l y  evacua ted  g l a s s  

t u b e  a t  one end of which i s  a  l z r g e r  of f l u o r e s e r e n t  m a t e r i a l  c a l l e d  t h e  

i n p u t  phosphor,  coa t ing  t 5 e  i n t e r i o r s  ci t h e  t u b e  ( s e e  F i g .  4 . 4 )  A ?Yoto 

emiss ive  l a y e r  c o n s i s t i n g  of a  compoun o f ,  e . g .  ces ium,  antimony i s ? l a c e d  

a d j a c e n t  t o  input phosphor and a c t s  as a photochatode.  This  photo e n i s s i v e  

la;,er e m i t s  low energy e l e c t r o n s  uhen ~ q o s e d  t o  t h e  l i g h t  of t h e  f ? s o r e s c e n t  

s c r e e n .  Hence t h e  f:ucrescsnt scr22n image i s  conver ted  i n t o  an  e l e c t r o n  



image. The e lec t rons  a r e  accelerated bv a  p o t e n t i a l  about 25 kV and brought 

upon 2 phosphor screer! a t  the viewing end of tube which i s  f i n e  grained an< 
a 

has a  smaller s i z e  t h w  the input screen. The output image i s  many times I 
b r i g h t e r  than the  one formed on the  la rge  screen. This i s  due t o  t h e  

increase  of energy acruiredby the  e l ec t rons  and the  reduct ion  of fluoresce^; 

image. Hence the  imageneedlntbe q~iewed i n  the dark and can be seen on a  
I 

TV monitor because of i t s  high br ightness  l e v e l  (21). I 

In  case of x-rzy image i n t e n s i f i e r  of t h i s  type,  t he  e l e c t r o n s  

image wi th in  the  i n t e c s i f i e r  tube i s  obtained by t he  process  x-ray-l ight  

e l ec t rons  however i n  ~ i 2  case of neutron image i n t e n s i f i e s  t he  process  i s  

neutron- alpha-l ight-electrons.  

Although inherent sharpness i s  comparable with EE 421 f ilrn,$ 

s i t u a t i o n  when the  sam screen i s  used, g,eometric unsharpness w i l l  be 

poor s ince  screen i s  some what inside the f r o n t  of the tube. Chalmeton has 

developed a  new neutroz s e n s i t i v e  i n t e n s i f i e r  i n  whichgadolinium was used 

i n  p lace  of the  usual photochatode and placed i t  very near  the  sur face  

of t h e  vacuum envelope. In  t h i s  case s p a t i a l  reso lu t ion  and neutron 

r e g i s t r a t i o n  e f f i c i e n c y  w i l l  be somewhat higher  ( 3 ) .  

A more s t r a i p h i  forward approach i s  t o  use modern high gain image 

i n t e n s i f i e r  T V  camera assembly t o  view the back f ace  of a  l i g h t  -imithing 

screen  through a  f a s t  lense and a  05' miror. 

17ig. 4 . 5 .  lelevision sT>tern f o r  neutron radioprahv. 



F i g .  4 . 6 .  The diagram of  t h e  thermal neutron image i n t e n s i f i e r  (Cascade 

Type) (22)- 

The high g a i n  image i n t e n s i f i e r  i s  of t h e  cascade type a s  shown i n  

t h e  ~ i g u r e  4 .6 .  The photo e l e c t r o n s  produced a t  t h e  i n p u t  rh2:oernissive 

l a y e r  a r e  a c e l e r a t e d  s e v e r a l  k i l o v o l t s  and focused on t h e  f i r s t  dvnode 

w i t h  an mult iplying,  f a c t o r , a n d  e l e c t r o n s r e l e a s e d  from t h e  l a s t  dynode a r e  

a c c e l e r a t e d  on to  a  phosphore sc reen  while ma in ta in ing  then  s p a t i a l  p o s i t i o n  

by means of magnetic focuss ing  c o i l s  (22).  

Most i n t e n s i f i e r s  a r e  com?atible wi th  a  s t a n d a r d  v id iocon  tube  and 

a  number have a  photochade s e n s i t i v i t y  which i s  a good s p e c t r a l  match w i t h  

t h e  Z ~ S ( A ~ )  phosphor. 

With t h e s e  systems t h e t h e r m a l  neutron i n t e n s i t i e s  a s  low a s  10 
5 

2 
n/cm -see i s  r e q u i r e d  f o r  u s e f u l  image. However Berger  h a s  shown t h a t  t h e  

3 
the rmal  neu t ron  i n t e n s i t i e s  a s  low a s  11) n/cm2-sec could be d e t e c t e d  by 

meansof a  c losed  c i r c u i t  o r t h i c o n  t e l e v i s i o n  system. However i n  t h i s  c a s e  
J 

because  o f  s t a t i s t i c a l  v a r i a t i o n s ,  some i n t e g r a t i n p t e a \ n i a u e  such  a s  

a  s t o r a g e  tube o u t p u t ,  a slow scan t e l e v i s i o n  t echn ique ,  o r  simply 

photographyof  t e l e ~ i s i o n  p r e s e n t a t i o n  can be used ( 3 ) , ( 2 1 ) ,  

As w e l l  a s  immediate image p r e s e n t a t i o n  e l e c t r o n i c  i m p e r e c o r d e r s  

p r o v i d e  dynamic image p r e s e n t a t i o n  i . e .  radiograph\. of r av ine  o b j e c t s  , and 

e n a b l e  complex o b j e c t s  t o  be p r e c i s e l y  a l i g n e d  f o r  long  f i l m  exposure .  

T h e r e f o r e ,  one can, f o r  example observe t h e  motion of  l i g h t  o b j e c t s  i n  a 

a p p r e c i a b l e  th ickness  of i leax~- m a t e r i a l s .  In  a d d i t i o n  t h e  r e l a ~ i v e l ~  low 
- -- 

responce  of neutron inags  system t o  i i u h  enerqv gamma r a d i a t i o n  ~ e m i t s  t h e  

n e u t r o n  examination of r a d i o a c t i v e  ob jec t s . .  



