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ABSTRACT 

A sea rch  f o r  p o s s i b l e  nondestruct ive techniques which might be u t i l i z e d  
by a safeguards in spec t ion  team f o r  a u d i t i n g  235U enrichment of UF6 i n  
gaseous d i f f u s i o n  cascade equipment without access  t o  t h e  UFg i t s e l f  w a s  
c a r r i e d  out a t  t h e  ORGDP. 

The work included a l i t e r a tu re  survey of safeguards techniques i n  use  by 
o t h e r s ,  and a sea rch  for o the r  methods o r  equipment which might be  appl ied 
t o  t h e  p re sen t  o b j e c t i v e .  Various poss ib l e  methods are evaluated b r i e f l y .  

Probable l i m i t e d  access  t o  cascade equipment precludes t h e  use  of methods 
involving bulky equipment, including neutron and gamma gene ra to r s ,  coin- 
c iden t  o r  a n t i c o i n c i d e n t  counters  and high energy i s o t o p i c  neutron sources 
of s u f f i c i e n t  s t r e n g t h  t o  produce a measurable f i s s i o n  r a t e  i n  238U which 
r e q u i r e s  l a r g e  s h i e l d s .  I r r a d i a t i o n  with low energy neutrons followed by 
d e t e c t i o n  of f i s s i o n  events and pass ive  gamma measurements could provide 
information on t h e  235U con ten t ,  but  no t  on t h e  238U. 

Two methods upon which prel iminary i n v e s t i g a t i o n s  were c a r r i e d  out a r e  con- 
s ide red  t o  warrant f u r t h e r  development. The f i r s t  involves  a d i r e c t  m e a -  
surement of t h e  2 3 5 U  gamma r a d i a t i o n  from UF6 wi th in  a p ipe  and a measure- 
ment of t h e  absorpt ion o f  gamma rays  from an e x t e r n a l  gamma source when 
t h e s e  r ays  pas s  through t h e  p ipe  w a l l s  and UF6. 
ment i n d i c a t e s  t h e  amount of t h i s  i so tope  p r e s e n t ,  and t h e  gamma absorpt ion 
measurement, when co r rec t ed  f o r  pipe-wall abso rp t ion ,  i n d i c a t e s  t h e  t o t a l  
uranium p r e s e n t .  
t h e  scope of c u r r e n t  technology. The t e s t s  included an eva lua t ion  of  a 
commercially a v a i l a b l e  u l t r a s o n i c  gauge which could be used f o r  pipe-wall 
t h i c k n e s s  measurements. 

The 235U gamma measure- 

Experimental t e s t s  ind ica t ed  t h i s  method t o  be we l l  w i t h i n  

The second method involves  t h e  i r r a d i a t i o n  of  t h e  u F 6  wi th  a moderated neu- 
t r o n  source and t h e  d e t e c t i o n  of  gamma rays  r e s u l t i n g  from neutron cap tu re  
i n  238U and f i s s i o n s  induced i n  235U.  T h i s  method i s  considered t o  w a r r a n t  
f u r t h e r  i n v e s t i g a t i o n ,  bu t  i t s  a c t u a l  f e a s i b i l i t y  has not been e s t a b l i s h e d .  
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SURVEY OF AVAILABLE TECHNOLOGY FOR 
AUDITING 35U ENRICHMENT I N  CASCADE EQUIPMENT 

INTRODUCTION 

This i s  a r e p o r t  on work done at  t h e  Oak Ridge Gaseous Diffusion P lan t  (ORGDP) 
t o  eva lua te  p o s s i b l e  nondestruct ive techniques f o r  a u d i t i n g  uranium-235 
( 2 3 5 U )  enrichment of uranium hexafluoride (UF6) i n  gaseous d i f f u s i o n  cascade 
equipment without access  t o  t h e  UF6 i t s e l f  and without knowledge regarding a l l  
p l a n t  o e r a t i n g  cond i t ions .  While a safeguards in spec t ion  team could con- 
duct a '35U a u d i t  more a c c u r a t e l y  by ob ta in ing  samples from va r ious  p o i n t s  
i n  t h e  p l an t  streams and i s o t o p i c a l l y  analyzing them, permission t o  do t h i s  
might not be granted;  t h e r e f o r e ,  a method f o r  determining t h e  235U enrichment 
of uF6 i n s i d e  process equipment from measurements made o u t s i d e  t h e  equipment 
should be a v a i l a b l e .  

The p r o j e c t  included a nonexperimental eva lua t ion  of va r ious  nondestruct ive 
enrichment determinat ion methods used i n  o t h e r  safeguards a p p l i c a t i o n s  as 
w e l l  as a search f o r  a d d i t i o n a l  app l i cab le  methods. The work, f inded by 
t h e  AEC Divis ion of Nuclear Materials S e c u r i t y ,  was  terminated a f t e r  t h e  
most promising p r i n c i p l e s  were reviewed and an a p p l i c a b l e  system w a s  
developed and engineer ing s p e c i f i c a t i o n s  were prepared b u t  before  t h e  
hardware f o r  cons t ruc t ion  of a prototype or t e s t  u n i t  could be assembled. 

S p e c i f i c  o b j e c t i v e s  of  t h e  work were: 

1. To survey t h e  l i t e r a t u r e  f o r  techniques and instruments  which could 
c o n t r i b u t e  toward t h e  development of  a method f o r  eva lua t ing  t h e  
enrichment of a flowing UF6 stream from a po in t  o u t s i d e  t h e  equipment. 

2.  To determine t h e  a p p l i c a b i l i t y  of s e l e c t e d  techniques and instruments  
on p ipes  of d i f f e r e n t  s izes  containing UF6 a t  d i f f e r e n t  p re s su res  and 
d i f f e r e n t  enrichment l e v e l s .  

On t h e  b a s i s  o f  t h e s e  s t u d i e s ,  two techniques appear t o  warrant f u r t h e r  
i n v e s t i g a t i o n  d i r e c t e d  toward p o s s i b l e  f i e l d  a p p l i c a t i o n .  The f i r s t  i n -  
volves a measurement of t h e  235U gamma r a d i a t i o n  from t h e  UF6 t o  provide 
an e s t ima te  of  t h e  235U p r e s e n t .  
rays  from an e x t e r n a l  source passing through the  p ipe  w a l l s  and UF, gas ,  
when co r rec t ed  f o r  pipe-wall abso rp t ion ,  would provide an e s t ima te  of  t h e  
t o t a l  uranium p resen t .  
value des i r ed .  This method was i n v e s t i g a t e d  i n  prel iminary experiments, 
and it w a s  concluded t h a t  development f o r  p l an t  a p p l i c a t i o n  i s  f e a s i b l e  and 
i s  w e l l  w i th in  t h e  scope of c u r r e n t  technology. 

A measurement of  t h e  a t t e n u a t i o n  of gamma 

The r a t i o  o f  235U t o  t o t a l  uranium i s  t h e  enrichment 

The second method involves  t h e  i r r a d i a t i o n  o f  t h e  UF6 gas wi th  an e x t e r n a l  
neutron source.  Detect ion o f  gamma rays r e s u l t i n g  from neutron cap tu re  i n  
uranium-238 ( 2 3 8 U )  which would e x h i b i t  a c h a r a c t e r i s t i c  energy and t h e  con- 
t inuous spectrum of gamma rays  r e s u l t i n g  from 235U f i s s i o n s  might t hen  
permit eva lua t ion  of  t h e  enrichment. Work on t h i s  method has  been l i m i t e d  
t o  exploratory c a l c u l a t i o n s  t o  eva lua te  t h e  e f f e c t s  of  moderating m a t e r i a l  
around t h e  source on t h e  a n t i c i p a t e d  f i s s i o n  and cap tu re  even t s .  
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The remaining sec t ions  of t h i s  r epor t  cons i s t  of (1) a summary, ( 2 )  a 
b r i e f  d i scuss ion  of system requirements pecu l i a r  t o  app l i ca t ion  i n  a 
gaseous d i f f u s i o n  p l a n t ,  (3) comments concerning s p e c i f i c  nondes t ruc t ive  
techniques f o r  determining uranium enrichment, (4) desc r ip t ions  o f  experi-  
ments concerning t h e  pass ive  measurement of t h e  235U gamma r a d i a t i o n  and 
a gamma a t t enua t ion  measurement t o  determine t o t a l  uranium, ( 5 )  calcu-  
l a t i o n s  t o  eva lua te  t h e  e f f e c t s  on t h e  r e l a t i v e  235U f i s s i o n  r a t e  and 238U 
capture  r a t e  of var ious  f a c t o r s  a f f e c t i n g  t h e  spectrum of neutrons from an 
i s o t o p i c  neutron source,  and ( 6 )  conclusions.  
f o r  t h e  purchase of t h e  components f o r  a germanium-lithium (Ge-Li) gamma 
spectrometry system, and a computer code developed for gamma a t t enua t ion  
ca l cu la t ions  a r e  t r e a t e d  i n  two appendixes. 

Spec i f i ca t ions  developed 

A l i t e r a t u r e  search  f o r  nondes t ruc t ive  techniques which might be  u t i l i z e d  
by a safeguards inspec t ion  team f o r  a u d i t i n g  2 3 5 ~  enrichment of u F 6  i n  
gaseous d i f f u s i o n  cascade equipment without access  t o  t h e  UFg i t s e l f  w a s  
conducted. While an inspec t ion  team could conduct a 235U a u d i t  more ac- 
cu ra t e ly  by obta in ing  samples of UFg from var ious  po in t s  i n  t h e  p l an t  
streams and i s o t o p i c a l l y  analyzing them, permission t o  do t h i s  might not  
be granted;  t h e r e f o r e ,  methods f o r  determining UF6 enrichment i n s i d e  process 
equipment from measurements made ou t s ide  t h e  equipment were sought.  

P r i n c i p a l  s p e c i a l  requirements f o r  equipment t o  be used i n  t h i s  app l i ca t ion  
were t h a t  it be usable  i n  l o c a t i o n s  wi th  only l i m i t e d  access  t o  v e s s e l s  t o  be 
monitored and i n  environmental temperatures up t o  150°F,* and t h a t  t h e  equip- 
ment be e a s i l y  moved from one l o c a t i o n  t o  another .  It was assumed t h a t  d a t a  
regarding cascade opera t ing  cond i t ions ,  such as pressure ,  would not be 
a v a i l a b l e .  

The work included a l i t e r a t u r e  survey o f  safeguards techniques i n  use 
by o the r s ,  and a sea rch  f o r  o the r  methods or equipment which might be 
app l i ed  t o  t h e  o b j e c t i v e s .  

The l i m i t e d  access  t o  cascade equipment a n t i c i p a t e d  i n  f i e l d  a p p l i c a t i o n  
precluded t h e  cons idera t ion  of methods involving neutron and gamma genera- 
t o r s ,  and coincident  or an t i co inc iden t  counting of nuc lear  events  i n  
in t e r roga ted  ma te r i a l s .  
of s u f f i c i e n t  s t r e n g t h  t o  produce a measurable f i s s i o n  r a t e  i n  238U w a s  
a l s o  considered t o  b e  l i m i t e d  by t h e  'bulk of t h e  source sh i e ld ing  requi red .  
I r r a d i a t i o n  wi th  low-energy neutrons followed by de tec t ion  of f i s s i o n  
events  would y i e l d  information about t h e  235U present  but  would not  ind i -  
c a t e  t h e  quan t i ty  of  238U involved. 
provide information on t h e  235U con ten t ,  but  s ince  238U does not  emit gamma 
r a d i a t i o n  and i s  separated from i ts  gamma emi t t ing  daughter products  i n  t h e  
cascade, such measurements a lone do not g ive  s u f f i c i e n t  data f o r  an enrich-  
ment determinat ion.  

The use of high-energy i s o t o p i c  neutron sources  

Passive gamma measurements could a l s o  

J 

*This i s  t h e  h ighes t  temperature ,  i n  t h e  opinion of t h e  ORGDP medical s t a f f ,  
t o  which personnel should be exposed without heat  p r o t e c t i v e  equipnent.  
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1 Two methods upon which prel iminary i n v e s t i g a t i o n s  were c a r r i e d  ou t  a r e  
considered t o  warrant f 'urther development i f  i n t e r e s t  i n  t h e  p r o j e c t  i s  r e -  
newed. The f i r s t  involves  a d i r e c t  measurement of t h e  235U gamma r a d i a t i o n  
from UF6 w i t h i n  a p ipe  and a measurement of t h e  abso rp t ion  of gamma rays  
from an e x t e r n a l  gamma source when t h e s e  r ays  pass through t h e  pipe w a l l s  
and UFg. The 235U gamma measurement i n d i c a t e s  t h e  amount of t h i s  i so tope  
p resen t ,  and t h e  gamma absorpt ion measurement, when co r rec t ed  f o r  pipe-wall 
abso rp t ion ,  i n d i c a t e s  t h e  t o t a l  uranium p resen t .  Experiments i nd ica t ed  
t h i s  method i s  w e l l  w i t h i n  t h e  scope of c u r r e n t  technology. The t e s t s  in-  
cluded an eva lua t ion  of a commerically a v a i l a b l e  u l t r a s o n i c  gauge which 
could be  used f o r  pipe-wall t h i ckness  measurements. 

The second method involves  t h e  i r r a d i a t i o n  of  t h e  uF6 with a moderated 
neutron source and t h e  d e t e c t i o n  of gamma rays  r e s u l t i n g  from neutron 
cap tu re  i n  238U and f i s s i o n s  induced i n  235U.  
i n v e s t i g a t i o n ,  b u t  i t s  a c t u a l  f e a s i b i l i t y  has  not  been e s t a b l i s h e d .  

This  method warrants  f u r t h e r  

SYSTEM REQUIREMENTS 

I n  a d d i t i o n  t o  t h e  obvious requirement t h a t  t h e  system y i e l d  t h e  necessary 
information regarding t h e  q u a n t i t i e s  of 235U and 238U p r e s e n t ,  t h a t  p a r t  
of t h e  system which must be ad jacen t  t o  t h e  equipment being monitored must 
be usab le  i n  l o c a t i o n s  with r a t h e r  l i m i t e d  space a v a i l a b i l i t y .  The equip- 
ment must be operable i n  l o c a t i o n s  wi th  ambient temperatures up t o  150°F, 
t h e  h ighes t  temperature,  i n  t h e  opinion of t h e  ORGDP medical s t a f f ,  t o  
which personnel should be exposed without h e a t  p r o t e c t i v e  equipment. 
should be s u f f i c i e n t l y  p o r t a b l e  t h a t  i t s  a p p l i c a t i o n  would no t  be l i m i t e d  
t o  a s i n g l e  l o c a t i o n .  

It 

COMMENTS ON SPECIFIC TECHBIQUES1-4 

PASSIVE GAMMA MEASUREMENTS 

The d e t e c t i o n  of  gamma rays  emi t t ed  by 235U i n  a gas stream provides a 
means f o r  determining t h e  235U content  of t h e  stream. 
not e m i t  a gamma which would provide a measurement of the q u a n t i t y  of 
t h i s  i so tope  p r e s e n t .  
r ays ,  are removed from t h e  gas stream of a d i f f u s i o n  cascade by depos i t i on  
on cascade s u r f a c e s ,  s i n c e  t h e s e  daughter products do not  form v o l a t i l e  
f l u o r i d e s .  

Uranium-238 does 

The daughter products  6f 238U,  which do e m i t  g m a  

Deposit ion occurs on s u r f a c e s  providing h igh  contact  with t h e  gas  stream. 
The gas stream and p ipe  s u r f a c e s  are e s s e n t i a l l y  free of such daughter 
products .  Thus, pas s ive  gamma measurements are no t  a p p l i c a b l e  t o  t h e  
determinat ion of ' 'U . 
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The use of pass ive  gamma measurements t o  determine 235U content of a pipe 
used i n  conjunct ion wi th  a gamma a t t e n u a t i o n  measurement t o  determine 
t o t a l  uranium w a s  noted i n  t h e  in t roduc t ion ,  and experiments d i r e c t e d  
toward t h i s  purpose are descr ibed la te r  i n  t h i s  r e p o r t .  

ACTIVE INTERROGATION USING NEUTRON OR GAMMA GENERATORS 

Active in t e r roga t ion  using neutron or gamma genera tors  was not  considered 
t o  be app l i cab le  t o  t h i s  p a r t i c u l a r  problem, because of  t h e  bulk  of such 
genera tors  and t h e  a d d i t i o n a l  mass of t h e  requi red  sh ie ld ing ,  a long wi th  
t h e  a t tendant  l ack  of p o r t a b i l i t y .  

ACTIVE INTERROGATION USING ISOTOPIC NEUTRON SOURCE 

Active i n t e r r o g a t i o n  of uranium material f o r  235U measurement may be c a r r i e d  
out  by i r r a d i a t i o n  with low-energy neutrons,  as from an americium-lithium 
source or a source of  thermal neutrons,  and measurement of t h e  r e s u l t i n g  
f i s s i o n  events  by coincidence count ing of neutrons o r  gamma rays .  The use 
of mul t ip l e  counters  and t h e  recording of events  with simultaneous ac t iva -  
t i o n  of two or more counters  provides high d iscr imina t ion  aga ins t  counts 
caused by t h e  i n t e r r o g a t i n g  neutrons or o the r  random events .  