IMAGE SYSTEM (XARACEHSTICS 

I n  neutron radiography, one m u s t  have a  de t a i l ed  knowledge about 

t he  densi ty  exposure curve, neutron r e g i s t r a t i o n  e f  f i c iezcy ,  and r e s o l v i n g  

power i o  order t o  make an informed choice of imaging- system f o r  a  radio- 

graphic task.  s ince  the most popular image system cons is t  of a  sc reen  

f i l m  coAinat ion ,  our considerations w i l l  be concentrated on t h i s  system, 

however, the vmderlying p r i n c i p l e s  apply equal ly we l l  to o t h e r  sys  temr  . 

5.1. Density Exposure Charac ter i s t ics  and ~ p a t i z l  ~ e s o l u t i o n  

k?'?n protons or e l ec t rons  f a l l  on t o  a f i l m  emulsicz, which i s  s t a n d a r t  

x-ray film, e l ec t rons  and pos i t i ve  s i l v e r  ions migrate t 3  po in t s  of imperfec- 

t i o n  i n  the s i lver -ha l ide  c rys t a l s  ,an? on a r r i v a l  some s i l v e r  ions a r e  redzzed 

t o  me ta l l i c  s i l v e r  t o  foim the  l a t e n t  image. Af te r  development with s u i t a b l e  

agents the s i l v e r  ha l ide  a t  the l a t e3 t  image i s  fu r the r  reduced m e t a l l i c  

s i l v e r ,  and the uneffected ha l ide  grains are subsequently dissolved away b~ 

the  f ix ing  so l a t ion ,  leav ing  a  black ~ t a l l i c  s i l v e r  image. The speed of  a  

f i lm  i s  a  mesure of the blackening produced by a  given exposure. The g r e a t e r  

the  grain s i z e ,  the g rea t e r  the speed of a f i lm w i l l  be .  But on the  o t h e r  

hand l a r g e r  gra in  s i z e  means poorer resolut ion (10) .  

Tie s i g n a l  o r  degree of blackening of t he  f i lm,  i s  convent ional ly 

r e f e r r ed  t o  as o p t i c a l  densi ty ,  D, defined as 

I 
0 = log 

where I is the i n t e n s i t y  of the  incident  viewing l i g h t  z d  T is  the  i n t e n s i t y  

of t r a q s a i t t e d  l i g h t .  

Tse c h a r a c t e r i s t i c  curve i s  obtained bp p l o t t i n g  rhe dens i ty  versus  

t o t a l  exTosure, which i s  equal t o  the product of in tens i? ,  6, a t  the  image 

po in t  of i n t e r e s t  and exposure time T ,  E =sT. Two typ ica i  density-exposure 

c h a r a c t e r i s t i c  curves f o r  various screen-£ i l m  combinat iozs a r e  shown i n  the  

F igs .  5.1, 5 .2 .  



F i g .  5.1.  T y p i c a l  exposu re  c h a r a c t e r i s  t i c  cu rves  f o r  l i g h t - e m i t t i n g  (hT 
421 and NE 905-1.3mm) and e l e c t r o n  e m i t t i n g  ( g a d o l i n i u m  f b i 3  
0.925mm) i n t e n s i f y i n g  s c r e e n s  f o r  d i r e c t  t e c h n i q u e  t h e r m a l  
n e u t r o n  r ad iog raphy  used s i n g l y  beh ind  s e l e c t e d  f i l m s  (24).  

F i g .  5 . 2  a Tj-pical-densi ty exposure  c h a r a c t e r i s t i c  cu rves  f o r  e l e c t r o n  
eTitting i n t e n s i f y i ~ l g  s c r e e n s  of - 2 d c l i c i u r  and dyspor s ium( ' l ) ,  



The predic t ion  of exposure necessary t o  achieve a  des i r ed  dens i ty  

t o  b e t t e r  than 25 Dercent should mt  beexpectec f rop  such curves  This is due 

t o  the na ture  of t he  f i l m  whit:, l akes  i t  iEpossi5ie  for a manufacturer to 

market a  p rec i se ly  character ized product, and the screen  response i s  n o t  

constant  because the energy spectrun! of neutron beam va r i e s  from one f a c i l i t ~  

t o  another ( 3 ) .  I 

I 

The important po in ts  in  a  s igna l  exposure cu;ve a r e ,  the  minimum 
I 

d ice rn ib l e  densi ty  , t he  gradient of densi ty  c u n ~ ,  t h e  minimum recognise- 

ab le  change in  densi ty ,  and the maximum densi ty .  , 

The minimum dens i ty  which can be observe? above background n o i s e  i s  

usua l ly  termed the threshold in radiography, an? the corresponding exposure 

i s  termed the  threshold speed. The gradient ,  G =dD/dE, i s  r e f e r r ed  t o  a s  
I 

the con t r a s t  of the  recorder .  The stepper the slope of the curve, the  

g rea t e r  w i l l  be the dens i ty  difference.  I f  the  f i lm i s  exposed t o  l i g h t ,  

as i n  the case of s c i n t i l l a t o r  converter,  it i s  usefu l  t o  p l o t  the dens i ty  

aga ins t  t he  logaritm of exposure because a  considerable  ort ti on of t he  curve 

revea ls  a  s t r a i g h t  l i g h t  i n  most important range of image d e n s i t i e s .  The 

minimum dens i ty  change, AD,;*, t ha t  can be r e l i a b l y  observed i s ,  t oge the r  

wi th  the con t r a s t ,  the  parameter which determines the  minimum v a r i a t i o n  i n  

objec t  thickness  d iscern ib le  on a  radiograph. 