Another technique involving low-energy or thermal neutrons i s  t h e  de t ec t ion  
of fast neutrons with a p l a s t i c  s c i n t i l l a t i o n  counter  b i a sed  t o  exclude 
pulses  from t h e  low-energy i n t e r r o g a t i n g  neutrons.  In t e r roga t ion  wi th  
low-energy neutrons,  wi th  de t ec t ion  of induced f i s s i o n  events ,  y i e l d s  in-  
formation on 235U content  only,  and w i l l  not  i n  i t s e l f  i n d i c a t e  t h e  quan t i ty  
of  238U present  or t h e  des i r ed  enrichment. 

With high energy neutrons,  f i s s i o n s  are produced i n  238U as w e l l  as i n  
235U.  
surements of both t h e  235U and 238U i n  t h e  in t e r roga ted  material. 
t h e  app l i ca t ion  of fas t -neutron i n t e r r o g a t i o n ,  coincidence counting, 
r a t h e r  than  pulse  height  d i scr imina t ion ,  would be requi red  t o  sepa ra t e  
counts due t o  f i s s i o n  neutrons from those  produced by t h e  i n t e r r o g a t i n g  
neutrons.  

The use of  neutrons wi th  two d i f f e r e n t  spec t r a  w i l l  provide mea- 
I n  

With respec t  t o  app l i ca t ion  t o  t h e  present  problem, it i s  noted t h a t  
coincidence counting of f i s s i o n  events  r equ i r e s  high counting e f f i c i e n c y  
t o  a s su re  a s u f f i c i e n t  p r o b a b i l i t y  t h a t  two o r  more counters  w i l l  be  
a c t i v a t e d  simultaneously with t h e  occurrence of a f i s s i o n  i n  t h e  i n t e r r o -  
gated material. 
surrounded by an arrw of counters  t o  obta in  high geometric e f f i c i ency .  
This would l i m i t  app l i ca t ion  t o  loca t ions  with good a c c e s s i b i l i t y .  
add i t iona l  problem i n  t h e  use of a fast neutron source would be  t h e  re- 
quirement f o r  a r e l a t i v e l y  bulky s h i e l d  f o r  t h e  source.  

Thus, t h e  in t e r roga ted  substance must b e  e s s e n t i a l l y  

An 

Q 
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DETECTION OF 8U BY SPONTANEOUS FISSION DETERMINATION 

The spontaneous f i s s i o n s  of 238U may he  measured by coincidence counting 
of f i s s i o n  neutrons i n  a manner similar t o  t h a t  descr ibed above f o r  a c t i v e  
i n t e r r o g a t i o n  wi th  e x t e r n a l  neutrons.  I n  t h i s  a p p l i c a t i o n  coincidence 
counting i s  requi red  t o  d i sc r imina te  aga ins t  background neut rons ,  l a r g e l y  
from t h e  a , n  r e a c t i o n  a s soc ia t ed  with uranium alpha i r r a d i a t i o n  of t h e  
f l u o r i n e  of UF6. 
coincidence counters  make t h i s  method imprac t i ca l ,  For example, a 3-ft 
l e n g t h  of 12-in.-dia p ipe  w i l l  conta in  only 150 g of 238U a t  1% 235U en- 
richment,  4 p s i a  pressure  and 150°F. With a spontaneous f i s s i o n  ra te  of 
7.5 f i s s i o n s  per  second per  kg of 238U and 2% coincidence counting 
geometry5, t h e  count r a t e  would be only  about 1 . 4  counts/min. 
ground, a t t r i b u t a b l e  p a r t l y  t o  cosmic r a y  a c t i v i t y ,  would make accu ra t e  
measurements a t  t h i s  l e v e l  impossible ,  even i f  very  long counting t ime 
were acceptab le .  
should be comparable i n  s i z e  t o  equipment needed f o r  a determinat ion of 
spontaneous f i s s i o n s  i n  a process  p ipe ,  va r i ed  from about 30 counts/min 
a t  t h e  a l t i t u d e  of Los Alamos (about 7,300 f t  above sea l e v e l )  t o  about 
5 counts/min a t  t h e  l e v e l  of Cinc inna t i  (about 500 f t ) .  

The low s e n s i t i v i t y  and t h e  s i ze  l i m i t a t i o n s  of t h e  

The back- 

Cosmic-ray induced counts5 on a  IT b a r r e l  counter ,  which 

CHARACTERISTIC CAPTURE GAMMA RAYS 

The p o s s i b i l i t y  of de t ec t ing  t h e  gamma rays  of c h a r a c t e r i s t i c  energ ies  
a s soc ia t ed  with t h e  capture  of neutrons i n  235U and/or 238U w a s  i n v e s t i -  
ga ted  b r i e f l y .  One system6 u t i l i z e d  gamma d e t e c t o r s  opera t ing  i n  a n t i -  
coincidence wi th  neutron de tec to r s ,  t h e  an t ico inc idence  opera t ion  being 
u t i l i z e d  t o  suppress t h e  mult i tudinous gamma rays  a s soc ia t ed  wi th  t h e  
f i s s i o n  of 235U so  as t o  s e l e c t i v e l y  r e g i s t e r  counts a s soc ia t ed  with 
neutron capture .  A s  no ted  previous ly ,  t h e  phys ica l  arrangements requi red  
f o r  coincidence de tec t ion  of f i s s i o n  events  d r a s t i c a l l y  l i m i t  app l i ca t ion  
of t h i s  method. 

A second p o s s i b i l i t y  i n  t h e  de t ec t ion  of capture  gamma r a d i a t i o n  i s  t h e  
use of a Ge-Li d e t e c t o r  with a sodium iod ine  ( N a I )  c r y s t a l  around t h e  
de t ec to r ,  t h e  two ope ra t ing  i n  coincidence as a p a i r  spectrometer .  The 
energy of i n t e r e s t  would b e  t h a t  of t h e  s p e c i f i c  gamma reduced by t h e  
energy r equ i r ed  f o r  producing an e lec t ron-pos i t ron  p a i r  (1 .02 Mev) . 
Coincidence a t  t h i s  energy (double escape peak) occurs  when t h e  k i n e t i c  
energy of bo th  t h e  e l e c t r o n  and pos i t ron  formed by t h e  gamma i s  t o t a l l y  
deposi ted i n  t h e  Ge-Li de t ec to r ,  and t h e  two gamma rays  (0 .51  Mev/photon) 
r e s u l t i n g  from t h e  a n n i h i l a t i o n  of t h e  pos i t ron  both  escape from t h e  Ge-Li  
de t ec to r .  The surrounding N a I  coincidence de tec to r  provides  a suppression 
of counts no t  involving p a i r  product ion,  and thus  a favorable  peak-to- 
background r a t i o .  

Detection of t h e  double-escape peak of t h e  4059.4 kev neutron-capture 
gamma of 38U (yield--11 photons/100 cap tu res )  without t h e  coincidence 
f e a t u r e  appeared promising enough t o  warrant a d d i t i o n a l  i n v e s t i g a t i o n ,  
and prel iminary f a c t o r s  a f f e c t i n g  t h e  neutron spectrum from an i s o t o p i c  
source are ca l cu la t ed  la te r .  
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235U GAMMA MEASUREMENT EMPLOYING GAMMA TRANSMISSION 

A s e r i e s  of experiments w a s  c a r r i e d  out t o  determine whether a d i r e c t  
measurement of t h e  235U gamma emission from UFg i n  a p ipe ,  combined with 
a gamma transmission measurement t o  determine t h e  t o t a l  uranium i n  t h e  
pipe,  would y i e l d  u s e f u l  es t imates  of t h e  enrichment. Spec i f i c  s t e p s  i n  
t h e  method involve (1) a measurement of t h e  0.185-Mev 235U gamma rad ia t ion  
t o  determine t h e  235U i n  a s e c t i o n  of p ipe ,  ( 2 )  a gamma t ransmiss ion  
measurement t o  determine a t t e n u a t i o n  by t h e  pipe and u F 6  combined, (3)  a 
cor rec t ion  t o  t h i s  a t t e n u a t i o n  f a c t o r  f o r  p ipe  w a l l  e f f e c t s  t o  provide an 
es t imate  of absorpt ion due t o  t h e  UF6 a lone,  and ( 4 )  a c a l c u l a t i o n  of t h e  
t o t a l  uranium i n  t h e  pipe based on t h i s  a t t e n u a t i o n  e f f e c t .  The r a t i o  of 
235U t o  t o t a l  uranium would then  be  t h e  necessary enrichment va lue .  

EXPERIMENTAL 

The experiments involved r a d i a t i o n  measurements on pipes  of t h r e e  diameters-- 
36, 24,  and 12-in.--which were i n s t a l l e d  i n  a heated enclosure and were 
f i l l e d  wi th  uF6 a t  approximately 1 .5% enrichment t o  p re s su res  from o t o  ap- 
proximately 9 p s i a .  For each pressure  condi t ion ,  readings of t h e  235U peak 
were obtained a t  the side of t h e  p ipe ,  bo th  wi th  and without an ex te rna l  
r a d i a t i o n  source of enr iched uranium metal  being placed on t h e  s i d e  of 
t h e  pipe opposi te  t he  d e t e c t o r .  
represented  t h e  t r ansmi t t ed  r a d i a t i o n  , or source con t r ibu t ion .  

The d i f f e rence  between t h e s e  two readings 

Each of t h e  t h r e e  p ipe  sec t ions  (36 i n .  d i a  x 24 f t ,  25 i n .  x 20 f t ,  and 
1 2  i n .  x 20 f t )  w a s  equipped wi th  a p res su re  t r a n s m i t t e r  connect ion,  
sample l i n e ,  and mul t ip l e  thermocouples mounted i n  wel l s  which extended 
a minimum of 8 i n .  from t h e  su r face  of t h e  pipe i n t o  t h e  gas .  
couples  were used on t h e  36-in. pipe;  t h e s e  were mounted on t o p  and 
bottom of t h e  ho r i zon ta l  p ipe  approximately 3 f t  from each end and a t  
t h e  cen te r .  
each, t h e s e  being a t  t h e  t o p  and bottom of t h e  end caps.  Temperatures 
were read from a mul t ipo in t  recorder  which w a s  au tomat ica l ly  connected 
s e q u e n t i a l l y  t o  t h e  var ious  thermocouples. 

Six thermo- 

The 24- and 12-in. p ipes  were f i t t e d  with four  thermocouples 

Two pressure  t r a n s m i t t e r s  were connected i n  p a r a l l e l  t o  t h e  pressure  t a p ;  
one covered t h e  range from 0 t o  20 p s i a  and t h e  o the r  t h e  range from 
0 t o  2 ps i a .  The low-range t r a n s m i t t e r  w a s  i s o l a t e d  from t h e  system when 
pressures  i n  excess of i t s  range were used. 
each of t h e  t r a n s m i t t e r s  w a s  displayed on a sepa ra t e  pressure  gauge and 
recorded by a 2-pen pressure  recorder .  

The pressure  ind ica t ed  by 

Radiat ion measurements were made with t h e  mobile gamma spectrometer system 
developed a t  ORGDP f o r  use i n  extreme temperature l o c a t i o n s .  
a 3 i n .  x 3 i n .  N a I  c r y s t a l ,  w a s  mounted with t h e  photomul t ip l ie r  and 
preampl i f ie r  i n  an i n s u l a t e d  probe. 
wi th  r e f r ige ran t -11  which maintains  t h e  probe temperature a t  about 74OF 
by evaporation. 

The d e t e c t o r ,  

The probe provided an annulus f i l l e d  
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Readings were a l s o  taken us ing  a p o r t a b l e  Ludlum single-channel analyzer.* 
Although t h e  instrument performed very w e l l  under elevated temperatures ,  
t h e  single-channel analyzer  seemed inadequate f o r  p r e c i s e  a s say  de te r -  
mination s i n c e  s h i f t s  i n  t h e  peak due t o  instrument d r i f t  could not be  
r e a d i l y  de t ec t ed .  

The gamma transmission source w a s  93.2% uranium-235 metal i n  t h e  form 
of p l a t e s  2-7/8 i n .  x 5-11/16 i n .  x 0.004 i n .  t h i c k .  These were s tacked 
i n  u n i t s  of  t h r e e  p l a t e s  each t o  g ive  a t o t a l  t h i ckness  of  0.012 i n . ,  o r  
a l i t t l e  more t h a n  one half-value l a y e r  f o r  t h e  235U gamma r a d i a t i o n .  
The s t a c k s  were i n s e r t e d  i n  f i t t e d  paper envelopes a t t ached  t o  a 1/8-in.-  
t h i c k  aluminum p l a t e  t o  form t h e  r a d i a t i o n  source.  S ix  of t h e s e  s t a c k s ,  
providing a source area with o v e r a l l  dimensions o f  about 1 2  i n .  l ong  x 
9 i n .  high were used with t h e  36-in. pipe; two s t a c k s  g iv ing  a source 
about 1 2  i n .  long x 2-7/8 i n .  high were used with t h e  24-in. p i p e ,  and one 
s t a c k  5-11/16 i n .  l ong  x 2-7/8 i n .  high w a s  used wi th  t h e  12-in. p ipe .  

During t h e  f i r s t  experiments, which were made on t h e  36-in. p i p e ,  a c a l i -  
b r a t i o n  measurement w a s  taken a t  t h e  beginning and end of  each s e r i e s  of 
measurements. The series cons i s t ed  of  t h r e e  4-min readings and one 10- 
min reading,  bo th  w i t h  and without t h e  source i n  p l ace ,  at a s i n g l e  p re s -  
s u r e .  Preliminary analyses  i n d i c a t e d  t h e  d e s i r a b i l i t y  of  a more p r e c i s e  
b a s i s  f o r  c a l i b r a t i o n  c o r r e c t i o n s ,  and i n  subsequent runs a c a l i b r a t i o n  
reading w a s  obtained both be fo re  and a f te r  each of t h r e e  10-min measure- 
ments without t h e  source and s imilar  readings with t h e  source i n  p l ace .  
The c a l i b r a t i o n  source w a s  a 110-mg enriched-uranium metal d i s c  which w a s  
mounted i n  t h e  base of t h e  probe ho lde r  on t h e  spectrometer c a r t .  I n -  
c luding t h e  c a l i b r a t i o n  measurements, 747 readings were obtained during 
t h i s  experiment. 

DATA AXALYSIS 

Two computer codes were used i n  examining t h e  da t a .  The f i r s t  w a s  a 
spectrum-analysis c u r v e - f i t t i n g  code which provides t h e  b e s t  f i t  which 
can be made t o  t h e  d a t a  with a Gaussian curve and a s t r a i g h t - l i n e  com- 
b i n a t i o n  and then  t h e  area under t h e  Gaussian peak. G m a  rays  from 
the  source p l a t e  which are aegraded s l i g h t l y  by s c a t t e r i n g  s t i l l  have su f -  
f i c i e n t  energy t o  fall w i t h i n  t h e  a r e a  o f  t h e  peak, although t end ing  t o  
f a l l  at t h e  low-energy s i d e  of t h e  peak. It w a s  observed t h a t  t h e  i n t r o -  
duction of UF6 between t h e  source and t h e  d e t e c t o r  produced a g r e a t e r  
p ropor t iona l  reduct ion i n  t h e  low-energy s i d e  of  t h e  peak than  a t  t h e  
t o p  of the peak, t h u s  e f f e c t i n g  both a r educ t ion  i n  t h e  peak i n t e n s i t y  
observed f o r  t h e  source and a change i n  t h e  peak shape. This change i n  
peak shape makes it quest ionable  whether t h e  c u r v e - f i t t i n g  approach would 
be  t h e  most p r e c i s e  method a v a i l a b l e  for analyzing t h e  d a t a ,  p a r t i c u l a r l y  
where t h e  low-energy s i d e  of t h e  peak i s  included i n  t h e  f i t .  An ad- 
d i t i o n a l  computer run was made wi th  t h i s  code, bu t  with t h e  area of 

*Brand names mentioned i n  t h i s  r e p o r t  are intended t o  be d e s c r i p t i v e ,  not 
Another brand of comparable c h a r a c t e r i s t i c s  could perform l i m i t i n g .  

equa l ly  w e l l .  
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i n t e r e s t  r e s t r i c t e d  t o  a region extending from j u s t  below t h e  t o p  of t h e  
peak t o  a poin t  w e l l  out on t h e  upper s i d e  of t h e  peak. Although t h i s  
d i d  improve t h e  cons is tency  of t h e  r e s u l t s ,  v a r i a b i l i t y  of values  obtained 
under a given condi t ion  w a s  s l i g h t l y  g r e a t e r  when t h i s  code w a s  used than 
w a s  t h e  case  wi th  t h e  second computer code; accordingly,  t h e  second code 
w a s  used i n  t h e  ana lyses  descr ibed below. 

The second computer code, descr ibed i n  Appendix B,  w a s  w r i t t e n  for t h i s  
p ro j ec t  and i s  a r e l a t i v e l y  simple a n a l y t i c a l  t o o l .  It provides a p r i n t o u t  
of t h e  s p e c t r a l  d a t a  converted t o  counts per  minute. I n  a separa te  tabula-  
t i o n  it a l s o  gives  t h e  sum of t h r e e  channels center ing  on t h e  235U peak ( i n  
t h i s  case,  channels 49, 5 0 ,  and 51), averages f i v e  channels o f  higher  energy 
which are e s s e n t i a l l y  c l e a r  of t h e  peak (channels  73 through 77)  and pro- 
v ides  a co r rec t ion  t o  t h e  peak sum on t h e  b a s i s  of t h i s  average. The 
co r rec t ion  w a s  based on ex t r apo la t ion  of a spectrum obtained without any 
UF6 p resen t ,  which r ep resen t s  e s s e n t i a l l y  t h e  con t r ibu t ion  of r e s i d u a l  
daughter products  of 238U. 
a very narrow window, s c a t t e r e d  gamma rays  w i l l  s t i l l  be  de t ec t ed  i n  
t h i s  reg ion ,  s ince  even a degraded photon which i s  de tec ted  with a rela- 
t i v e l y  high-energy-conversion e f f i c i e n c y  may produce a pulse  i n  t h i s  peak 
region. This po in t  i s  considered f u r t h e r  i n  t h e  d iscuss ion  below con- 
cerning t h e  advantages of a germanium d e t e c t o r  for t h i s  app l i ca t ion .  
Samples of t h e  output  o f  t h i s  code a r e  shown i n  t a b l e  1, t h e  conversion 
of t h e  r a w  d a t a  t o  a count per minute form, and t a b l e  2 ,  t h e  t a b u l a t e d  re- 
s u l t s  of t h e  c a l c u l a t i o n s .  The code provides  t h r e e  op t ions ,  designated by 
t h e  form number, f o r  t h e  channels t o  be considered,  and t h e  weighting f a c t o r  
t o  be included i n  t h e  c a l c u l a t i o n s .  For t h i s  p a r t i c u l a r  set of c a l c u l a t i o n s ,  
a l l  t h e  opt ions  were programmed i d e n t i c a l l y .  

Although t h i s  a n a l y s i s  provides ,  i n  e f f e c t ,  

Resu l t s  are l i s t e d  i n  t a b l e  3 and are shown g raph ica l ly  i n  f i g u r e s  1 
through 3. Each poin t  shown rep resen t s  t h e  weighted average of a l l  read- 
ings  taken f o r  a s p e c i f i c  condi t ion ,  t h e  weighting being based on t h e  
l e n g t h  of counting t i m e  for each reading.  Uranium hexaf luor ide  pressures  
were co r rec t ed  t o  a temperature of 130'F. 

The cause of t h e  e r r a t i c  results obtained wi th  t h e  source p l a t e  i n  t h e  
second run with t h e  36-in. pipe could not be  determined. I n  view of t h e  
consis tency of t h e  r e s u l t s  obtained on t h e  f i r s t  run and subsequent runs 
with t h e  o the r  p ipes ,  however, it w a s  not considered t o  r e f l e c t  any funda- 
mental l i m i t a t i o n  t o  t h e  app l i ca t ion  of t h e  method. 

Figures  2 and 3, f o r  t h e  24- and 12-in. p ipes ,  represent  t h e  results of 
two runs by a s i n g l e  l i n e .  A t  t h e  h igher  count ra tes ,  where t h e  count- 
ing  s t a t i s t i c s  should be b e s t ,  t h e  ind iv idua l  po in ts  are  wi th in  2% of 
t h e  l i n e  represent ing  t h e  combined r e s u l t s .  A t  t hese  higher  count ra tes ,  
and on t h e  b a s i s  of  counting s t a t i s t i c s  a lone ,  t h e  95% confidence l i m i t  
on t h e s e  measurements would a l s o  be a2proxLxately 2%. Accordingly, it 
seems reasonable  t o  assume t h a t  some apprec iab le  p a r t  o f  t h e  v a r i a t i o n  
noted i s  due t o  t h e  inherent  s t a t i s t i c a l  na tu re  of  count ing,  and t h a t  
t h e  v a r i a t i o n s  could be reduced by longer  counting times. 
ment r equ i r ing  t h e  g r e a t e s t  p rec i s ion ,  however, i s  t h e  a t t enua t ion  

The measure- 

Q 

Q 



Table 1 

SAMPLE OF COMPUTER OUTPUT 
SHOWING SPECTRAL DATA CONVERTED TO COUNTS PER MINUTE* 

449 CAL 6.8P 12 I N  
FORM 1 
COUNTS/MINUTE FOR EACH CHANNEL 

4.0 
427.3 
1961.8 
2626.3 
1887.8 
4942.0 
249.0 
119.0 
91.3 
64.8 

0.8 
522.0 
2273.3 
2429.0 
1674.3 
4528.3 
210.5 
112.3 
88.8 
66.0 

0.5 
720.5 
2658.0 
2197.5 
1503.5 
3645.8 
186.3 

90.0 
62.8 

112.8 

1.0 
994.8 
2985-3 
1929.3 
1451.0 

171.5 
110.5 
84.3 
62.8 

2758.8 

232.5 

3237.0 
1649.0 
1542.8 
1940.0 
158.3 
111.0 
82 .O 
61.8 

1223.8 
414.3 
1250.0 
3327.0 
1546.8 

1293.5 
147.3 
111.3 
76.0 
60.5 

1807.0 

479.0 
1237.8 
3309.5 
1611.3 
2374.5 
898.5 
137.3 
105.5 
69.5 
52.0 

408.0 
1378.5 
3111.3 
1778.8 
3203.8 
623.8 
136.3 

63.5 
99.0 

47.0 

390.0 

2900.0 
1937.3 
4136.0 
451.5 
127.5 
107.0 
70.8 
53.5 

1565.3 
384.3 
1728.0 
2712 .o 
2025.0 
4730.8 
335.8 
129.0 
95.3 
66.0 
53.5 

u-235 -- 13788.39 NET COUNTS PER MINUTE 

450 CAL 6.8P 12 I N  
FORM 1 
COUNTS/MINUTE F O R  EACH CKANNEL 

4.0 
433.5 
1861.8 
2660.0 
1900.8 

108.8 

63.8 

4852.8 
277.5 

94.8 

0.8  
508.8 
2107.5 
2390.3 
1684.3 
4627.3 
215.5 
108.8 
91.5 
70.0 

0.3 
712.5 

2201.3 
1517.5 

2562.8 

3825.3 
178.3 
108.5 

63.5 
80.5 

0.5 
959.8 
2929.5 
1904.3 
1391.3 
2952.8 
166.5 
115.0 
82.8 
57.0 

246.0 
1196.3 
3261.8 
1668. o 
1476.3 
2036.5 
155.0 
112.3 
85.3 
60.5 

417.3 

3417.5 

1764.0 
1413.3 
153.5 
109.3 

59.0 

1236.0 

1518.0 

66.5 

476.8 
1271.8 

426.5 
1318.0 
3211.0 
1761.0 
3050.5 
690.0 
127.3 
110.0 
77.8 
49.8 

376.0 
1457.8 
2943.8 
1946.3 

472.8 
127.5 
110.3 

51.5 

3918.5 

67.3 

389.3 
1628.0 
2757.0 
2017.3 
4608.0 
345.8 
122.8 
104.5 
68.3 
48.3 

3350.3 
1559.5 
2254.8 
952.5 
149.8 
103.8 
69.3 
56.0 

U-235 -- 13665.41 NEl’ COUNTS PER MINUTE 

451 SP 6.8P 12 I N  
FORM 1 
COUNTS/MINUTE FOR EACH CHANNEL 

10.0 

1422.4 
355.4 

1690.4 
2653.3 
5731.0 
235.2 
76.9 
57.3 
53.6 

1.2 
383.8 
1351.1 
1722.6 
2751.1 
5085.1 
173.5 

0.7 
398.3 
1247.0 
,1732.5 
2885.1 
4153.8 
139.7 
68.1 
57.4 
55.1 

0.4 
413.8 
1173.1 
1702.3 
3050.2 
3095.7 
111.7 
72.1 
55.9 
53.1 

159.4 
444.9 
1164.7 

3306.6 
1720.9 

2188.8 
107.1 
68.0 

50.4 
58.1 

193.7 
515.4 

1229.6 
1811.9 
3698.9 
1500.9 

91.7 
66.4 

47.6 
56.3 

204.2 
643.7 
1279.8 

4212.8 
1989.6 

1026.1 
90.6 
66.8 
55.0 
51.4 

232.2 
848.8 
1418.5 
2181.5 
4843.8 
710.6 
83.1 
60.7 
56.7 
49 .O 

258.0 

1512.5 
2357.5 
5509.7 
479.8 
79.3 
68.5 
56.1 
48.8 

1098.1 
300.1 
1319.4 
1631.4 
2544.8 
5841.1 
331.9 
76.9 
66.5 
51.7 
45.6 

71.3 

51.0 
65.5 

U-235 -- 16400.69 NET COUNTS PER MINUTE 

*Zero channel value (first number in first row) is l i v e  counting time in 
minut e s . 
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Table 2 

SAMPLE OF COMPUTER OUTPUT 
SHOWING R E S U L T S  OF CALCULATIONS 

NOTATION - 
N E T  COUNT R A T E  I S  CALCULATED BY THE FORMULA - 

N E T  COUNT RATE = (SUM O F  CHANNELS A-B)  
-(AVERAGE OF CHANNELS C-D)*E 

FORM 1 R E F E R S  T O  U-235 
A = 49 
B = 51 
c = 73 
D = 77 
E = 3.84 

FORM 2 R E F E R S  TO U-235 
A = 49 
B = 51 
c = 73 
D = 77 
E = 3.84 

FORM 3 R E F E R S  To U-235 
A = 49 
B = 51 
c = 73 
D = 77 
E = 3.84 

449 CAL 6.8~ 12 I N  

450 CAL 6.8P 12 I N  

451 SP 6.8P 12 I N  

452 CAL 6.8P 12 I N  

453 CAL 6.8P 12 I N  

454 CAL 6.8P 12 I N  

455 SP 6.8~ 12 I N  

456 CAL 6.8p 12 I N  

6/29/71 457 CAL 4.4P 
458 CAL 4.4P 12 I N  

459 CALX 4.4P 12 I N  

460 CAL 4.4P 12 I N  

461 4.4P 12  I N  

462 CAL 4.4P 12 I N  

463 CAL 4.4P 12 I N  

12 I N  

FORM 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

TIME 

4.00 
4.00 
10.00 

4.00 
4.00 
4.00 
10.00 

4.00 

4.00 
4.00 
10.00 

4.00 
10.00 

4.00 
4.00 

SUM 
14201.0 
14088.0 
16657.2 
14115.0 
14121.3 
14215.0 
16835.7 
14259.0 
13231.8 
13483.0 
2181.0 

2183.0 
13338.0 

13380.8 
13544.3 

AVG 

107.4 
110.0 

66.8 
110.6 
109.8 

67.5 

105.6 

49.7 
106.5 
48.0 
104.9 
102.4 

110.5 

110.3 

102.9 

PROD 

412.6 
422.6 
256.5 
424.9 
421.4 
424.3 
259.0 
423.4 
405.7 
395.3 
190.7 
409.0 
184.2 
402.8 
393.4 

N F P  COUNTS 

13788.4 
13665.4 
16400.7 
13690.1 
13699.8 

16576.7 
13835.6 
12826.1 
13087.7 

13790.7 

1990.3 
12929.0 
1998.8 
12977.9 
13150.8 
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Table 3 

Pipe 

i n .  
Diameter, Run 

No. - 
36 1 

36 2 

RADIATION READINGS ON PIPES 

24 1 

24 2 

12 1 

Pres  su re  
Reading, 

p s i a  

9.2 
6.82 
4.62 

2.3 
1.0 
0 

9.22 
7.00 
4.20 

1.9 
1.0 
0.5 

0 

6.82 
4.40 

9.20 

1.87 
1.00 
0.50 
0 

0 
9.26 
6.84 
4.44 

1.94 
1.01 

0 

0 
8.96 
6.52 
4.36 

0.51 

UF 6 
Pr e s sur e 
at 130°F, 

ps ia  

7.99 
6.38 
4.41 

2.34 
1.13 
0 

8.99 
6.80 
4.06 

1.86 
0.98 
0.49 

0 
8.65 
6.40 
4.09 

1.764 
0.95 
0.468 
0 

0 
8.84 
6.48 
4.17 

1.86 
0.94 
0.471 
0 

0 
8.39 
6.01 
3.99 

Corrected Counts/ 
Min i n  Peak Channels 

No 
Source 

8,190 
6,758 
5,102 

2,909 
1,568 

75 

8,812 
7,391 
4,842 

2,338 
1,414 
771 

57 
6,841 
5,369 
3,642 

1,656 
944 
509 
73 

73 
7,026 
5,561 
3,828 

1,797 
994 
530 
67 

62 
3,608 
2,730 
1,879 

With 
Source 

13,392 

12,923 
13,160 

12,206 
11,557 
10,838 

14,200 
14,347 
12,788 

11,159 
11,749 
11,445 

8,980 
12,364 
11,563 

9,762 
9,659 
9 , 296 
9,044 

9,044 
12,261 
11,812 
10,808 

9,890 
9,556 
9,198 
8,968 

14,635 
15,099 
14,968 
14,985 

10,797 

Difference  

5,202 
6,402 
7,821 

9,297 
9,989 
10,763 

5,388 
6,956 
7,946 

8,821 
10,335 
10,675 

8,923 
5,523 
6,194 
7,155 

8,106 
8,715 
8,787 
8,971 

8,971 
5,595 
6,251 
6,980 

8,093 
8,562 
8,668 
8,901 

14,573 
11,491 
12,238 
13,106 
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Table 3, Continued 

Pipe Pres  su re  
Diameter, Run Reading, 

No. psia - i n .  

1.91 
1.00 
0.50 
0 

12 2 0 
9.20 
6.80 
4.4 
1.83 

UF6 
Pres  sure 
a t  130°F, 

psia 

1.775 
0.930 
0.462 
0 

0 
8.63 
6.36 
4.07 
1.73 

Corrected Counts/ 
Min i n  Peak Channels 

Source Source Dif fe rence  
No With 

886 14,776 13,890 
508 14,778 14,270 
295 14,802 14,507 
79 14,723 14,644 

79 14,723 14,644 
3 , 661 15 1183 11,522 
2,806 14,952 12,146 

15,021 13,108 1,913 
862 14,887 14,025 

n 

Y 

1.00 0.941 513 14,688 14,175 
0.50 0.468 288 14,796 14,508 

14,718 0.02 0.016 88 14,806 
0 0 87 14,802 14,715 
A i r  0 -- 14,720 14,633 
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DWG. NO. G-71-812 
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DWG. NO. G-71.813 
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Figure 2 
RADIATION READINGS ON 24-INCH-DIAMETER PIPE 

* 

Q 



ds 

4 

23 
DWG. NO. G-71-814 

Figure 3 
RADIATION READ1 NGS ON 12-INCH-DIAMETER PIPE 
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measurement d i r e c t e d  toward t h e  determinat ion of t o t a l  uranium i n  t h e  
pipe.  
a t t enua t ing  e f f e c t s  of UF6 are s m a l l ,  and very  high p rec i s ion  would be 
requi red  f o r  an accu ra t e  enrichment estimate. A more a t t r a c t i v e  a l t e r n a -  
t i v e  than  increas ing  counting t i m e s  i s  t h e  use  of a lower energy g m a  
f o r  t h e  t ransmission measurement. The advantage of using a low-energy 
source w a s  recognized a t  t h e  beginning of t h e  program. 
t h e  235U gamma energy f o r  t h e  t ransmiss ion  measurement w a s  based on t h e  
f a c t  t h a t  t h e  accura te  determinat ion of a lower energy peak; i . e . ,  one 
f a l l i n g  s l i g h t l y  below t h e  235U peak, would be complicated by incomplete 
r e s o l u t i o n  from t h e  235U. This  d i f f i c u l t y  can be circumvented through 
t h e  use of  a germanium de tec to r .  

P a r t i c u l a r l y  i n  t h e  case  of low pressure  and/or s m a l l  p ipe  s i z e ,  

The choice of  

The fol lowing estimates of  t h e  range o f  pressure  va lues  over which t h e  
method would y i e l d  u s e f u l  results may be made. The e f f e c t s  of using a 
germanium de tec to r  r a t h e r  than  NaI are a l s o  considered here .  

1. 

2. 

3. 

4.  

The count ra te  f o r  t h e  d i r e c t  235U gamma measurement w a s  s u f f i c i e n t l y  
high f o r  accura te  measurements down t o  one-half pound p res su re  i n  a 
12-in. p ipe ,  while  using a very s m a l l  f r a c t i o n  of t h e  t o t a l  peak f o r  
t h e  measurement. The lower r e l a t i v e  e f f i c i e n c y  of a germanium de- 
t e c t o r  as compared t o  N a I  would be l a r g e l y  o f f s e t  by t h e  f a c t  t h a t  
t h e  t o t a l  peak would be usable .  