Consider the  simple object  of thickness containing a  defec t  of 

thickness  y and l e t  the d i f fe rence  in at tenuat ion c o e f f i c i e n t s  between 

the  bulk object  and d e t a i l  be Z = Zb - Id, see  Figure 5.3. 

The change i n  the exposure due t o  y can be found as fol lows.  The 

neutron f l u x  a t  the converter screen from two p a r t s  of sample would be.  

?;s21ecting the possible  differences introduces by s c a t t e r i n g  process ,  

the f l u x  d i f f e r ence  recorded by converter screen w i l l  be: 



- Fig. 5.3. A schexatic drawing imaze deteztion, 

C x 
Since  E- c)t and t a k i n g  the  bulk exposure as E =: Ioe - b  . The 

exposure d i f f e r e n c e  w i l l  be  

which w i l l  give r i s e  t o  a  d e n s i t y  change 

Then t h e  minimum d e t a i l  th ickness  t h a t  can be d i s c e r n i b l e ,  is  

I f  t h e  c h a r a c t e r i s t i c  curve i s  p l o t t e d  i n  t h e  u s u a l  l o g a r i t h m i c  exposure 

s c a l e  t h e  curve i s  l h e a r  over the  range of d e n s i t i e s  used i n  most r ad io -  

g raphs ,  turns out t o  Se 0.5  t o  2 .5 .  Then t h e  equa t ion  d e s c r i b i n g  t h i s  l i n e  is 



D = GlogE Constant 

Theref o re  

S u b s t i t u t i n g  t h i s  value  i n  Eq (5.8) t h e  th ickness  s e n s i t i v i t y  w i l l  be i 

I 
I n  t h e  case  of l i n e a r  exposure s c a l e ,  such as f o r  B smit:;ng s c r z s n s ,  t h e  I 

I c h a r a c t e r i s t i c s  c u r v s  i s  l i x e a r ,  see  F i g .  5.2, t h e r e f o r e  z i e  d e n s i t y  ilill b e  

Hence, w i t h  equat ion (5 .8)  

I 

From equat ions(5 .10)  and (5.11) one can s e e  t h a t  t h e  s e n s i t i t i t y  improves 

when exposure  is  increased.  However, t h i s  r e l a t i o n  i s  only a c c u r a t e  when 

low gamma r a t i o  beams a r e  used i n  radiography of o b j e c t s  producing l i t t l e  

secondary r a d i a t i o n  because v ray background p r e s e n t s  problem d u r i n g  t h e  

exposure.  

I n  the presence of gamma background t h e  f r a c t i o n a l  s e n s i t i v i t y  

C . ymin/x, i s  amre u s e f u l  measure of rad iograph ic  performance.  Then w i t h  

Eq.  (5.10) 

where B i s  the exposure due t o  background r a d i a t i o n .  
I 

h%en the  recorder  response i s  l i g e a r  w i t h  exposure ,  background 

r a d i a t i o n  h a s  no e f f e c t  on s e n s i t i v i t y ,  beyond adding a cons tan t  aaount 



a l l  dens i t i e s  . 

The thickness s e n s i t i v i t y  f o r  a va r i e ty  of mater ia l  have been 

measured in the range 1-10 percent.  The s e n s i t i v i t y  can be increased f o r  

ob jec t s  i n  which only p a r t s  of i n t e r e s t  i s  highly neutron a b s o r b a t .  ( 3 ) .  

The s p a t i a l  reso lu t ion  de tec tab le  in neutron radiography c a  be 

described quant i tavely i n  terms screen-f i l m  unsharpness ( i nhe ren t  unsharpnessl 

and geometric unsharpness. 

I n  neutron radiography, the presence of c o n v e r t e r s c r e e n  as  an i n t e r -  

mediate s t a t e  introduces unsharpness due t o  the  rad ia t ion  emit ted by the  

screen  which has a grea t  angular spread and e n t e r  t he  f i lm obl iquely a t  

some small l a t e r a l  d i s tance  from i t s  o r ig in  i n  t he  screen. The value of 

s creen-f i l m  unsharpness depends on the range of emit ted r ad i a t ion ,  t h e  

thickness  of converter screen and type of the  f i lm.  

The screen-film unsharpness can be obtained, as a s i n g l e  f i g u r e ,  by 

measuring the density change as a function of d i s tance  accross the image 

i n  a number of ways. The most popular of them i s  the Klasen's method i n  

which a kni fe  edge object i s  placed in contact wi th  the image recorder ,  

thus  e l imina t ing  geometric unsharpness, and the value obtained f o r  un- 

sharpness i s  only due t o  the screen-film unsharpness. This method of un- 

sharpness determination i s  shown i n  the Figure 5.4.  

F i p .  5 . 4 ,  I l l o s t r a t i o n  of Klasens 'S  method f o r  measuring t h e  ucsharpness 
of film-screen c o d i n a t i o n  (10 j . 



m e  rider obtained t h i s  way i s  a  c h a r a c t e r i s t i c  of the recorder  system 

and r i i s  i s  a l so  termed as inherent unsharpness which [ together  with 

geomcr i c  u n s h a p r n e s ~ ~ i s  a  measure of the smal les t  descernible  d e t a i l .  

However, the  f igure  obtained t h i s  way presents  problem because 

kn i f e  edge image t r aces  with same -haqness  n u ~ r i c a l l y  may no t  n e c e s s a r i j  

have -je same b a s i c  shape and give the reso lu t ion  a t  one p a r t i c u l a r  coneras4 

value. The eye i s  pecul ia r ly  sens i t ive  t o  some forms of dens i ty  change w h i d  

a r e  t5en in t e rp re t ed  as differences i n  reso lu t ion .  