Since v a r i a t i o n s  on t h e  order  of 2% were noted i n  t h e  d i f f e rences  
between readings wi th  and without t h e  e x t e r n a l  source ,  it w a s  con- 
sidered t h a t  approximately a '10% reduct ion  i n  t h e  source con t r ibu t ion  
by t h e  e f f e c t s  of u F 6  would permit a r e l a t i v e  enrichment eva lua t ion  
t o  wi th in  t20%. 
1 . 6  p s i a  i n  a 36-in.-dia p ipe ,  2.2 p s i a  i n  a 24-in. p ipe ,  and 3.9 p s i a  
i n  a 12-in. pipe.  These results are encouraging and wi th  a germanium 
de tec to r  and a lower-energy source,  t h i s  s e n s i t i v i t y  could be i m -  
proved. 

Such a reduct ion  corresponds t o  UFg pressures  of 

The g r e a t e r  absorp t ion  by t h e  pipe w a l l s  wi th  a lower energy gamma 
source could be  o f f s e t  by t h e  use  o f  a more in t ense  i s o t o p i c  source.  
This would a l s o  permit use of a source s u f f i c i e n t l y  s m a l l  i n  phys ica l  
s i z e  t o  be t r e a t e d  as a poin t  source f o r  a t t enua t ion  ca l cu la t ions .  
Such small s i z e  cannot be achieved wi th  235U because of t h e  inherent  
se l f -absorp t ion  c h a r a c t e r i s t i c s  o f  t h e  uranium f o r  i t s  own gamma 
miss ion. 

A germanium de tec to r  a c t s  e s s e n t i a l l y  as a narrow-beam de tec to r  f o r  
a l l  geometries i n  t h a t  s c a t t e r e d  r a d i a t i o n  i s  reduced s u f f i c i e n t l y  
i n  energy t o  f a l l  ou t s ide  t h e  peak region.  This  w i l l  g r e a t l y  f a c i l i -  
t a t e  t h e  ca l cu la t ions  of w a l l  co r r ec t ions  and UF6 se l f -absorp t ion  ef- 
f e c t s  over s u f f i c i e n t  ranges t o  permit app l i ca t ion  of  t h e  method t o  
any gaseous d i f f u s i o n  s i t u a t i o n .  
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Analys is  of t h e  d a t a  obta ined  i n  t h e  experiments i nd ica t ed  t h a t  t h e  method, 
even wi th  far from optimum equipment, i s  s u f f i c i e n t l y  s e n s i t i v e  t o  y i e l d  
u s e f u l  e s t ima tes  of t h e  enrichment of a UFg gas  stream provided gas  pres-  
s u r e s  are 2 p s i a  or above, depending on t h e  p ipe  s i z e .  The experiments 
a l s o  demonstrated some important l i m i t a t i o n s  encountered i n  t h e  use  o f  a N a I  
d e t e c t o r  f o r  t h i s  purpose; it i s  c l e a r  t h a t  t h e  s e n s i t i v i t y  of t h e  method 
could be improved markedly through t h e  u s e  of  a l i t h i u m - d r i f t e d  germanium 
d e t e c t o r .  

PIPE-WALL RADIATION ATTENUATION 

Appl ica t ion  of t h e  proposed method for enrichment a u d i t i n g  r e q u i r e s  an 
accu ra t e  eva lua t ion  of t h e  a t t e n u a t i o n  e f f e c t s  of t h e  p ipe  w a l l s .  A 
commercial u l t r a s o n i c  th i ckness  gauge wi th  a r epor t ed  accuracy t o  0.0001 
i n .  w a s  purchased, and experience wi th  t h i s  instrument  i n d i c a t e s  t h a t ,  
under f i e l d  cond i t ions ,  readings  c o n s i s t e n t  t o  wi th in  approximately 
0.001 i n .  should be r e a d i l y  obta ined .  The abso lu te  accuracy depends on 
t h e  a v a i l a b i l i t y  of  a s tandard  wi th  composition comparable t o  t h e  ob- 
j e c t  being measured. However, two r a d i a t i o n  measurements (one through 
a diameter  and the o t h e r  through an appropr i a t e  chord of a p i p e )  w i l l  
provide t h e  necessary  information on a t t e n u a t i o n  c h a r a c t e r i s t i c s  provided 
t h e  re la t ive  t h i cknesses  along t h e  two r a d i a t i o n  pa ths  are known accura t e ly .  
Such measurements are wi th in  t h e  c a p a b i l i t y  of t h e  present  ins t rument .  

Instrument  Tests 

The Automation I n d u s t r i e s ,  Inc . ,  Model G-2B-4 Digital Thickness Gauge, 
an instrument  designed t o  u l t r a s o n i c a l l y  measure t h e  th i ckness  of metals, 
w a s  used i n  t h e s e  t es t s .  The th i ckness  range of t h e  instrument  i s  0.0100 
t o  1.999 i n .  and t h e  manufac turer ' s  a d v e r t i s e d  accuracy i s  +0.0001 i n .  

A series of  t e s t s  w a s  performed t o  determine t h e  accuracy of t h e  i n s t r u -  
ment when measuring large-diameter  p ipe  and t o  determine t h e  e f f e c t  of 
n i c k e l  p l a t i n g  when measuring t h e  th i ckness  of  n icke l -p la ted  s t e e l s .  The 
thicknesses of pipe samples were measured with a calibrated micyometer 
and wi th  t h e  u l t r a s o n i c  ins t rument .  Twelve of t h e  p ipe  samples were 
measured be fo re  and a f te r  n i c k e l  p l a t i n g .  

The f i r s t  series o f  t es t s  w a s  performed on s i x  c a l i b r a t e d  th i ckness  b locks  
wi th  c e r t i f i e d  th i cknesses  o f  0.250 t o  2.0 i n .  The instrument  w a s  c a l i -  
b r a t e d  on o t h e r  blocks o f  similar th i cknesses  and, under t h e s e  i d e a l  con- 
d i t i o n s ,  an instrument  accuracy of +0.0001 i n .  w a s  ob ta ined .  

The next  t e s t s  were conducted on s e c t i o n s  of process  p ip ing  w i t h  diameters  
of  24, 30, 36 ,  and 54 i n .  A l l  of t h e s e  p ipe  samples had n i c k e l  p l a t i n g  
on bo th  t h e  i n s i d e  and o u t s i d e  su r faces .  The p ipe  s e c t i o n s  w e r e  measured 
a t  each quadrant ,  1 i n .  from t h e  end and 6 i n .  from t h e  end, g iv ing  32 
measurements. Before measuring t h e  th i ckness  of t h e s e  p o i n t s ,  t h e  i n s t r u -  
ment w a s  c a l i b r a t e d  on t h e  oppos i t e  end of each p ipe  s e c t i o n .  Under t h e s e  
cond i t ions ,  t h e  instrument  readings  ranged from -0.0060 t o  +0.0037 i n .  as 
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compared t o  t h e  micrometer measurements. The average d i f fe rence  f o r  all 
32 measurements was -0.0001 i n .  

The t h i r d  s e r i e s  of t e s t s  w a s  devised t o  determine t h e  e f f e c t  of n icke l  
p l a t ing .  Four 6 x 6 i n .  samples were cu t  from each of 14- ,  24-, and 
30-in. unplated s t e e l  pipe sec t ions ,  making a t o t a l  of 12  samples. Each 
of t h e  samples was measured i n  two loca t ions  p r i o r  t o  p l a t ing ;  t h e  measure- 
ment po in ts  were marked; t h e  samples were p l a t ed  on one s i d e  t o  a nominal 
thickness of  0.003 i n . ;  and t h e  samples were then remeasured. The i n s i d e  
sur faces  of  these  samples were genera l ly  corroded and p i t t e d  as may be  
found under f i e l d  conditions.  

P r i o r  t o  n icke l  p l a t ing ,  and w i t h  t h e  instrument c a l i b r a t i o n  unchanged 
from t h a t  used i n  t h e  previous tes ts ,  t h e  u l t r a son ic  measurements var ied  
from t h e  micrometer measurements by -0.0035 t o  +0.0023 i n . ,  and t h e  
average d i f fe rence  f o r  a l l  24 readings w a s  0.0002 i n .  

After n icke l  p l a t ing ,  two s e t s  of measurements were performed, one with 
t h e  instrument c a l i b r a t e d  on unplated s t e e l  t e s t  blocks of thicknesses 
similar t o  t h e  sample th icknesses ,  and t h e  o ther  with t h e  instrument 
ca l ib ra t ed  on t h e  opposite ezds of t h e  measured samples. With t h e  in s t ru -  
ment c a l i b r a t e d  on t h e  unplated blocks,  t h e  u l t r a son ic  measurements var ied  
from the  micrometer measurements by -0.0076 t o  +0.0104 i n . ,  and t h e  average 
d i f fe rence  f o r  a l l  readings w a s  +0.0013 in .  With t h e  instrument ca l ib ra t ed  
on t h e  opposite ends of t h e  samples, t h e  v a r i a t i o n s  were from -0.0068 t o  
+0.0055 in .  with an  average d i f f e rence  of -0.0009 i n .  The r e s u l t s  a l s o  
showed t h a t  t h e  p l a t i n g  i s  detected as an add i t iona l  th ickness  of t h e  base 
metal bu t  readings may be about 0.001 t o  0.002 i n .  t o o  high i n  t h e  th ick-  
ness range measured i f  t h e  instrument i s  not c a l i b r a t e d  on p l a t ed  samples 
of l i k e  conditions and th icknesses .  

An u l t r a son ic  instrument of t h i s  type does not measure t h e  average th i ck -  
ness of t h e  mater ia l  under t h e  transducer,  e spec ia l ly  when t h e  surface 
opposite t h e  transducer i s  p i t t e d  o r  uneven. The instrument operates on 
t h e  pulse echo p r inc ip l e  and t h e  f irst  u l t r a son ic  pulse received back 
through t h e  transducer determines t h e  thickness reading. I f  an u l t r a son ic  
echo i s  r e f l e c t e d  from t h e  bottom of a p i t  or o the r  depression, it w i l l  
be t h e  f i rs t  pulse t o  be sensed by t h e  instrument and t h e  mater ia l  th ick-  
ness a t  t h e  bottom of t h e  p i t  w i l l  be t h e  measured thickness.  This ac- 
counts f o r  a wide v a r i a t i o n  of thickness readings when measuring such 
mater ia l s ,  all of which may be reasonably accura te  f o r  t h e  exact po in t  
measured. Thus, t o  determine t h e  average pipe w a l l  thickness under such 
conditions,  it i s  necessary t o  use an average of s eve ra l  measurements 
which should provide a reasonably accura te  ind ica t ion  of t h e  thickness 
i n  t h a t  p a r t i c u l a r  a r ea .  

A commercial u l t r a son ic  instrument appears t o  be adequate f o r  measuring 
t h e  w a l l  thicknesses of  large-diameter s t e e l  pipes providing t h a t  t h e  
instrument i s  i n  good working condition; it i s  s t a b i l i z e d  (or tempera- 
t u r e  compensated) f o r  t h e  measuring environment; and it i s  c a l i b r a t e d  on 

Y 

Y 
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samples of l i k e  material ,  t h i c k n e s s ,  and cond i t ion .  
measurements a r e  t aken ,  v a r i a t i o n s  of kO.005 i n .  or g r e a t e r  may be expected; 
however, an accuracy of +0.001 i n .  should be  expected by averaging a suf-  
f i c i e n t  number of measurements. For t h e  185-kev g a m a  rays of 235U pene- 
t r a t i n g  perpendicular ly  t o  t h e  p ipe  w a l l ,  t h e  e f f e c t  o f  t h i s  u n c e r t a i n t y  
i n  w a l l  t h i ckness  corresponds t o  an e r r o r  of  approximately 0.3% i n  t h e  
eva lua t ion  o f  t h e  app l i cab le  a t t e n u a t i o n  f a c t o r .  This  degree of accuracy 
i s  cons idered  t o  be  accep tab le  i n  t h e  p re sen t  a p p l i c a t i o n .  

If only one or two 

Radiat ion At tenuat ion  Along a Diameter and Chord of  a P ipe  

Var i a t ions  i n  p ipe  w a l l  materials w i l l  a f f e c t  a t t e n u a t i o n  c a l c u l a t i o n s  
i n  two ways: 
on t h e  elements  comprising t h e  p ipe  alloy, and ( 2 )  t h e  speed o f  sound i n  
t h e  p ipe  material w i l l  a f f e c t  t h e  u l t r a s o n i c  th i ckness  measurement un le s s  
t h e  material. i s  dup l i ca t ed  i n  t h e  s tandards  used i n  c a l i b r a t i n g  t h e  t h i c k -  
nes s  gauge. U s e  of  a s i n g l e  r a d i a t i o n  measurement w i t h  a c a l c u l a t i o n  
f o r  r a d i a t i o n  a t t e n u a t i o n  on t h e  b a s i s  of a p ipe  th i ckness  measurement 
would t h e r e f o r e  r e q u i r e  cons iderable  information concerning t h e  p ipe  a l l o y .  

The e f f e c t  of re la t ive p ipe  th i ckness  on a t t e n u a t i o n  measurements can be  
determined from an a t t e n u a t i o n  measurement a long t h e  p ipe  diameter  and 
one along a chord. The abso lu te  accuracy requirement i s  t h a t  t h e  e r r o r  
i n  t h e  th i ckness  of  t h e  p ipe  be  s u f f i c i e n t l y  s m a l l  t h a t  t h e  e r r o r  i n  t h e  
c a l c u l a t e d  r a d i a t i o n  pa th  l e n g t h  through UF6 be s m a l l  i n  comparison t o  
t h i s  pa th  l eng th .  

(1) g m a  r a d i a t i o n  absorp t ion  c o e f f i c i e n t s  are dependent 

The equat ions  f o r  t h e  de te rmina t ion  of UF6 d e n s i t y  on t h e  basis of two 
such r a d i a t i o n  measurements (wi th  an a d d i t i o n a l  source c a l i b r a t i o n  measure- 
ment i n  a i r  ) are descr ibed  below. 

Three measurements are made as ind ica t ed  i n  f i g u r e  4, with  t h e  S p o s i t i o n s  
r ep resen t ing  r a d i a t i o n  source p o s i t i o n s  and D r ep resen t ing  d e t e c t o r  p o s i t i o n s .  

The fo l lowing  des igna t ions  are m a d e :  

R 1  = Reading or count ra te  a t  p o s i t i o n  1, 

t = Thickness as indTcated, 

p1 = Linear  a t t enua t ion .  c o e f f i c i e n t  of s t ee l ,  and 

u 2  = Linear  a t t e n u a t i o n  c o e f f i c i e n t  of U F g .  

The p i p e  w a l l  t h i ckness  i s  assumed t o  be s m a l l  i n  r e l a t i o n  t o  t h e  diameter ,  
and t h e  chord i s  assumed t o  be w e l l  w i th in  t h e  i h t e r i o r  c r o s s  s e c t i o n  of 
t h e  p ipe .  
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a 

( t 3  + t 4 )  
R 3  -h cos e + u 2 t 6 I  

- e  a 2 = R 1 -  Y 

(Note: nominally t l  = t 2  = t 3  = t 4 . )  

This equation i n d i c a t e s  t h a t  t h e  l i n e a r  a t t enua t ion  c o e f f i c i e n t  of t h e  uF6 
can bedetermined, provided t h e  r a t i o  of s t e e l  th icknesses  pene t ra ted  along 
t h e  two paths  i s  determined. The dens i ty  of UF6, p ,  i s  r e l a t e d  t o  t h e  
l i n e a r  absorpt ion a t t enua t ion  by t h e  equations: 

v 2  - = mass absorp t ion  c o e f f i c i e n t ,  and 
P 

p = v2/mass  absorp t ion  c o e f f i c i e n t .  

The mass absorpt ion c o e f f i c i e n t  of UF6 i s  a constant  f o r  a given r a d i a t i o n  
energy. 

Gamma Radiat ion Sources 

Calcu la t ions  ind ica ted  t h a t  t h e  122-kev gamma r a y  of 5 7 C ~  o f f e r s  a satis-  
f a c t o r y  compromise between penet ra t ion  of t h e  w a l l s  of a pipe and acceptably 
high a t t enua t ion  i n  uF6 gas.  
t r a t i n g  perpendicular ly  t h e  two w a l l s  of a 1/2-in.-thick p ipe  would amount 
t o  about 0.5%. 

For example, t h e  f r a c t i o n  of gamma rays  pene- 

A t  9-psia pressure and 15OoF, UFg contained i n  a 3-ft-dia 
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pipe  would reduce t ransmission by an a d d i t i o n a l  f a c t o r  of 4. Three 57C0 
sources ranging from 1 t o  100 m i l l i c u r i e s  were obtained,  t o  permit t h e  
use of a source which w i l l  produce a near-optimum count r a t e  over a wide 
range of pipe th ickness .  

INSTRUMENT DEVELOPMENT 

I n  order  t o  permit f u t u r e  implementation of t h e  enrichment-monitoring method 
descr ibed i n  t h i s  s ec t ion ,  a conceptual  design and s p e c i f i c a t i o n s  f o r  t h e  
purchase of t h e  components f o r  a po r t ab le  Ge-Li gamma spectrometer system 
which w i l l  func t ion  a t  environmental temperatures  up t o  150°F were de- 
veloped." This temperature corresponds t o  t h e  maximum temperature,  i n  
t h e  opinion of t h e  ORGDP medical staff ,  t o  which personnel should be ex- 
posed without a i r -cooled s u i t s  or o the r  heat  p r o t e c t i v e  equipment. A 
block diagram of t h e  system i s  shown i n  f i g u r e  5 and t h e  detai led speci-  
f i c a t i o n s  f o r  t h e  components are given i n  appendix A. The design includes 
a complete system with t h e  Ge-Li de t ec to r  connected by cable  t o  t h e  panel  
components mounted on a c a r t  so  as t o  be e a s i l y  moved. Cooling and t e m -  
pe ra tu re  con t ro l  f o r  t h e  e l e c t r o n i c s  components can be provided by enclosing 
them i n  a thermally- insulated cabine t ,  t o  be  cooled by a l iquid-ni t rogen 
evaporat ive cool ing system. This cool ing mechanism w a s  chosen s ince  no 
mechanical r e f r i g e r a t i o n  system c u r r e n t l y  a v a i l a b l e  would func t ion  satis- 
f a c t o r i l y  a t  t h e  high ambient temperatures  a n t i c i p a t e d .  Since a supply 
of l i q u i d  n i t rogen  would be requi red  f o r  t h e  Ge-Li de t ec to r ,  t h e  use of 
t h i s  supply f o r  cool ing t h e  e l e c t r o n i c s  would not  e n t a i l  an a d d i t i o n a l  
supply i t e m .  

COMPUTER-PROGRAM DEVELOPMENT 

I n  order  t o  relate t h e  measurements of the 235U gamma r a d i a t i o n  and of 
the r a d i a t i o n  from t h e  e x t e r n a l  source t o  t h e  q u a n t i t i e s  of 235U and t o t a l  

absorp t ion  of the r a d i a t i o n  by the pipe w a l l s  and by t h e  UFg. Use of a 
high-resolut ion de tec to r  such as t h e  Ge-Li systems g r e a t l y  s impl i f i e s  t h e  
necessary ca l cu la t ions  i n  t h a t  it responds e s s e n t i a l l y  as a narrow-beam 
de tec to r  f o r  a l l  geometries as far as t h e  gamma-peak measurement i s  con- 
cerned. T h i s  results from t h e  f a c t  t h a t  a gamma photon which experiences 
s c a t t e r i n g  i s  reduced i n  energy and, t h e r e f o r e ,  f a l l s  ou t s ide  t h e  peak. 
Then t h e  problem of c a l c u l a t i n g  the e f f e c t s  of  gamma-radiation absorpt ion 
reduces t o  t h e  relatively simple case of  eva lua t ing  instrument response 
t o  t h e  uneoZZided flux, and t h e  much more complex problems involving 
evaluat ions of t h e  s c a t t e r e d  f l u x  are avoided. 

' uranium present ,  it Will be necessary i n  both  cases  t o  t ake  i n t o  account 

I n  t h e  case of t h e  e x t e r n a l  source,  t h e  problem reduces t o  a s t r a i g h t -  
forward expoent ia l  a t t enua t ion  c a l c u l a t i o n  with a poss ib l e  inverse-square 
co r rec t ion  f o r  source d i s t ance  from t h e  de t ec to r .  

"This work w a s  done by G .  B. Seaborn of  t h e  ORGDP Instrumentat ion and 
Q u a l i t y  Assurance Development Department. 0- 
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The evaluation of instrument response t o  t h e  235U r a d i a t i o n ,  however, re -  
qu i res  i n t eg ra t ion  of an instrument response func t ion  over a c y l i n d r i c a l  
source geometry. It involves va r i ab le  a t t enua t ion  by both t h e  pipe w a l l s  
and t h e  UF6 gas penetrated and an instrument response which is a function of 
t h e  angle of incidence of t h e  gamma rays on t h e  de t ec to r .  
equation expressing these  r e l a t ionsh ips  does not y i e l d  an  a n a l y t i c  solu- 
t i o n  and must be t r e a t e d  by numerical i n t eg ra t ion .  
t h e  necessary computations, a code was writ ten" t o  c a l c u l a t e  t h e  uncollided- 
gamma-ray response of  a de tec tor  t o  a uniformly d i s t r i b u t e d  source i n  an 
i n f i n i t e  pipe. Results obtained with t h e  code w i l l  a l s o  be d i r e c t l y  ap- 
p l i c a b l e  t o  shor t  sec t ions  of p ipe ,  p a r t i c u l a r l y  with coll imation of t h e  
de t ec to r ,  t h e  e f f e c t s  of such co l l imat ion  being r e f l e c t e d  i n  an experi- 
mentally determined directional-response function f o r  t h e  de t ec to r .  
t o  t h e  code includes de t ec to r  pos i t i on  and angular dependence, as wel l  as 
pipe th ickness ,  diameter, and gamma ray  c ros s  sec t ions  of materials in- 
volved. Several numerical i n t eg ra t ion  methods a r e  added input opt ions.  

The d i f f e r e n t i a l  

In  order t o  c a r r y  out 

Input 

The code w a s  checked out f o r  a r ep resen ta t ive  problem with t h e  d i s c r e t e  
ord ina tes  code, A N I S N . ~  
t o  de t ec to r  response as a func t ion  of t h e  d i r e c t i o n  of incidence of t h e  
r a d i a t i o n  on t h e  de t ec to r ,  it i s  not d i r e c t l y  appl icable  t o  t h e  present 
problem. The newly developed code w a s  used t o  ca l cu la t e  the uncollided 
gamma f l u x  a t  t h e  pos i t i on  of t h e  de t ec to r  and t h i s  could then be compared 
d i r e c t l y  with t h e  ANISN results. 

Since ANISN does not provide options with regard 

A repor t  of t h e  mathematical development and methods f o r  app l i ca t ion  
of t h e  program, including a print-out of  t h e  program, i s  included as ap- 
pendix B. 

NRTTRON-CAPTURE GAMMA RAYS 

A n  important problem an t i c ipa t ed  i n  connection with t h e  de t ec t ion  of gamma 
rays of a d i s c r e t e  energy r e s u l t i n g  from neutron capture i n  238U i s  t h a t  
t h e  gamma spectrum r e s u l t i n g  from 235U f i s s i o n  may be so  p r o l i f i c  t h a t  it 
conceals t h e  238U neutron-capture gamma peak. The use of anticoincidence 
counters,  such as neutron counters with an t ico inc ident  de t ec t ion  of gamma 
rays  t o  d iscr imina te  aga ins t  gammas a r i s i n g  from f i s s i o n ,  i s  imprac t ica l  
i n  t h e  present appl ica t ion  because of t h e  bulk of t h e  instrumentation 
required.  

Consideration w a s  given t o  t h e  p o s s i b i l i t y  of u t i l i z i n g  a neutron source 
with a low degree of moderation t o  provide a spectrum i n  which t h e  neutrons 
were predominantly i n  t h e  resonance energy region. 
238U neutron capture over 235U f i s s i o n  by making use of  t h e  l a r g e  resonanc' 
capture c h a r a c t e r i s t i c  of 238U. 

This would enhance 

The c h a r a c t e r i s t i c  4059 .h-kev gamma rays  r e s u l t i n g  from neutron capture 
i n  238U (yield--11 photons per 100 captures)  could be detected with t h e  
Ge-Li system described above. 