The f a i l u r e  of t h i s  system i s  such t h a t  i t  does not  allow the radio- 

g r a p h ~ ~  t o  evaluate the  system d e s i p  and f ine  tune to  produce maximum 

inforzzrion in  radiography. Hence i n  recent years  radiographers developed 

some xmple t e  methods of describing resolving power. One of them i s  modula- 

t i on  r r m s f e r  funct ion which i s  a  p lo t  of the f r a c t i o n a l  response of r e c o r s e  

t o  c c c t r a s t  var ia t ions  i n  the  object as a  function of the sepera t ion  o r  

s p a t i a l  frequency of the  va r i a t i ons .  Any image can be expressed as  a  s e r i e s  

of s k e w a ~ r e s  of d i f f e r i n g  frequency, amplitude,,and phase by the use of 

Fourisr  ana lys i s .  Therefore a  t e s t  object  which w i l l  produce a s i n u s o i d a l l y  

d e n s i q  va r i a t i on  with known frequency and amplitude provides a  means of 

e v a l w t i n g  the resolving power of radiographic system. Such a  t e s t  o b j e c t  

i s  shorn i n  Figure(5.5) and an idea l  radiographic system should produce an 

image of such an object  without loss  or  change i n  information. 

Since such t e s t  ob jec ts  a re  d i f f i c u l t  t o  produce, i n  neutron r ad io -  

graph? the  resolving power i s  obtained by use of a  sharpe edge o r  a  narrow 

s l i t .  Tie densi ty  curve of such system i s  analys ed i n t o  i t s  component o f  

s i n e  vnves, and the curves a r e  reproduced as shown i n  the  Figcre 5.6. 



F i g .  5 .6 .  C-3ntras.t tr-rsfer f,nctions ~f NE 241 and hT 905 s c i n t i l l a t o r s  
~Gzdolinium s c z e n  xri x-ray f i l x s  (10).  

The res2lving power of i ~ a g e  system i s  expressed as the objec t  

s p a t i a l  frequeicy which cz? be regarded the maximum numbar of l i n e s  pe r  

mil imeter  thar  can be resclved from the Figure 5 .6  one can see t h a t ,  wi th  

gadolinium scrsen a sharper radiograph than x-radiograph i s  obtained. 

To obtzin an e s t i m c e  of the s i z e  of the smailest  d e t a i l  t h a t  can be 

de tec ted  on a radiograph of an o5ject  the geometric and inherent  unsharpness 

values must be combined. The f i g ~ r e  obtained w i l l  determine the s i z e  of 

d e t a i l  t h a t  i s  d e s c e r n i b l ~ .  Klasen's suggested t h e  following form of 

empir ica l  f o m i l a  

where UT t o t  24, unsharpness 

Ui inherent unshaqxess  

I t  must be s t a ~ s d  here thac t h i s  i s  one of the seve ra l  empir ical  formula 

from the above formula it  v i l l  bs  readly seen t h a t  use of poor geometric 

unsharpness wi:k a high r ~ s o l u t i z n  recorder w i l l  be was tefu l  ia terms of 

exposure time a d  neutrons. The  timu mum s i t u a t i o n  i s  one in  which U and 
g 

Ui a r e  a p p r o x i 2 t e l y  equal ( ? 3 ) ,  (24) .  



The smallest  d e t a i l  i n  neutron radiograp5y i s  l imi ted  u l t ima te ly  

by 'quantum motle ' ,  which i s  the term given t o  inhomogenitics i n  images 

cansed by na tu ra l  s t a t i s t i c a l  f l uc tua t ions  i n  the number of 

recorded and i n  t h e i r  e f f e c t .  

I n  neutron radiography, sometimes low in t ens i ty  neutron beams must 

be used and some of in tens i fy ing  screen 9 be so e f f e c t i v e  t h a t  fewer than  

100 neutron may produce a  v i s i b l e  change i n  the image -and t h i s  change can 

be discerned when it shows above na tu ra l  f luc tua t ions  i n  i t s  surroundings. 

Hawkescworth and following workers have shown t+bt two requirement must be 

f u l l f i l l e d  t o  de tec t  a  void of cy l indr ica l  f o m .  

a )  The density ciange between the image of  the defec t  and the 

surrounding f i lm densi ty  must be v i s i 5 i e .  

b )  There must be a  s u f f i c i e n t  number of > a r t i c l e s  recorded by the  

f i lm t o  ensure t h a t  the densi ty  of void can be c l e a r l y  d is t inguished  

from densi ty  va r i a t i ons  due t o  noise i n  t he  region of f i l m  

surrounding the image of the world where noise i s  due t o  the s i g n a l  

and the overe l l  exposure plus backgroad.  For a  r e l i a b l e  observa- 

t i on  of a  s i p a l  

where the  confidence fac tor ,  k ,  i s  the  number of t imes the s i g n a l  must be 

g r e a t e r  o r  l e s s  than the s tandard deviat ion i n  s imi l a r  areas  of i t s  

surrounding. The value of k va r i e s  with applicz'Lion. For example the detec- 
2 2 

t i o n  of 1 cm d e t a i l  in  10 cm objec t  w i l l  require  a value of k much smal le r  
2 

t h a t  f o r  the dececrion of 1 nun d e t a i l  in a  100 cm2 ob jec t .  ( 2 4 ) .  

If we consider t h e  d e t a i l  a rea ,  a, and tht thickness  x as  shown i n  

t h e  F igure  5.7 in the absence of image unsharphess t h i s  a rea  w i l l  give r i s e  

t o  a v a r i a t i o n  iY2 i n  t-m average exposure, E ,  ar the  recorder .  Assuming 

t h a t  t he  neutron r e g i s t r a t i o n  e f f i c i ency  i s  n ,  rhe d e b i l  w i l l  give r i s e  t o  

a  v a r i a t i o n  a,bEri i n  s3e number of neutrons rec3rded in  the a r e a  ( a  ~ a )  

w i t h  its u n s h a ~ n e s s ?  & already was indicated 5 o v e  t h i s  change must be  

k  times grea t e r  than the standard deviat ion i n  :kc average number of neutrons 

recorded in areas ( a a ~ a ) .  Therefore f o r  a r e l i a b l e  recogni t ion .  