, 

~~~~ - 

*This work w a s  c a r r i e d  out  by T .  J .  Hoff'man and L .  M. P e t r i e  of t he  ORNL 
Mat hemat i c s  Division. 
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An exp lo ra to ry  s e r i e s  o f  c a l c u l a t i o n s  w a s  made* t o  eva lua te  t h e  e f f e c t s  of 
neutron moderation on t h e  re la t ive 235U f i s s i o n  and 238U cap tu re  rates.  
S ince  l e a d  s h i e l d i n g  would be  used i n  an a c t u a l  a p p l i c a t i o n ,  two t h i c k -  
nesses of  lead ( 2  i n .  and 3 i n . )  were included i n  t h e  c a l c u l a t i o n s .  
e f f e c t s  of adding a cadmium thermal-neutron absorber  around t h e  ou te r  
su r f ace  of  t h e  moderator,  t h e  e f f e c t s  of s t e e l  surrounding t h e  UFg, and 
t h e  e f f e c t s  on t h e  neutron r e a c t i o n  r a t e s  of vary ing  th i cknesses  of uF6 
pene t r a t ed  were a l s o  included.  

The 

The c a l c u l a t i o n s  were made wi th  t h e  ANISN7 computer t r a n s p o r t  code, a one- 
dimensional code r e q u i r i n g  symmetrical geometry. The model used,  t h e r e -  
f o r e ,  cons i s t ed  of a series of concen t r i c  s p h e r i c a l  s h e l l s  of t h e  va r ious  
materials surrounding a 1- in .  diameter 252Cf source as shown i n  figure 6. 
Moving outward from t h e  source,  t h e  o t h e r  reg ions  were (1) l e a d ,  ( 2 )  
methylmethacrylate moderator,  ( 3 )  cadmium, (4) a i r  space,  ( 5 )  s t e e l ,  ( 6 )  
UF , and ( 7 )  s tee l .  Enrichment of t h e  UF, w a s  considered t o  be 5.0 w t  % 
23'u i n  a l l  cases .  

Resu l t s  of  t h e  c a l c u l a t i o n s  are given i n  table 4, and r e p r e s e n t a t i v e  curves 
developed from t h e s e  r e s u l t s  are shown i n  figures 7 through 11. A l l  of t h e  
curves i n d i c a t e  t h a t  t h e  238U cap tu re  ra te  i s  a maximum wi th  a moderator 
t h i c k n e s s  of approximately 2 i n .  This  w a s ,  t h e r e f o r e ,  considered t o  be  
t h e  optimum th i ckness  of methylmethacrylate p l a s t i c  t o  be  used f o r  t h i s  
purpose.  

A s  i l l u s t r a t e d  i n  f i g u r e  7, and a n t i c i p a t e d ,  v a r i a t i o n s  i n  t h e  t h i c k n e s s  
of t h e  l e a d  gamma-ray s h i e l d  surrounding t h e  source have only  a s l i g h t  
e f f e c t  on e i t h e r  t h e  238U-capture or 235U f i s s i o n  r e a c t i o n  r a t e s ,  a l -  
though t h e  added moderating e f f e c t  can be  seen from a comparison of  t h e  
curves .  

From f i g u r e  8 it i s  seen t h a t  t h e  a d d i t i o n  of 0.040 i n .  of cadmium as a 
thermal  neutron absorber  around t h e  source has  a r e l a t i v e l y  s m a l l  e f f e c t  
on t h e  238U-capture r e a c t i o n  rate while  reducing t h e  235U f i s s i o n  ra te  by 
a f a c t o r  of approximately 10 a t  t h e  optimum 2-in. moderator t h i ckness .  
However, t h e  e f f e c t  o f  cadmium i n  reducing t h e  235U f i s s i o n  r e a c t i o n  i s  
a l s o  a func t ion  of t h e  amount of s t ee l  around t h e  UF6. The r educ t ion  
amounts t o  a f a c t o r  of on ly  about 5 when t h e  UFg i s  enclosed i n  s t ee l  
1/2- in .  t h i c k .  The r e l a t i v e l y  s m a l l  e f f e c t  of t h e  cadmium on t h e  238U 
cap tu re  ra te  ind ica t ed  t h a t  such cap tu re  i s  indeed occur r ing  p r i m a r i l y  
i n  t h e  resonance-energy reg ion .  

The a d d i t i o n  of a 1/2- in .  t h i c k n e s s  of  s t ee l  on bo th  t h e  i n n e r  and o u t e r  
su r f ace  of t h e  UFg s h e l l  r e s u l t e d  i n  apprec i ab le  i n c r e a s e s  i n  neutron 
r e a c t i o n  rates wi th  bo th  235U and 238U. 
9 and 1 0 ,  which t r ea t  s e p a r a t e l y  t h e  two cases  of  no cadmium and 0.040 
i n .  o f  cadmium around t h e  o u t s i d e  o f  t h e  source moderator.  The e f f e c t  

Th i s  i s  i l l u s t r a t e d  i n  f i g u r e s  

"These c a l c u l a t i o n s  were made by  J. R .  Knight of  t h e  ORNL Mathematics 
Div is ion .  
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Q of t h e  addi t ion  of s t e e l  i s  l e a s t  f o r  t h e  235U r eac t ion  r a t e  with no cad- 
m i u m  and t h e  m a x i m u m  e f f e c t  (an increase  by a f a c t o r  of 3.5 with 2 i n .  of 
moderator) i s  noted i n  t h e  238U r eac t ion  r a t e  with or without cadmium. 

On comparing t h e  two s e t s  of curves,  it i s  noted t h a t  cadmium reduces 
t h e  235U r eac t ion  rate only by a f a c t o r  of about 5 when s t e e l  i s  present 
as compared t o  a f a c t o r  of 1 0  when t h e  s t e e l  i s  not present.  

The l a r g e  increase  i n  t h e  238U r eac t ion  r a t e  i s  a t t r i b u t e d  t o  t h e  f a c t  
that t h e  s c a t t e r i n g  c ros s  sec t ion  f o r  s t e e l  i n  t h e  energy groups covering 
t h e  major 238U resonances i s  q u i t e  l a r g e  (about 11 b a r n s ) ,  1 / 2  in .  of 
steel representing approximately one mean-free-path th ickness  f o r  neutrons 
i n  these  groups. A t  t h e  same time, t h e  s t e e l  capture cross sec t ions  f o r  
t hese  groups i s  very low (approximately 0 .1  t o  0.01 b a r n s ) .  Thus, i n t e r n a l  
r e f l e c t i o n  from t h e  ou te r  s t e e l  s h e l l  r e s u l t s  i n  both  s ing le  and mul t ip le  
t r a v e r s e s  of t h e  UF6 l a y e r  by neutrons, t h i s  being p a r t i c u l a r l y  s i g n i f i -  
can t  f o r  neutrons i n  t h e  energy groups mentioned. The r e s u l t  i s  a l a r g e  
increase  i n  t h e  flux represented by these  energy groups i n  t h e  UF6 region, 
with t h e  r e s u l t i n g  increase  i n  r eac t ion  r a t e s .  Such an increase  would not 
be an t i c ipa t ed  f o r  neutron i r r a d i a t i o n  by a source outs ide  t h e  uF6 system, 

~ s ince  r e f l e c t i o n  would reduce, r a t h e r  than  increase ,  t h e  f lux .  The r e l a -  
t i v e l y  small increase  i n  t h e  235U f i s s i o n  ra te  i s  a t t r i b u t a b l e  t o  a r e l a -  
t i v e l y  l a r g e  s t e e l  capture c ros s  sec t ion  f o r  thermal neutrons (2.24 b a r n s ) ,  
which would tend t o  reduce t h e  e f f e c t s  of r e f l e c t i o n  on t h e  thermal f l u x  
which produces most of t h e  235U f i s s i o n s .  

The primary purpose i n  including t h e  cases involving s t e e l ,  however, w a s  
t o  determine whether modifications of t h e  spectrum might a f f e c t  t h e  238U- 
capture t o  t h e  235U-fission r a t i o  appreciably.  Such e f f e c t s  were noted. 
With no s t e e l  present and with 2 i n .  o f  moderator, t h e  238U-capture t o  
235U-fission r a t i o s  ( t a b l e  4 )  were approximately 1.1 and 9.6 f o r  t h e  cases 
of no cadmium and 0.04-in. of cadmium around t h e  moderator, respec t ive ly .  
With s t e e l ,  t h e  corresponding r a t i o s  were approximately 2.7 and 14.2 
respec t  i v e l y  . 
I n  a development of t h e  neutron-capture g a m a  method of determining en- 
richment, should f u r t h e r  study i n d i c a t e  t h a t  it i s  indeed f e a s i b l e ,  con- 
s ide ra t ion  should be given t o  t h e  poss ib le  use of a s t e e l  s h e l l  around 
t h e  moderator and cadmium of a source assembly. The purpose would be t o  
modify t h e  neutron spectrum at  t h e  source so  t h a t  f u r t h e r  modifications 
e f f ec t ed  by s t e e l  piping would occasion smaller v a r i a t i o n s  i n  t h e  f a c t o r  
by which t h e  235U f i s s i o n  rate i s  reduced by t h e  i n s e r t i o n  of t h e  cadmium. 
If such a constant f ac to r  i n  t h e  reduction of t h e  f i s s i o n  r a t e  could be 
obtained when t h e  cadmium i s  placed around t h e  moderator independent of 
p ipe  thicknesses involved, t h e  magnitude of t h i s  e f f e c t  would be usefu l  
i n  determining t h e  absolu te  l e v e l  of t h e  fission-gamma spectrum. 

Area d e n s i t i e s  of t h e  UFg s h e l l  were var ied  from 0.7 t o  0.007 g/sq em. 
The higher value represents  t h e  a rea  dens i ty  penetrated by neutrons tra- 
versing t h e  diameter of a 3-ft diameter pipe f i l l e d  with uF6 a t  a b o u t 9  



Table 4 

c 

238U CAPTURE AND 235U FISSION R A T E S  I N  T O T A L  U F g  S H E L L  E N C L O S I N G  252Cf  SOURCE OF 1 NEUTRON PER SECOND* 

2 I n .  Pb Around Source 
Moderat o r  238U C a p t ~ r e / ~ ~ ~ U  F i s s i o n  
Th ickness ,  Cd, 7 0 .  nlcm’ U F ~  0 .07  g /  cm2 U F ~  0.007 d c m ‘  UFfi g UFfi/cm2 

I n .  I n .  U-238 Capture U-235 F i s s i o n  U-238 Captu re  U-235 F i s s i o n  U-238 Captu re  U-235 F i s s i o n  0.7 0.07 0.007 - 
0 

1 
2 
3 
4 

0 

1 
2 
3 
4 

1 / 2  

l / 2  

0 
0 
0 
0 
0 
0 

0.04 
0.04 
0.04 
0.04 
0.04 
0.04 

1.2537-4 
1.6698-3 
4.0593-3 
5.9868-3 
5.3585-3 

1.2610-4 
1.6 878-3 

5.4477-3 

3.3506-3 

4.0226-3 

3.9143-3 

4.6596-3 

8.5859-5 
3.7413-4 
1.7817-3 
5.4602-3 
7.2417-3 
7.1058-3 

8.5921-5 
1.7738-4 
3.40564 
5.6488-4 
5.9445-4 
5.1290-4 

1.1597-5 
1.5545-4 
3 . 7 9 0 5 4  
5.6023-4 
5.0259-4 
3.7761-4 

1.5716-4 
1.1664-5 

3.6549-4 
5.0970-4 
4.3693-4 
3.1455-4 

8.1089-6 
3.5193-5 
1.6871-4 
5.1910-4 
6 .?041-4 
6.7861-4 

8.1134-6 

3.1857-5 
1.6567-5 

5.3148-5 

4.8689-5 
5.6181-5 

1.1503-6 
1.5427-5 
3.7625-5 
5.5630-5 
4.9919-5 
3.7513-5 

1.1569-6 
1.5596-5 
3.6280-5 
5.0613-5 
4.3399-5 
3.1243-5 

8.0608-7 

1.6761-5 
3.4949-6 

5.1597-5 
6.8648-5 
6.7496-5 

8.0651-7 

3.162 5-6 
5.2787-6 
5.5826-6 
4.8399-6 

1.6447-6 

1.46 1.43 1.43 
4.46 4.42 4.41 
2.28 2.25 2.24 
1.10 1.08 1.08 
0.740 0.728 0.727 
0.566 0.556 0.556 

1.47 1.44 1.43 
9.52 9.49 9.48 

11.49 11.47 11.47 
9.64 9.59 9.59 
7.84 7.78 7.77 
6.53 6.46 6.46 

2 I n .  Pb Around Source and 0 . 5  I n .  S t e e l  on Each S i d e  of UF& 

2.5461-6 1.5351-6 1.69 1.66 1.66 
8.5156-4 7.0933-4 8.7069-5 7.1042-5 8.7290-6 8.21 8.15 8.14 

1 0  1.5733-2 3.0493-3 1.6036-3 3.1996-4 1.6068-4 3.2165-5 5.16 5 .01  5.00 
2.1112-3 8.0025-4 2.1158-4 8.0559-5 2.75 2.64 2.63 
1.7087-3 9.7406-4 1.712 4-4 9.8098-5 1.83 1.75 1.75 

0 0 2.6788-4 1.5883-4 2.5580-5 1.5399-5 
l/2 0 6.9931-3 

2 0 2.0674-2 7.5276-3 
3 0  1.6741-2 9.1243-3 
4 0  1.1363-2 8.4130-3 1.1579-3 8.9984-4 1.1602-4 9.0642-5 1.35 1.29 1.28 

0 0.04 2.6912-4 1.5897-4 2.5696-5 2.5575-6 1.5362-6 1.69 1.67 1.66 1.5411-5 
112 0.04 7.0460-3 5.2 588-4 7.1495-4 5.2467-5 7.1605-5 5.2457-6 13.40 13.63 13.65 
1 0.04 1.5368-2 1.0124-3 I. 5664-3 1.0234-4 1.5696-4 1.0247-5 15.18 15.31 15.32 
2 0.04 1.9605-2 1.3834-3 2.0021-3 1.4142-4 2.0066-4 1.4176-5 14.17 14.16 14.15 
3 0.04 1.5540-2 1.2219-3 1.5870-3 1.2570-4 1.5904-4 1.2609-5 12.72 12.63 12.61 
4 0.04 1.0318-2 9.0284-4 1.0530-3 9.3294-5 1.0552-4 9.3630-6 11.43 11.29 11.27 

0 0 I. 3640-4 8.7360-5 

I 0 4.6723-3 2.1632-3 
2 0 6.2830-3 6.0369-3 
3 0  5.3150-3 7.5092-3 
4 0  3.8299-3 7.0361-3 

112 0 2.0284-3 4.5741-4 

0 0.04 1.3714-4 8.7428-5 
112 0.04 2.0439-3 1.9872-4 
1 0.04 4.4842-3 3.8334-4 
2 0.04 5.6818-3 5.9826-4 
3 0.04 4.5865-3 5.9710-4 
4 0.04 3.1574-3 4.9510-4 

*Negat ive numbers i n  t a b l e  a r e  powers of 1 0 ,  i 

1.2602-5 8.2290-6 1.2499-6 8.1781-7 
1.8868-4 4.2968-5 
4.3621-4 2.0474-4 4.3307-5 2.0344-5 
5.8885-4 5.7465-4 5.8483-5 5.7130-5 

4.2670-6 

4.9878-4 7.1653-4 4,9550-5 7.1262-5 

I. 8726-5 

3.5984-4 6.7267-4 3.5739-5 6.6888-5 

1.2669-5 8.2340-6 1.2565-6 8.1829-7 

4.1869-4 3.5850-5 4.1568-5 3.5 593-6 
5. 3245-4 5.6351-5 5.2883-5 5.5985-6 

1.9018-4 1.8527-5 1.8874-5 I. 8391-6 

4.3050-4 5.6565-5 4.2759-5 5.6220-6 
2.9737-4 4.7157-5 2.9540-5 4.6880-6 

n d i c a t i n g  t h e  f a c t o r  by which t h e  numbers a r e  t o  be  m u l t i p l i e d .  

1.56 
4.43 
2.16 
1.04 
0.708 
0.544 

1.57 
10.29 
11.70 
9.50 
7.68 
6.38 

1.53 
4.39 
2.13 
1.02 
0.696 
0.535 

1.54 
I O .  27 
11.68 
9.45 
7.61 
6 .31  

1.53 

2.13 
4.39 

1.02 
0.695 
0.534 

1.54 
10.26 
11.68 

9.45 
7.61 
6.30 
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n 

p s i a  a t  a temperature of 150°F or t o  about 13 p s i a  a t  4 0 O 0 F .  
d i t i o n s  a r e  given only t o  i n d i c a t e  t o  the reader  t h e  amount of gaseous U F 6  
corresponding t o  these  a r e a  d e n s i t i e s ,  and a r e  not  given as t y p i c a l  values  
or as condi t ions necessa r i ly  an t i c ipa t ed  i n  any given d i f fus ion  p l an t .  

These con- 

A comparison of t h e  238U capture  t o  235U f i s s i o n  r a t i o s  l i s t e d  i n  t a b l e  
4 shows t h a t ,  wi th in  t h e  range covered, t h i s  r a t i o  i s  nea r ly  independent 
of t h e  th ickness  of u F 6  considered. Figure 11 a l s o  shows t h a t  t h e  abso- 
l u t e  values  of t h e s e  two r eac t ions  a r e  near ly  independent of t h e  u F 6  
th ickness .  The curves f o r  t h e  0.07 and 0.007 g / sq  cm U F 6  a r ea  d e n s i t i e s  
a r e  e s s e n t i a l l y  ind i s t ingu i shab le  on t h e  graph. S l i g h t  e leva t ions  i n  
both  t h e  average 238U cap ture  and 235U f i s s i o n  r a t e s  occur with t h e  higher  
U F 6  a r e a  dens i ty .  
i n  t h e s e  ca l cu la t ions ,  s e l f  sh i e ld ing  e f f e c t s  i n  t h e  U F 6  a r e  compensated 
f o r  by backsca t te r ing  e f f e c t s  and poss ib ly  by s l i g h t  moderation e f f e c t s  
of t h e  UF,.  

This i nd ica t e s  t h a t ,  wi th  t h e  neutron spec t r a  involved 

I f  se l f - sh ie ld ing  e f f e c t s  were extremely pronounced, t h e  geometry and 
d e n s i t i e s  of t h e  U F 6  gas involved would be important f a c t o r s  i n  instrument 
response. The very minor na ture  of t h e  o v e r a l l  changes with v a r i a t i o n s  i n  
U F 6  a r ea  dens i ty  i s  considered t o  enhance t h e  p o s s i b i l i t y  of app l i ca t ion  
of t h e  neutron capture  method. 

CONCLUSIONS 

S tudies  of p o s s i b i l i t i e s  f o r  monitoring t h e  enrichment of U F 6  i n s ide  t h e  
equipment of a gaseous d i f f u s i o n  p lan t  without access  t o  t h e  U F 6  ind ica ted  
two h ighly  promising p o s s i b i l i t i e s .  The f i r s t  of t h e s e  has been i n v e s t i -  
ga ted  s u f f i c i e n t l y  t o  e s t a b l i s h  t h a t  it i s  f e a s i b l e  and i s  wel l  wi th in  t h e  
scope of cur ren t  technology. This method involves (1) pass ive  measurement 

t o  determine t h e  235U p resent ,  ( 2 )  a measurement of t h e  absorp t ion  of 
gamma r a y s  from a low-energy gamma source as t h e s e  r ays  pene t r a t e  t h e  pipe 
and u F 6 y  ( 3 )  cor rec t ion  of t h i s  l as t  measurement f o r  absorpt ion of gamma 
rays  by t h e  p ipe  walls t o  determine a t t enua t ion  by t h e  u F 6  a lone ,  ( 4 )  
ca l cu la t ion  of t o t a l  uranium present  as based on t h i s  gamma a t t enua t ion  
value,  and ( 5 )  c a l c u l a t i o n  of t h e  r a t i o  of 235U t o  t o t a l  uranium present ,  
which i s  t h e  enrichment value des i red .  

' of t h e  2 3 5 ~  gamma rays  o r i g i n a t i n g  from t h e  U F ~  gas i n  a sec t ion  of pipe 

It w a s  shown t h a t  with two gamma a t t enua t ion  measurements, one with t h e  
r a d i a t i o n  path along a diameter and t h e  o the r  along an appropr ia te  chord 
of t h e  p ipe ,  it would be necessary t o  determine only r e l a t i v e  pipe th ick-  
nesses  on t h e  two r a d i a t i o n  pa ths  t o  eva lua te  r a d i a t i o n  absorpt ion by t h e  
U F 6 .  This e l imina tes  t h e  need f o r  absolu te  th ickness  measurements and 
a l s o  t h e  need f o r  information regarding t h e  p a r t i c u l a r  a l l o y  of which t h e  
pipe i s  made. Tes ts  showed t h a t  a commercially a v a i l a b l e  u l t r a son ic  th ick-  
ness gauge w i l l  provide t h e  r e l a t i v e  th icknesses  with s u f f i c i e n t  accuracy 
f o r  t h i s  purpose. 
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1. 

2.  

3. 

4. 

5. 

6. 

7. 