I f  t h e  smal l  d e t a i l  has an a t t e n u a t i o n  d i f f e r e n c e  i from t h e  b u l k  c h j e c t  

AE EECz, s u b s t i t u t i n g  i n  equat ion 5.12. 

For  t h e  recogni t ion  of c y l i n d r i c a l  d e t a i l  of d iameter  x, 

This  e ~ r e s s i o n  makes an es t imate  of t h e  exposure necessa ry  t o  recognise  a 

p a r t i c ~ l a r  d e t a i l .  

- r x p r e s s i n g  equa t ion  5.14 i n  a  more a p p r o p r i a t e  form 

R e l a t h g  t h e  exposure t o  a t t e n u a t e d  neutron f l u x  a t  the  sc reen  a s  

where a a  i s  t h e  neutron f l u x  a t  t h e  ob jec t  and B is  t h e  f r a c t i o n  of n e u t r o n s  

t h a t  arc t rmsr&t ted .  ~ n s e r t i n g  t h e  values  of E i n  t o  Eq (5.16) 

Csing t3e appropr ia te  values  t h i s  equa t ion  i s  used a s  the  b a s i s  f o r  t h e  

d e s i g n  sf a  new f a c i l i t y  and s e v e r a l  va lues  of D/L  can be : r ied  i n  o r d e r  

t o  determine the  s e n s i t i v i t y  of x t o  t h i s  term. 



Fig.  5.7. Diagramatic r e p r e s e n t a t i o a  of the  format ion of t h e  image, 
diameter ( x s a )  of d e t a i l  ( 24 ) .  

5.2. Film Types and Process ing  

Photographic  f i lms  used in neutron radiography a r e  normal i n d u s t r i a l  

x-ray f i l m s .  ~ i l m  producing companies supply a f u l l  range of i n d u s t r i a l  x- 

r a y  f i l m s  from Ult ra-f ine-grain  t o  high-speed making i t  p o s s i b l e  t o  choose 

t h e  r i g h t  f i l m  f o r  any i n d u s t r i a l  radiography job.  

A comparative l i s t  of some of photographic f i lms  t h a t  have been 

used f o r  neu t ron  radiography a r e  given i n  Table 5.1.  

To p r ~ d u c e  s a t i s f a c t o r y  -radiographs ca re  mus; be taker! i n  p r o c e s s i n g  
* 

f i l m s .  The most c a r e f u l  r ad iograph ic  t e ~ h n i q u e s  can be nail:' f i s i  by in-  

c o r r e c t  dark roam procedures.  Film process ing procedure i s  accomplished by 

d e v e l o p m t ,  a g i t a t i o n ,  s t o p  bath o r  r i n s e  f i x i n g ,  f i x e r  n e u t r a l i s i n g ,  

washing and drying.  





Each of these  s t e p s  must be p e r f o m d  according t o  manufacturer  

recommendations. 

The processed f i l m  can be viewed by i r e c t  viewing, o p t i c a l  p r o t e c -  

t i o n ,  Photographic ne thod, micros copes, and micro dens itome t e r  scan ing .  

5.3. Image Qua l i ty  I n d i c a t o r s  

A f t e r  neutron radiography has  taken i t s  p l a c e  as  a  n o n d e s t r u c t i v e  

t e s t  method commercially, methods of measuring image q u a l i t y  and s t a n d a r t -  

i z a t i o n  have become e s s e n t i a l .  Olle of most widely  used image q u a l i t y  

i n d i c a t o r  i s  t h a t  developed by ASTM (American Soc ie ty  f o r  T e s t i n g  M a t e r i a l ) .  

This image q u a l i t y  i n d i c a t o r ,  (IQI),  cons i s t s  of two b a s i c  p a r t s :  beam 

p u r i t y  i n d i c a t o r  and  a  s e n s i t i v i t y  i n d i c a t o r .  

The beam p u r i t y  i n d i c a t o r  cons i s t s  of a  smal l  b lack  of boron n i t r i d e  

0.315 m t h i c k .  The block c o n s i s t s  of three  h o l e s  one con ta in ing  a t h i n  

f i l t e r  of boron n i t r i d e ,  one conta ining a  boron n i t r i d e  f i l t e r  backed 

by a  l e a d  f i l t e r  and one h o l e  remaining open, s e e  F i g .  5.8. 



T h i s  image q u a l i t y  i n d i c a t o r  is placed on a s i d e  of r a d i o g r a p h i n g  

o b j e c t  and exposed t o  produce a background f i l m  d e n s i t y  at  t h e  s i d e  of 

I 0 1  from 2 t o  3 d e n s i t y  u n i t .  Then wi th  a d e n s i t o m e t q  d e n s i t y  measurements 

a r e  taken on the  radiograph of t h e  101 a t  f i v e  p o s i t i o n s  from Dl t o  D5. 

These f i v e  measurements on the dens i ty  of i t s  --ge a re  recorded t o  g i v e  

t h e  informat ion i n d i c a t e d  i n  t h e  Table (5.2).  

TABLF 5 . 2 .  Tnformation from ASTN E e a  P u r i t y  I n d i c a t o r  (3). 
- - 

Thermal neutron content  (%) (D,-D1)/D3x100 
2 

S c a t t e r e d  neutron content  (%) ( D , - D ~ ) / D ~ X ~ O O  

E p i t h e m a l  neutron content  ( 9 . )  ( ~ ~ - D ~ ) / D ~ x 1 0 0  

Low energy gamma content  (%) (Dl-D4)/D3x100 

The presence of boron n i t r i d e  in t h e  beam p u r i t y  i n d i c a t o r  makes 

measurements regarding t o t a l  neutron exposure, neutron e n e r g i e s  and 

s c a t t e r i n g  f a c t o r  involved i n  t h a t  exposure p o s s i b l e  and the  p resence  of 

l e a d  makes measurements regarding garma exposure and i t s  energy p o s s i b l e .  

The second type of I 0 1  i s  used as s e n s i t i v i t y  i n d i c a t o r  and b a s e d  

on t h e  d e t e c t i o n  of ho les  through d i f f e r e n t  th ickness  of p l a s t i c  s t e p  

wedge ( s e e  Fig .  5 .9) .  

F i g u r e  5 .9 .  ~ e o s i t i v i t g  i n d i c a t o r  ( 2 5 ) .  



The numerical des ignat ion of image q u a l i t y  i s  i n  t h e  f i r m  o f ,  f o r  

example, N 75-10-6 i n d i c a t i n g  t h a t  a  radiograph q u a l i t y  w i t h  a  thermal  

n e u t r o n  content  of 2t l e a s t  75 percen t ,  a  s c a t t e r e d  n e u t r m  of n o t  more 

t h a n  10 percen t  and a  s e n s i t i v i t y  such t h a t  a  0.02 i n c  d i a  x 0.02 i n  deep 

h o l e  can be  seen through 0.062 i n c  i n  p l a s t i c  absorber  (25).  

5 . 4 .  Some Recommendations f o r  Thermal Neutron Radiography 

General ly  a neutron radiography f a c i l i t y  which i s  most s u i t a b l e  f o r  

c a r r i y i n g  o u t  t h e  requ i red  de tec t ion  o r  measurement o p e r a t i o n s  should b e  

used.  

This depends on, a t  f i r s t ,  the type of neu t ron  source .  However, one 

must a l s o  consider  t i e  adrantages of opt imizing t h e  geometry, beam q u a l i t y !  

n e t u r o n  energy and d e t e c t i o n  system whenever t h e  radiography f a c i l i t y  a 1 1 w s  

t h e s e  parameters t o  be c o n t r o l l e d .  

Some advantages of geometry have been considered i n  t h e  p rev ious  

c h a p t e r s .  I n  general  t o  ob ta in  a high q u a l i t y  radiograph t h e  c o l l i m a t o r  

r a t i o  (LID) should be 100 o r  h igher  in  case of r e a c t o r  f u i l  i n s p e c t i n g ,  

f o r  a  u s e f u l  r eso lu t ion  ch i s  r a t i o  should be 10 o r  g r e a t e r .  C o l l i n a t o r  

r a t i o s  of 50 o r  g r e a t e r  a r e  recommended f o r  most ~ r a c t i c a l  a p p l i c a t i o n s .  

1 2 ) .  

The d e s i r a b l e  c h a r a c t e r i s t i c s  of neutron beam f o r  good r a d i o g r a p h i c  
- ,  6 2 

a p p l i c a t i o n s  would h c l u d e :  h igh thermal neutron i n t e n s i t y  around 10 n!cn: - s e t  

or h i g h e r ,  r e l a t i v e l y  log f a s t  neutron i n t e n s i t y  w i t h  cadmium r a t i o s  of 

24)  o r  h i g h e r ,  low gamma-intensity with t h e  r a t i o  of thermal neu t ron  i n t e r i r i t y  
2 5 2  

in n/cm -sec  t o  the  gamma r a d i a t i o n  i n t e n s i t y  i n  MR/sec of 10 n / m  -MR o r  
4 2 

h i g h e r  i n  case  of w t a l  sc reen  image d e t e c t i o n , a n d  10 n/an -MR o r  h i g h e r  

f o r  s c i n l l a t o r  image d e t e c t i o n .  Although i t s  d e s i r a b l e  t o  use a  high cadmi-= 

r a t i o  f o r  thermal neutron radiography, t h e r e  a r e  some a p p l i c a t i o n s  , insp? :- 

t i o n  o f  r e a c t o r  f u e l  e l e m ~ t s ,  in  which t?.igh e p i t h e r m a l  o r  resonance n e u t r x  

p e r c e n t a g e s  would be invented.  

For h igh  r e s s l u t i o n  requirements metal  c o n v e r t e r  s c r e e n s  should be  

u s e d ,  and i n  case of high gamma i n t e n s i t y  t r a n s f e r  e q o s u r e  c o n v e r t e r  

s c r e e n s  a r e  usua l ly  ? r e f e r r e d .  



For high speed and low neutron intensi ty ,  s c i n t i l l a t o r  converter  

sc reens  a re  the b e t t e r  choice (5 ) ,  ( 2 ) .  



DESIGN OF NEUTROXJ P-:DIOGRk?HIC CAQIEU 

A n e u t r m  rad iograph ic  camera is designed t o  p rov ide  a  l a r g e  o r d e r  

the rmal  n e d t r o r  f l u x  a t  t h e  image plane  2nd c o n s i s t s  of f i v e  b a s i c  

components: neczron s o u r c e ,  moderator, s h i e l d ,  c o l l i m a t o r  and i n a g i n g  s y s t e m -  

A neu t rzn  rad iograph ic  camera system con ta in ing  3 -cur i  241Am-~o 

i s o t o p i c  w i l l  6~ d e c s r i b e d  i n  t h i s  cha? te r .  

2b1 
The s o i r c e  i s  3 C i  Am-Be an2 i s  produce? by double e n c a p s u l a t i o n  

i n  304 s t a i n l e s s  s t e l l  b y  j . L  S h e ~ 3 o r d  and Assoc ia tes .  This  source  h a s  been 

t e s t e d  and c l a s s i f i e d  by AKSI procedurss by producer.  