The second method involves  t h e  poss ib l e  i r r a d i a t i o n  of t h e  UF, w i t h  neutrons 
from an  i s o t o p i c  source and t h e  d e t e c t i o n  of gamma r a y s  r e s u l t i n g  from 
neutron cap tu re  i n  238U, which would e x h i b i t  a c h a r a c t e r i s t i c  energy, and 
gamma r a y s  r e s u l t i n g  from 235U f i s s i o n .  Ca lcu la t ions  ind ica t ed  t h a t  ap- 
proximately 2 i n .  o f  methylmethacrylate would provide  optimum moderation 
f o r  a californium-252 spontaneous-f iss ion neutron source .  The r e s u l t i n g  
spectrum e x h i b i t s  a re la t ively h igh  flux i n  t h e  resonance-energy reg ion  
where neutron cap tu re  by 238U i s  most pronounced. This  t ends  t o  prevent  
t h e  238U cap tu re  peak from be ing  obscured by t h e  mul t i tud inous  f i s s i o n  
gamma rays  which might r e s u l t  w i th  thermal  neutron i r r a d i a t i o n .  

Both t h e  methods mentioned warrant  f u r t h e r  eva lua t ion .  The a v a i l a b i l i t y  
of bo th  methods, which u t i l i z e  t h e  same spectrometry equipment, would 
o f f e r  t h e  p o s s i b i l i t y  of ob ta in ing  two independent eva lua t ions  of enr ich-  
ment and would g r e a t l y  reduce t h e  p o s s i b i l i t y  of e r r o r s  which might b e  
brought about  by p ipe  cons t ruc t ion  o r  m a t e r i a l s  and which might no t  be 
d e t e c t a b l e  by e x t e r n a l  i n spec t ion .  
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APPENDIX A 

SPECIFICATIONS 

Specification SP-18242 

AN INSTRUMENTATION SYSTEM FOR THE DETECTION, 
ANALYSES AND PRESENTATION OF GAMMA RADIATION PHENOMENA* 

SPECIFICATION DESCRIPTION 
This specification covers eight major items of instrumentation. 
Each item is assigned a sub-number (-1 through -8). 
of the specification indicates the other items with which the unit 
must interface. 

Each section 

SYSTEN DESCRIPTION 
The system consists of a crystal detector with preamplifier and 
cryostat, a bin and power supply, several signal conditioning 
and power supply modules, a multi-channel pulse height analyzer, 
a paper tape punch, a Teletype unit, and necessary interfacing 
equipment. 

GENERAL SPECIFICATIONS 
All instrumentation shall perform within its specifications under 
any steady state conditions within the following limits: 
A. Input power: 105 to 125 volts ac, 60 Hz, 1 phase. 
B. Ambient temperature: 5 to 4OoC ( 4 0  to 104OF). 
C. Ambient humidity: 5 to 95% R. H. 
D .  Vibration: 1 mil p-p sinusoidal, 0 to 65 Hz. 

In addition, the performance shall be unaffected by an indefinite 
non-operating s to rage  temperature  over t h e  range o f  0 t o  5OoC (32 
to 122OF). 

All equipment described herein shall be compatible 
as a system. All necessary interfacing equipment, 
and power cables, shall be.furnished. 

INSPECTIONS AND TESTS 
A. Tests at Seller's Plant 

The equipment shall be inspected and tested to 

and shall function 
including signal 

show full com- 
pliance with the specifications. Certified inspection and test 
results shall be furnished to and approved by the Company prior 
to equipment shipment. 

*Prepared by G. B. Seaborn, Instruments and Quality Assurance Development, 
Gaseous Diffusion Development Division. 
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B. Tests a t  Company's Plant 
The Company w i l l  inspect and t e s t  t h e  equipment a f t e r  it i s  
received. 
spec i f i ca t ions  and w i l l  be t h e  b a s i s  f o r  f i n a l  acceptance. 

These t e s t s  w i l l  determine compliance with t h e  

Spec i f ica t  ion SP-18242-1 

GAMMA RADIATION DETECTOR ASSEMBLY 

I. GENERAL DESCRIPTION 
This assembly cons i s t s  of a c r y s t a l  de t ec to r ,  p reampl i f ie r ,  and 
c ryos t a t .  

11. CRYSTAL DETECTOR 
A. Material: l i t h ium d r i f t e d  germanium 
B. Geometry: t r u e  r igh t - c i r cu la r  coaxia l  
C .  Re la t ive  photopeak ef f ic iency:  7% 
D. Resolution (FWHM f o r  Co60 1.322 MeV): 2.5 keV 
E. Peak-to-Compton r a t i o :  23:l 

111. PREAMPLIFIER 
A. Type: charge s e n s i t i v e  (coupled t o  d e t e c t o r ) .  
B. Open loop gain: 20,000. 
C .  Non-linearity: 0.05% maximum. 
D .  Temperature coe f f i c i en t :  l e s s  than 0.005% per 'C. 
E. Sa tura t ion  output l e v e l :  ?g v o l t s .  
F. Noise: 540 eV a t  0 p f ;  slope of 18 eV per p f .  
G.  Count Rate Capab i l i t i e s :  150,000 counts per second f o r  a 

H.  Conversion gain: 170 mv per MeV. 
I. Input power: t o  be supplied from Spectroscopy Amplifier. 

co60 spectrum. 

I V .  CRYOSTAT 
A. Capacity: 5 l i t e r s  l i q u i d  nitrogen 
B. Consumption: 1 l i t e r  per  day @ 25OC. (77OF). 

V.  CONSTRUCTION 
The c r y s t a l ,  preamplifier,  and c ryos t a t  s h a l l  be assembled as a 
rugged, i n t e g r a l  u n i t .  

Provision s h a l l  be made f o r  t h e  high voltage supply. 

V I .  INTERFACING 
A. Spectroscopy ampl i f ie r  (SP-18242-3). 
B. High voltage power supply (SP-18242-5). 
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S p e c i f i c a t i o n  SP-18242-2 

BIN AND POWER SUPPLY ASSEMBLY 

I .  GENERAL DESCRIPTION 
This  assembly c o n s i s t s  of a N I M  Standard b i n  and power supply con- 
forming t o  AEC S p e c i f i c a t i o n  TID-20893 (Rev. 3 ) .  

11. BIN 
A. Capacity:  1 2  s i n g l e  width modules. 
B. Connectors: 12  (one pe r  module). 
C .  Wiring: Connectors wired i n  p a r a l l e l .  
D .  

E. Cont ro ls :  on-off swi tch ,  power i n d i c a t i n g  lamp. 
F. T e s t  j acks :  t h e  p o t e n t i a l s  i n  11-D s h a l l  b e  brought ou t  t o  

P o t e n t i a l s :  
ground; 115 vac.  

+12, -12, +24, -24 vdc; power ground, high q u a l i t y  

f r o n t  panel  t e s t  j acks .  

111. POWER SUPPLY 
A. Outputs:  1 . 7 5 A .  @ +12, 1 . 7 5 A .  @ -12, 0.875A. @ +24, 0.875A. @ 

Each output  s h a l l  be  a d j u s t a b l e  over a f. 1 v o l t  range. 
B. Regulat ion:  0.05% combined l o a d  and l i n e  a t  cons tan t  temperature .  
C .  S t a b i l i t y :  O.3%/6 months at  cons tan t  i n p u t ,  ou tpu t ,  and tempera- 

D.  Output impedance: <0.3 ohms up t o  100 kHz. 
E. Temperature Coeff ic ien t :  < O . O 1 % / ° C .  
F.  Noise and r i p p l e :  <3 mv.  p-p (50 MHz bandwidth scope)  
G. Recovery t i m e :  <50 psec.  t o  wi th in  0.1% of r a t e d  vo l t age  f o r  

any change i n  input  vo l t age  or l o a d  between 10% and 100%. 
H .  C i r c u i t  p ro t ec t ion :  

1. Both s i d e s  of power l i n e  fused.  
2.  I n t e r n a l  thermal  overload switch.  
3. E lec t ron ic  output c u r r e n t  foldback l i m i t i n g  wi th  automatic  

-24, vdc. 

t u r e .  

recovery. 

I V .  INTERFACING 
A. Spectroscopy a m p l i f i e r  (SP-18242-3) 
B. Biased a m p l i f i e r  (SP-18242-4) 
C .  
D.  Pu l se r  (SP-18242-6) 

High vo l t age  power supply (SP-18242-5) 

S p e c i f i c a t i o n  SP-18242-3 

SPECTROSCOPY AMPLIFIER 

I .  GENERAL DESCRIPTION 
This  u n i t  i s  a high q u a l i t y  pu l se  a m p l i f i e r .  



11. PERFORMANCE 

I11 

I V  . 

A. Gain range: 2.5 t o  3,000, cont inuously ad jus t ab le .  
B. Pulse shape: Gaussian 
C .  I n t e g r a l  non- l inear i ty :  <O. 05%. 
D.  Noise: 

E. Temperature st  a b i l i t y  

<4 LIV un ipolar  and <7 pv b i p o l a r  r e f e r r e d  t o  t h e  input  
us ing  3 usec. shaping and coarse  ga in  2 100. 

1. Gain: 0.005%/°C 
2. DC l e v e l :  < l o 0  uv/OC. 

F. Crossover walk: 2 nsec f o r  1OO:l dynamic range. 
G. Count rate s t a b i l i t y :  a pu l se r  peak a t  85% of analyzer  range 

s h i f t s  <0.2% i n  t h e  presence of 0 t o  5 O , O O O  random counts /sec.  
from a C s 1 3 7  source wi th  i t s  peak s to red  a t  75% of analyzer  
range, using 1 w e c .  shaping. 
Overload recovery: t o  wi th in  2% of r a t e d  output  from 1,000 
times overload i n  2.5 non-overloaded b i p o l a r  pu lse  widths 
using maximum gain ;  degrades t o  200 times f o r  un ipolar .  

H. 

FRONT PANEL CONTROLS 
A. 
B. 
C.  
D. 

E. 
F. 
G. 

H. 

I. 

Coarse ga in :  X 5  t o  X2,OOO i n  1, 2,  5 sequence. 
Fine gain:  
Input p o l a r i t y :  + or  - pu l ses .  
Unipolar output range: 
(see SP-18242-4). 
Shaping t i m e :  
Pole-zero cance l l a t ion :  cont inuously a d j u s t a b l e  from 25 psec. t o  00. 
Unipolar output dc l e v e l :  cont inuously a d j u s t a b l e  over a f 1 . 5  
v range. 
Delay: provis ion  f o r  i n s e r t i n g  a 2 psec.  de lay  i n  t h e  unipolar  
out put  pu l  s e.  
Basel ine r e s t o r e r :  
f o r  <l5%, and out .  

X0.5 t o  X l . 5  by 1 0  t u r n  p rec i s ion  potentiometer 

s u i t a b l e  f o r  use by t h e  b iased  ampl i f i e r  

a d j u s t a b l e  t o  0.25, 0.5,  1, 2 ,  3 ,  and 6 usec. 

3 choices  - high  f o r  duty cyc le s  of >15%, low 

INPUT CHARACTERISTICS 
A .  Pulse p o l a r i t y :  + o r  -. 
B. Risetimes: 1 0  t o  650 rlsec. 
C .  Decay t i m e s :  25 t o  2,000 usec. 
D .  Impedance: -1,000 ohms. 
E. Coupling: dc 
F. Maximum amplitude 

1. Linear:  5.5 v.  
2. Non-linear: 20 v .  

G. Power: Compatible wi th  power supply (see SP-18242-1). 

V.  OUTPUT CHARACTERISTICS 
A. Unipolar and b ipo la r  

1. Impedance: , 9 3  ohms 
2. Pro tec t ion :  sho r t  c i r c u i t  proof .  

B. Power: s u i t a b l e  f o r  preampl i f ie r  (SP-18242-1) . 
C .  Compatible wi th  b iased  ampl i f i e r  (SP-18242-4). 
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V I .  DIMEIJSIOHS 
Standard double width module. 

V I I .  INTERFACIMG 
A .  Preampl i f ie r  ( SP-18242-1 ) . 
B. Gated b i a sed  a m p l i f i e r  (SP-18242-4). 
C .  Power supply (SP-18242-2) 
D .  Cabinet (SP-18242-2). 

S p e c i f i c a t i o n  SP-18242-4 

GATED BIASED AMPLIFIER 

I. GENERAL DESCRIPTION 
This  u n i t  i s  a high q u a l i t y  pu l se  condi t ion ing  a m p l i f i e r .  

11. PERFORMANCE 
A. I n t e g r a l  non- l inear i ty :  < O .  05% (dc coupled)  f o r  p u l s e  r isetime 

B. Temperature s t a b i l i t y  ( i n  % of f u l l  s c a l e  i n p u t )  
>300 usee. 

1. Bias l e v e l :  120 ppm/OC. 
2 .  Post  ga in :  520 ppm/Oc. 
3. Output dc l e v e l :  I10 pprn/OC. 
4.  Discr iminator :  150 pprn/OC. 

C .  Automatic p i l eup  r e j e c t i o n :  t o t a l  u n t i l  output  p u l s e  ended 
and input  d i sc r imina to r  r e s e t .  

D .  Noise: 215 uv, r e f e r r e d  t o  inpu t .  
E. Count ra te :  t h e  c e n t r o i d  of a p u l s e r  spectrum a t  85% of f u l l  

s c a l e  w i l l  s h i f t  <0.1% when modulated by 50,000 counts / sec .  of 
random s i g n a l s  from a C s 1 3 7  source wi th  photopeak a t  70% of 
f u l l  s c a l e  us ing  an  a m p l i f i e r  w i t h  a t i m e  cons tan t  of 1 usec.  

F. Gate Feedthrough: <1 mv wi th  g a t e  c losed .  
G .  G a t e  pedes t a l :  a d j u s t a b l e  t o  0 vdc. 
H. Gain: Continuously a d j u s t a b l e  from X0.33 t o  X30. 
I. S t r e t c h e r  droop: <1 mv/psec. 

111. COIJTROLS 
A .  Front  pane l  

1. Gain 
a.  Coarse: 0.66, 2,  5 ,  10, 20 
b.  F ine :  0 .5  t o  1 . 5  by p r e c i s i o n  1 0  t u r n  poten t iometer .  

2 .  Bias l e v e l :  0 t o  1 0  t u r n  poten t iometer .  
3. Input  coupl ing 

a. Base l i n e  r e s t o r e r  high: ac  coupled input  w i th  a c t i v e  
base  l i n e  r e s t o r e r  for un ipo la r  i npu t  pu l se  duty  cyc le  

b .  Base l i n e  r e s t o r e r  low: ac coupled input  w i th  pas s ive  
<20%. 

base  l i n e  r e s t o r e r  f o r  b i p o l a r  pu l se s  and unipolar  input  
pu l se  duty  cyc le  <20%. 

coupled source wi th  no b a s e l i n e  o f f s e t .  
c .  DC couple:  dc coupled input  f o r  input  pu l se s  from a dc 
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n 

4. Mode: s e l e c t s  inclusion or exclusion of gat ing c i r c u i t .  
5. Gate period: controls  e f f e c t i v e  enable/disable period f o r  

6. Discriminator leve l :  ad jus t s  input s e n s i t i v i t y  l e v e l  range 

7. Output delay: a d j u s t s  t h e  delay period from t h e  peak of an 

gated mode with range of 0.5 t o  5 psec. 

from 0.1 t o  1 v. 

input s i g n a l  t o  t h e  r i s e  of an output pulse with range of 
0.5 t o  5 psec. 

8. DC ad jus t :  permits adjustment of output basel ine t o  +1 v. 

1. Gate: s e l e c t s  coincidence or anticoincidence mode. 
2. Strobe: s e l e c t s  e i t h e r  i n t e r n a l  or external  s t robe t o  

B. Rear panel 

determine t h e  output pulse time. 

I V .  INPUTS 
A. Linear 

1. Polar i ty :  unipolar or bipolar  
2. Amplitude: 0 .1  t o  1 0  v 
3. Risetime: 2100 nsec. 
4. Impedance: -1,000 ohms 

1. Amplitude: ~ 3 v ;  25 v. maximum 
2. Width: 2100 nsec. 
3. Impedance: -2,000 ohms 

1. Amplitude: 23 v; 25 v. m a x i m u m  
2. Impedance: -1,000 ohms 

1. Amplitude: 23 v; 25 v maximum 
2. Impedance: -1,000 ohms 

B. Gate 

C .  I n h i b i t  

D.  Strobe 

E. Power: compatible with power supply (SP-18242-2). 

V .  OUTPUTS 
A. Posit ive/negative 

1. Range: 0 t o  1 0  v. 
2. Risetime: -0.5 usec. 
3. Width: 1 t o  5 vsec., adjustable  
4. Impedance: 93 ohms 

1. Amplitude: -5 v. 
2. I n i t i a t i o n :  peak of input s igna l  
3. Termination: completion of output pulse or r e s e t  of 

B. Busy out 

discriminator,  whichever i s  longer. 
C .  Compatible with pulse height analyzer (SP-18242-7) 

V I .  DIMENSIONS 
Standard double width module 

V I I .  INTERFACING 
A. Spectroscopy amplif ier  SP-18242-3 
B. Pulse height analyzer SP-18242-7 
C .  Bin SP-18242-2 
D. Power supply SP-18242-2 
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S p e c i f i c a t i o n  SP-18242-5 

HIGH-VOLTAGE POWEE SUPPLY 

I. GENEXAL DESCRIPTION 
This  u n i t  i s  a high q u a l i t y  h igh  vo l t age  power supply.  

11. PERFORMANCE 
A. Outputs 

1. No. 1: 100 uA maximum @ 0-500 vdc. 
2. No. 2: 100  PA maximum @ 0-5,000 vdc. 

B. P o l a r i t y :  + or -. 
C .  Noise and r i p p l e :  
D .  Temperature s t a b i l i t y :  < O .  02%/OC. 
E. S t a b i l i t y :  <O.l%/hr  a t  cons tan t  temperature  and load .  
F. R i s e t i m e :  5 s ec . ,  0 t o  maximum. 
G.  R e s e t a b i l i t y :  w i th in  0.2% 

<10 m v  p-p ( 5  Hz t o  50 M H z ) .  

111. CONTROLS 
A .  Output: 5 t u r n  d i r e c t  reading poten t iometer .  
B .  On-off: for high vol tage .  
C .  P o l a r i t y :  switch,  w i th  p o l a r i t y  i n d i c a t i o n  

I V .  INPUT 
Power: compatible wi th  power supply (SP-18242-2) 

V.  OUTPUTS 
A. No. 1 

1. Amplitude: 0-500 v. 
2. Impedance: -700 ohms. 

1. Amplitude: 0-5,000 v .  
2.  Impedance: -2 M ohms 
3. Front  pane l  meter ;  d i r e c t  reading  

B. No. 2 

C .  Compatible wi th  c r y s t a l  (SP-18242-1) 

V I .  DIMENSIONS 
A s t anda rd  s i n g l e  width module 

V I I .  INTERFACING 
A. C rys t a l :  SP-18242-1 
B. Bin: SP-18242-2 
C .  Power Supply: SP-18242-2 
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Spec i f i ca t ion  SP-18242-6 

PRECISION PULSE GENERATOR 

I. GENERAL DESCRIPTION 
This u n i t  i s  a prec is ion  pulse  generator  f o r  use i n  t e s t i n g  t h e  
r a d i a t i o n  de tec t ion  system. 

11. PERFORMANCE 
A. Amplitude 0 t o  +1 v . ,  continuously ad jus t ab le .  
B. Risetime: 5 t o  250 qsec; ,  ad jus t ab le  
C .  Fal l t ime:  -200 psec. 
D.  Amplitude s t a b i l i t y  

1. Temperature: 0.005%/°C. 
2. Line vol tage:  0.001% t o t a l  
3. Ripple and noise:  0.003% 

1. Power l i n e  frequency 
2. 70 Hz 1% 

1. Temperature: 0.O5%l0C 
2. Time: l%/day  

E. Repet i t ion  r a t e  

F. Repet i t ion  r a t e  s t a b i l i t y  

111. CONTROLS 
A. Pulse  he ight :  

1 i n  ea r  i t y . 
B. Normalize: 1 0  t u r n  potentiometer a d j u s t s  t h e  t o t a l  range of t h e  

pu l se  height  con t ro l  - f’ull s c a l e  ad jus t ab le  from 0.5 t o  1 v. 
l i n e a r i t y  0.1% of  f u l l  s ca l e .  

1. Power l i n e  

3. Off 

1 0  t u r n  potentiometer with 0.1% of  f u l l  s c a l e  

C .  Frequency 

2 .  70 HZ 

D. Po la r i ty :  + or -. 