1 

The c h ~ r a c t e r i s t i c s  of t h e  socrce a r e  a s  f o l i o w s :  The neu t ron  y i e l d  
6  

i s  6.bx10 n / s e c  i s o t r o p i c a l l y .  The e q o s u r e  r a t e  of 0.06 Mev gamma 

r a d i a t i o n  f r o r  encapsula ted  source  a t  one meter from t h e  source  i s  6 . 6  m r / h r  

The exposure  of 4 . 4  Mev -*- from Am(~,n)Bc r e a c t i o n  f o r  t h e  same c o n d i t i o n  

i s  0.264 mr/hr .  The s i z e s  of source  are  1" odxl.12" l e n g h t .  Th i s  s o u r c e  

i s  f a s t e n e d  t o  :he bottom of a  me thacn- la te  bar  a s  shown i n  t h e  F i g u r e  6 .1 .  

F i g .  6 . 1 .  Keutron soxrce ar.? i t s  h a n d l e .  



F i ~ u r e  6 . 2 .  shows t h e  energy spectrum of (Am-Bc) n e u t r o n s . T h e i r  

a v e r a g e  energy i s  abo-t fi-;F. )lev. 

241 
~ i , g .  6 .2 .  Nextron energy s ~ e c t r a  of Am-Be Source ( 2 6 ) .  

6 .2 .  Moderator 

As has  a l r e a c y  be ax i n d i c a t e d  t h a t  t h e  source  must be surrounded 

w i t h  a  m i t e r i a l  t o  s l m  d o n  t h e  f a s t  neutrons  t o  thermal e n e r q i e s .  S i n c e  

r a d i o i s o t o ~ e  neutron sources have r e l a t i v e l v  smal l  neu t ron  o u t ~ u t ,  

n o d e r a t o r  m a t e r i a l  an t  dimensions rnust be such a s  t o  p rov ide  t h e  h i 5 h e s t  

p o s s i b l e  peak thermal Xeutron f l u x  over r e l a t i v e l y  smal l  r e q i o n  of t h e  

c o l l i m a t o r  i n p u t .  This f a c t  i s  measured by t h e r m a l i z a t i o n  f a c t o r  which i s  

d e f i n e d  by t h e  r a t i o  of t h e  f a s t  neutron y i e l d  t o  peak thermal  f l u x .  Some 

of t h e r n a l i z a t i o n  f a c t o r s  f o r  d i f f e r e n t  source  and m a t e r i a l s  a r e  piven i n  

Tab le  6 .1 .  The va lues  i n  t h e  t a b l e  were c o l l e c t e d  from d i f f e r e n t  e x ~ e r i n e n t a l  

p rocedures  and t h e r o t i c a l  a n a l y s i s  from s e v e r a l  s o u r c e s  as i n d i c a t e d .  

(271, (3) -  

TABLE 6.1. T h e m a l i z s t i o n  F a c t o r s  f o r  D i f f e r e ~ t .  Moderators and Sources.  

P U C E  S0UF.CE 
241 2t2Cm-3e 

ANL (ca lcufa ted l  Am - 
- , -  
24 L 

ANL (measured) km -Cx-Ec 

ANL (ca1cui.ited) Cf' - - -  



Amone t h e  moderator m a t e r i a l s  meta l  h rd r ides  a r e  t h e  b e s t  moderators  

because  of t h e i r  h i g h  h y d r o ~ e n  con ten t  p e r  cubic cen t ime te r  a s  compared t o  

a n  e q u a l  valume of water  and p a r a f f i n  and t h e i r  a b i l i t y  t o  be heated t o  
0 0 

1273 K and cooled t o  l e s s  than 10 K .  However. economical c o n s i d e r a t i o n s  

p rove  p a r a f f i n  and water  ta be the  most u s e f c l  moderators, Tberef o r e  we 

used p a r a f f i n  zs mbderator 

To f i n d  t h e  p l a c e  of ~ e a k  thermal neutron f l u x  and t h e  h i g h e s t  

p c s s i b l e  t h e m a l i z a t i o n  f a c t o r ,  a  t h e o r e t i c a l  a n a l y s i s  was done i n  t h r e e  

d i r f e r e n t  ways. The parameters  used t o  c a l c u l a t e  theimal neu t ron  d i s t r i b u t i o n  

i n  pa ra f f in -a re  given i n  t h e  t a b l e .  

TABLE 6 . 2 .  D i f fus ion  Parameters f o r  T h e ~ a l  Seutrons  (28).  

D e i s i t y  D Z a  -1 L dtr  e x t r a ~ o : s t e d  
(gn'crn ) Icm) cm (cm) (cm) d i s t a n c e  Removal Cross sec t  ion_for 5 'lev 

2 .89  0.106 0.026 2 .14cm0.32 0.227 3.161 - 
6 .2 .1 .  Removal Di f fus ion  Combination 

I n  hydrogeneus medium, i t  was observed t h a t  t h e  p l o t  oF t h e  t h e r m a l  

f l u x  from a  f a s t  neutron source  c l o s l e v  p a r a l e l s  t h e  f a s t  neu t ron  dose  

c u r v e .  This ~ a r a l e l i s m  i n d i c a t e s  t h a t  t h e  thermal neu t rons  a t  anv given 

p o i n t  must have a r i s e n  from t h e  slowing down of f a s t  neu t rons  i n  t h e  

i m e d i a t e  v i c i c i t y  of t h e  obse rva t ion  p o i n t .  One can t h s r e i o r e  c o n s i d e r .  

The f a s t  f l u x  i n  a  very  smal l  r eg ion  a s  being t h e  source  of thermal n e u t r o n s .  

The reason  i s , a  f a s t  neutron emi t t ed  wi th  energv of E i n  an i f i n i t e  
0 

hydrogeneus medium undergoes i t s  f i r s t  c o l l i s i o n  after-  mx7in;! sne msan 

f r e e  p a t h ,  ie ~ > e  d i s t a n c e  111 ( E ) .  A t  t h i s  p o i n t  neu t ron  l o s e s  much of 
s  

i t s  e n e r m  t h e r e f o r e  the  c r o s s  s e c t i o n  f o r  .cecond c o l l i s i o n  i s  now ~ u c h  

l a ree r ,  and t h e  second mean f r e e  p a t h  i s  cons ide rab ly  s h o r t e r  zhan t h e  

f i r s t .  Hence the mean f r e e  p a t h  decreaseswith  each encounter  r e t h  t h e  

r-sylt t h z t  t h e  neutron m i o r a t e s  only  a  s h o r t  d i s t s n c e  from the  po in t  where 

i t  xas f i r s t  scsrrterej .  

I t  w i l l  5 e  seen i n  t h e  shi 'tildina 5ectic.n t h a t  fas :  nevtron f l u s  a t  

an\- D o i n t  can bc d e t e r , i n e d  by removal theory .  Accordin: t o  t h i s  model t h e  

re=yed n e u t r o ~ s  a r e  considered a s  a s c z r c e  rc r  t h e m a l  n z u t r s z s  (29) .  



The system of equations are 

where 

4 (r) is the fast flux at position r f 
th(r) is the thermal flux at position r 

S is the source of f a q t  neutr,-ns 

x, is the removal cross section 
1, is the absorbtion cross section for thermal neutrpns 

D is the diffusion coefficient of thermal neutrols 

Eq (6.2.) is the second order linear non-homogeneous dilf-equation. 

In order to solve (Eq. 6 . 2 . ) ,  it is convenient to introJ~ce a new variable 

u, for homogeneous part of Eq.  ( 6 . 2 ) ,  defrned by 

where 

The solutions of Eq. (6.3.) are 

A Sinh Kr 
yh2 (r)  &-- 

K- 
The L'rcnskian of these functions can be found to be T - - , and h e  psxarsl 

solution to the dif-eauation is. 
1 



To f i n d  t h e  thermal f l u x  throuph-out the medium, boundarv c o n d i t i o n s  of t h e  

medium must be i m ~ o s e d  on Eq. (6 .4 . )  

Let  us f i r s t  cons ider  t h e  medium, t o  be of i n f i n i t e  e x t e n t ,  i n  t h i s  

c a s e  t h e  boundarv c o n d i t i o n s  a r e ;  

1) qth( r )  must remain f i n i t e  a t  r=o 

2)$th(r) must van i she  a s  rs 

Therefore  t h e  l i m i t s  a an b on the  i n t e g r a l s  and t h e  c o n s t a z t - i n  
C - 

Eq.  ( 6 . 4 , )  must be chosen i n  such a  manner t h a t  t h e  boundarv c o n d i t i o n s  

above a r e  s a t  i s f  iedX 

From eaua t ion  f o u r  one can see  tha t  A=O, SdI ,  a=-and b=o 

Then 

Aqplping some s i r n ~ l e  a l g e b r a .  gives 

- - ~- - - 
X 

Although t h e r e  appears t o  be four  unknown c o n s t a c t s ,  t h e r e  a r e  onl>- two 

because a  and b can no t  be chosen i n d e ~ e n d a n t l y  c= A and B and vice v e r s a  



l o  evaluate the inteerals in Eq . (5.5) , two new variables, ? and q 

defined b7 D i~= ( T i -  9 K)r and q r (T,-R)r, is introduced so that 

These integrals are in the form of what is known as the fx~onantial 

integral function defined by 

-u n-l En(x) = x  j r n L  
x n du 

Inserting for the SinhKr term in E q .  (6.6) 

CrS  
Kr 
e e -Kr mt5(~) = ------ - ( - El ((Z,-.+K)r) -- - E1((Ir -K) r)) 

8.. DK 3: r 

A plot of $th(r) as function of r is given in Fig. 6.5. 

Since the actual case is of a finite medium, the sane nroblem was 

considered also for talkin? case 

This time the Soundary conditions become such that tj must be finite at th 
a r=o and be zero a=R-  where R is the extrapolated boundary - 

Writing the general solution once more 

-Kr SinhKr IPS 
- (xr-K)rl K r  , - 1 

e +3 ----- ( -  - ( SinhKi =la 1 e 
@th(r)z A - inh~r l 

-dr + - - J e 5- dr l ) )  -- I b 1 
r r 4aDS r x r r 

To satisfy the above boundary conditions one can see that,Ad and b=O, 

Then equation (6.4) becomes 



l=.&,s*, xi,,,, B can 5e  four?d from 

The i n t e g r a l s  i d e q u a t i o n  (6.8) and (6 .9 )  can be evaluated bu c o n v e r t i n g  

t h e s e  e q u a t i o n s  i n t o  t h e  form of e q o n a n t i a l  i n t e g r a l  f u n c t i o n .  

Rear rang in  e q u a t i o n  ( 6 . S ) ,  t h e  thermal f l u x  becomes 
> 

A p l o t  of this, f u n c t i o n  f o r  v a r i o u s  moderator r a d i u s  i s  given i n  
r 7  

Fig .  (6 .6)  and t h e  d i f f u s i o n  c o n t s t a n s  used i n  equa t ion  (6.7) and (6 .10)  

a r e  g i v e n  i n  Table  (6 .2) ,  

It has been found t h a t  a f t e r  15 cm t h e  thermal f l u x  behaves a lmost  

a s  it does i n  t h e  i n f i n i t e  medium. Tnerefore i t  i s  not  p r a c t i c a l  t o  t a k e  

t h e  moderator dimensions g r e a t e r  than  this value .  

6 .2 .2  Two Group Di f fus ion  Theory 

I n  t h i s  method, a l s o ,  Reutrons a r e  s ~ l i t t ~ d  i n t o  two groups .  

Thermal n e u t r o n s  are included i n  one group c a l l e d  t h e  t h e m a l  group and 

a l l  t h e  o t h e r  neutrons  a r e  included i n  t h e  f a s t  group, such t h a t .  

%S kT 
62  1) zO/ $ ( r , E )  d E and 

- -- 
a: i s  chosen as R a r b i t r a r g l v  
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