E. Risetime: 5, 20, 50, 100, 250 rlsec. 
F. Attenuator:  allows amplitude a t t enua t ion  over a range of 2 t o  

2,000 i n  a 1, 2, 5 sequence. 

I V .  INPUTS 
A l l  power inpu t s  s h a l l  be compatible with t h e  power supply 
(SP-18242-2 ) . 

V. OUTPUT 
Impedance: 100 ohms 

V I .  INTERFACING 
A. Bin: SP-18242-2 
B. Power Supply: SP-18242-2 
C . Preamplif ier  : SP-18242-1 
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S p e c i f i c a t  ion  SP-18242-7 

MULTICHANNEL PULSE ANALYZEB 

I. GENERAL DESCRIPTION 
This  u n i t  i s  a mult ichannel  pu l se  ana lyzer  capable  of ope ra t ion  i n  
p u l s e  he ight  and m u l t i s c a l e r  modes. 

11. PERFORMANCE 
A.  ANALOG TO DIGITAL CONVERTER 

1. Inpu t s  
a. S igna l :  P o s i t i v e  un ipo la r  or b i p o l a r  p u l s e ,  0 t o  1 0  v ,  

r i s e t i m e  <25O nsec (20 vsec max), decay t i m e  30 vsec max, 
input  impedance: 1,000 ohms. Two s e l e c t a b l e  i n p u t s  f o r  
dc or ac  coupled (dc r e s t o r e d ) .  S igna l  BNC connectors  
on f r o n t  and rear panels  wi th  f r o n t  pane l  t e s t  po in t  t o  
monitor dc zero adjustment .  

(1) 

( 2 )  

b .  Gate: 
2 + 3 v ( t  25 v max), width 100  nsec min, no max 
l i m i t ,  input  impedance >1,000 ohms, dc coupled. 
The ga t ing  func t ion  i s  s e l e c t e d  wi th  a f r o n t  panel  
switch t o  ope ra t e  i n  t h e  coincidence or an t i co in -  
c idence mode. BNC connector i n  f r o n t  and rear 
panels .  Note: I n t e r n a l  c i r c u i t  r egene ra t e s  t h e  
g a t e  width t o  be 5 usec minimum; t h e  maximum i s  
set  by t h e  g a t e  input  s i g n a l  width.  

2. Performance 
a.  D i g i t i z i n g  r a t e :  50 MHz 
b .  

c .  D i f f e r e n t i a l  non l inea r i ty :  <1% over t h e  t o p  99% of f u l l  

d. Overal l  temperature  s t a b i l i t y :  

I n t e g r a l  non l inea r i ty :  
s c a l e .  

s c a l e .  

(1) 5100 ppm/OC from C to 50°C specified in percentage 
of f u l l  s c a l e .  

( 2 )  Long term: A p u l s e r  peak w i l l  s t a y  wi th in  one 
channel over 24 hours f o r  cons tan t  l i n e  vo l t age  (115 
v ac ?lo%, 50-60 Hz) and room temperature .  

5 t 0.05% over t h e  t o p  99% f u l l  

e.  Channel p r o f i l e :  The channel  p r o f i l e  i s  f l a t  over 75% 

f .  Dead t ime c o r r e c t i o n :  t h e  ADC provides  i n  conjunct ion 
of t h e  channel  width.  

wi th  t h e  memory system for automatic  dead t ime c o r r e c t i o n .  
Note: Dead t i m e  i s  measured from the  l ead ing  edge f i r i n g  
of t h e  d i sc r imina to r .  Livetime acc :  50.05% of  p r e s e t  
t ime . 

3. Controls  
a.  Address f u l l  s c a l e  ( f o r  1 0  v ) :  ADC conversion ga in  spec i -  

b .  Overflow: This  func t ion  i s  implemented au tomat i ca l ly  by 
f i e d  i n  channels  f u l l  s c a l e  f o r  1 0  v input  s i g n a l .  

t h e  "memory s to rage  region" switch which se t s  t h e  overflow 
b i t  i n  t h e  ADC. The group s i z e  can be s e l e c t e d  t o  be FULL 
memory, ha lves  o r  q u a r t e r s  wi th  FULL memory of being 1024. 
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c .  D i g i t a l  o f f s e t :  D i g i t a l  o f f s e t  i n  s t eps  of 1024, 512, 

256, and 128 or any combination of them implemented with 
a s e t  of four  toggle  switches. 

enable/disable function of t h e  ga t e  s igna l s  e i t h e r  i n  
coincidence or anticoincidence. 

(1) Lower l eve l :  10 t u r n  f r o n t  panel cont ro l  t o  ad jus t  

d. Anti/coincidence: Front panel switch which s e l e c t s  t h e  

e. Analysis region: 

between 0% t o  100% of f u l l  sca le .  
b e t t e r  than 0.2%. 
( r e f e r  t o  descr ip t ion  of Adjust/Operate swi tch) .  

( 2 )  Upper l e v e l :  10 t u r n  f r o n t  panel con t ro l  t o  ad jus t  
between 5% and 105% of f u l l  sca le .  Rese tab i l i t y  
and temperature s t a b i l i t y  as LLD ( r e f e r  t o  descrip- 
t i o n  of Adjust/Operate switch).  

Rese tab i l i t y  
Temperature s t a b i l i t y  5200 ppm/OC 

f .  Adjust/operate: Front panel toggle  switch which, when i n  
ADJUST, i n t e n s i f i e s  i n  t h e  CRT screen t h e  ANALYSIS REGION 
or t h e  f r a c t i o n  of t h e  input spectrum l imi t ed  by t h e  
upper and lower l e v e l  discriminators.  The purpose of 
t h i s  function i s  t o  permit t h e  s e t t i n g  of t h e  ana lys i s  
region d iscr imina tors  by making reference t o  t h e  s tored  
data. 
Zero ad jus t :  Screwdriver ad jus tab le  from 0 t o  f 5% of 
f u l l  s c a l e  by f ron t  panel 1 0  t u r n  potentiometer. Tem- 
pera ture  s t a b i l i t y  included i n  t h e  performance speci- 
f i c a t  ions. 

g. 

4. ADC d i g i t a l  outputs 
a. ADC busy: Rear panel BNC connector. Nominal + 5 v pulse 

width dura t ion  equal t o  t h e  t i m e  from t h e  f i r i n g  of d i s -  
criminator t o  t h e  end of t h e  memory cycle.  (Note: If a 
r e j e c t  condition i s  reached a t  any time during t h e  con- 
version, t h e  busy period w i l l  t e rmina te . )  
i s  ava i l ab le  i n  BNC connector with output impedance <lo 
ohms and r i s e t ime  150 nsec. 

b. SCA out :  Rear panel BNC connector. Nominal + 5 v pulse ,  
1 Usec wide. Each output pulse whose amplitude f a l l s  
within t h e  lower and upper l e v e l  d i scr imina tors  w i l l  
generate an output. Output impedance <50 nsec. 

5 usec wide. An output pulse i s  provided each time an 
event i s  s to red  within any se l ec t ed  "region of i n t e r e s t " .  
Output enabled only i n  t h e  PHA ana lys i s  mode. Output 
impedance <10 ohms, r i se t ime < 5 O  nsec. 

The output 

c.  R O I  output: Rear panel BNC connector. Nominal 1 0  v ,  

B. DISPLAY AND MEMORY SYSTEM 
1. Memory descr ip t ion  

a. Number of words (channels):  The memory can s t o r e  1024 

b. 
words of BCD da ta .  
Word length: 
each word loca t ion .  
of 999,999 counts i n  a BCD code. 

.24 b i t s  of information can be s tored  a t  
This provides a maximum capacity, 
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c .  Storage cyc le  t ime: 
memory, modif ied,  and then  w r i t t e n  back i n t o  t h e  memory 
i n  l e s s  than  5 psec (Read, Add-1, Write).  

One word of d a t a  i s  read  from t h e  

2. Memory c o n t r o l s  
a. S torage  r eg ion :  S e l e c t s  t h e  p o r t i o n  of t h e  memory upon 

which d a t a  w i l l  be s to red .  The a c t i o n  of t h e  Disp lay ,  
Readout, and Erase c o n t r o l s  i s  l i m i t e d  t o  t h e  s e l e c t e d  
memory reg ion .  Overflow f o r  ADC i s  au tomat i ca l ly  d e t e r -  
mined by t h i s  c o n t r o l .  
(1) FULL: A l l  1024 memory words; 1/2, 2/2: memory 

ha lves ;  1/4, 214, 3/4, 414: memory q u a r t e r s .  
( 2 )  Overlap: provides  f o r  an  overlayed d i s p l a y  of a l l  

q u a r t e r s  of t h e  memory (two ha lves  for 112). V e r t i -  
c a l  d i s p l a y  sepa ra t ion  of t h e  overlayed subgroups 
i s  obta ined  wi th  t h e  " v e r t i c a l  expand" potent iometer  
i n  t h e  f r o n t  pane l .  The s to rage  r eg ion  f o r  both 1 1 4  
and 112  over lap  p o s i t i o n s  r e t a i n s  t h e  f u l l  memory. 

t o  any q u a r t e r  or half of t h e  memory i s  accomplished 
by e x t e r n a l l y  suppl ied  r o u t i n e  s i g n a l s  t o  t h e  r e a r  
pane l  e x t e r n a l  connect or. 

( 3 )  Memory segment r o u t i n e :  r o u t i n e  of  input  s i g n a l s  

b .  Storage mode: S e l e c t s  t h e  t y p e  of  mod i f i ca t ion  t o  be  
performed on t h e  con ten t s  of t h e  addresses  l o c a t i o n  during 
each memory cyc le .  
(1) Add: con ten t s  of t h e  addresses  l o c a t i o n  i s  inc re -  

( 2 )  O f f :  c o n t e n t s  of t h e  addresses  l o c a t i o n  w i l l  no t  be 
mented by one. 

modif ied.  When i n  t h i s  p o s i t i o n ,  t h e  "Analyze" i n d i -  
c a t o r  pushbutton w i l l  f l a s h  while  t a k i n g  d a t a .  

( 3 )  Sub: con ten t s  of t h e  addressed l o c a t i o n  i s  decre-  
mented by one. 

(4) Erase: con ten t s  of t h e  complete memory o r  s e l e c t e d  
p o r t i o n  (by  t h e  Storage Region swi t ch )  i s  c l e a r e d  t o  
zero when t h e  two erase bu t tons  a r e  depressed.  

3.  Display c o n t r o l s  
a. Counts f u l l  s c a l e :  s e l e c t s  between t h e  o p t i o n a l l y  a v a i l -  

able logar i thmic  (LOG)  d i s p l a y  and n ine  ranges of l i n e a r  
d i sp l ay .  
(1) Log d i sp lay :  provides  s ix  decades of r e s o l u t i o n .  
(2) Lineary d i sp lay :  provides  100 t o  1,000,000 counts  

f u l l  s c a l e  i n  a 1, 5 ,  1 0  sequence. I n  a l l  c a s e s ,  
t h e  v e r t i c a l  d e f l e c t i o n  a m p l i f i e r  g a i n  i s  auto-  
m a t i c a l l y  a d j u s t e d  t o  main ta in  t h e  s c a l e  c a l i b r a t i o n .  
Disp lay  c i r c u i t s  i n t e g r a l  n o n l i n e a r i t y  51% of  f u l l  
s c a l e .  

b. Expand 
(1) Horizonta l  and v e r t i c a l :  provide VERTICAL and H O R I -  

ZONTAL expansion f o r  t h e  d i s p l a y ,  accomplished by 
cont inuous ly  a d j u s t i n g  t h e  d e f l e c t i o n  a m p l i f i e r s  
ga in  between X1 and X5. For t h e  f u l l  CCW p o s i t i o n ,  
t h e  g r a t i c u l e  i s  c a l i b r a t e d .  
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( 2 )  Scan o f f :  def ines  t h e  cur ren t  pos i t i on  of t h e  
marker as t h e  center  of t h e  screen. The marker 
will then s t a y  f ixed  and t h e  spectrum displayed 
when t h e  ''marker pos i t ion"  pot i s  ro t a t ed .  
before ,  t h i s  operation i s  r e s t r i c t e d  t o  t h e  se lec ted  
memory s torage  region. 

A s  

c.  Region of i n t e r e s t :  composed by t h e  marker pos i t i on  po- 
ten t iometer ,  region of i n t e r e s t  SET/OFF/CLEAR switch, and 
a numeric readout on t h e  CRT screen (Character Generator 
op t iona l  ) . 
(1 1 Marker pos i t ion :  s e t s  t h e  pos i t i on  of t h e  marker 

which i s  i d e n t i f i e d  i n  t h e  CRT screen with a v e r t i -  
c a l  t r a c e .  
Se t /o f f / c l ea r :  
regions of i n t e r e s t  i n  t h e  CRT d isp lay .  
( a )  Set:  i n  t h i s  pos i t i on ,  a l l  channels over which 

t h e  marker i s  swept through a r e  defined as t h e  
region of i n t e r e s t .  They w i l l  be d is t inguished  
from t h e  r e s t  by permanent i n t e n s i f i c a t i o n .  

(b) Off: no regions of i n t e r e s t  a r e  s e t  nor r e s e t  
when t h e  marker i s  displaced. 

( c )  Clear: i n  t h i s  mode, t h e  marker w i l l  e r a se  the  
"region of i n t e r e s t "  s t a t u s  of a l l  channels 
previously i n t e n s i f i e d  as they  are swept by t h e  
marker. If t h e  memory erase  pushbuttons a r e  
depressed when t h e  switch i s  i n  Clear,  t h e  
"region of i n t e r e s t "  s t a t u s  of a l l  channels i s  
erased simultaneously. Note: When t h e  "Full 
Spectrum/Integral Only/ROI" f r o n t  panel toggle  
switch i s  s e t  t o  "Full  Spectrum", a l l  channels 
are given R O I  s t a t u s  independently of t h e i r  
p r ior  condition. The previously ex i s t en t  R O I ' s  
can be automatically r e t r i e v e d  by r e tu rn ing  t h e  
switch t o  i t s  previous " In tegra l  Only" or "ROI"  
pos i t i on .  

def ines  t h e  limits of one or more 

Marker readout: c o n s i s t s  of two s e t s  of numbers 
labe led  Co (counts )  and Ch f o r  (Channel) i n  t h e  CRT 
screen ( i n t e r n a l l y  generated by an op t iona l ly  avail- 
ab le  CHARACTER GENERATOR) which ind ica t e s  a t  a l l  
times t h e  channel number and conten ts  of t h e  memory 
loca t ion  cu r ren t ly  se l ec t ed  by the.marker pos i t i on .  
In t eg ra to r  readout: t h e  i n t e g r a l  of any region of 
i n t e r e s t  w i l l  be computed and displayed on t h e  CRT 
screen. This occurs when t h e  mark i s  within t h e  
boundaries of t h e  se l ec t ed  region of i n t e r e s t .  The 
in t eg ra to r  d i sp l ay  c o n s i s t s  of a s e t  of e ight  d i g i t s  
which are shown immediately under t h e  mark i d e n t i f i -  
ca t ion  charac te rs  (channel number and count conten t ) .  
Live s t a t i c :  f r o n t  panel toggle  switch t h a t  allows 
t h e  se l ec t ion  between LIVE d isp lay  ( i n t e n s i f i c a t i o n  
of cur ren t  address) and STATIC disp lay  ( i n t e n s i f i -  
ca t ion  of two d isp lay  modes a r e  only e f f e c t i v e  
while i n  ANALYZE). 
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( 6 )  Fu l l - sca l e  c a l i b r a t e :  i n  c a l i b r a t e  p o s i t i o n ,  t h e  
d i s p l a y  c o n t r o l s  can be  set  f o r  f u l l - s c a l e  de f l ec -  
t ion .  

d .  Osci l loscope (CRT)  c o n t r o l s :  r e l a t e d  t o  t h e  CRT d i s p l a y .  
(1) Power/grat icule:  c o n t r o l s  t h e  b r i g h t n e s s  of t h e  

l i n e a r / l o g  g r a t i c u l e  a t t ached  t o  t h e  CRT screen .  
( 2 )  I n t e n s i t y :  c o n t r o l s  t h e  i n t e n s i t y  of t h e  CRT d i s -  

( 3 )  V e r t i c a l / h o r i z o n t a l :  c o n t r o l  t h e  dc v e r t i c a l  and 
h o r i z o n t a l  d e f l e c t i o n  vo l t ages  o f  t h e  CRT d i s p l a y .  

( 4 )  Focus: c o n t r o l s  t h e  sharpness  of t h e  CRT d i s p l a y .  

p l ay  * 

C .  Funct iona l  mode c o n t r o l s  
1. Readout: a c t i v a t e s  t h e  proper  i n t e r f a c e  c i r c u i t r y  t o  t h e  

s e l e c t e d  output  device .  A d e s c r i p t i o n  of each of t h e  readout  
modes i s  given below. 
a. P l o t :  t h e  p o r t i o n  of t h e  d i s p l a y  framed by t h e  CRT screen 

and wi th in  a r eg ion  of i n t e r e s t  i s  r ead  out a t  a maximum 
r a t e  of 50 addresses/second.  The analog vo l t ages  gen- 
e r a t e d  by t h e  X and Y D A C ' s  are a l s o  routed  t o  h o r i z o n t a l  
and v e r t i c a l  j acks  l o c a t e d  on t h e  rear of t h e  ins t rument .  
This ,  wi th  t h e  Poin t /Line  rear panel  swi tch ,  a l lows  t h e  
s e l e c t i o n  of synchronous or asynchronous r eco rde r s .  

b. Type: t h e  i n t e r f a c e  f o r  a Tele type  i s  a c t i v a t e d .  The 
con ten t s  of t h e  l o c a t i o n s  of t h e  s e l e c t e d  memory group 
and wi th in  t h e  reg ion  o f  i n t e r e s t  w i l l  b e  typed out  a t  a 
nominal r a t e  o f  1 0  charac te rs / second.  Every 1 0  channels  
t h e  corresponding address  i s  typed such as t o  permit 
i d e n t i f i c a t i o n  of t h e  da t a .  

c .  Punch: enables  t h e  i n t e r f a c e  c i r c u i t  ca rd  t h a t  ou tpu t s  
t h e  s e l e c t e d  d a t a  t o  a Paper Tape Punch a t  a nominal ra te  
of 60 Hz. 

t e r s  a r e  connected through o p t i o n a l l y  available b u f f e r  
d r i v e r s  t o  t h e  rear panel  EXTERNAL connectors .  Memory 
controls, analyze, stop, display, readout, erase, and 
busy l i n e s  are a l s o  a v a i l a b l e  i n  t h e s e  connectors .  All 
s i g n a l  l e v e l s  are TTL compatible.  

switch.  
(1) F u l l  spectrum: promotes t o  R O I  s t a t u s  a l l  channels  

d .  Transfer :  t h e  con ten t s  of t h e  memory and address  r e g i s -  

e. F u l l  spec t rum/ in tegra l  only/ROI: f r o n t  pane l  t o g g l e  

i n  memory (or subgroup).  
r e s t r i c t i o n s  f o r  t h e  Readout and P rese t  func t ions  
der ived  from t h e  ex i s t ence  of R O I ' s  are e l imina ted .  

( 2 )  I n t e g r a l  only:  a subset  of  t h e  " R O I ' S  only" which 
f u r t h e r  r e s t r i c t s  t h e  Readout func t ion .  When i n  
t h i s  mode, R O I ' s  will be i d e n t i f i e d  by t h e i r  f i r s t  
address  and ' the  corresponding i n t e g r a l  readout  i n  
l i s t  form. 

a l l  Readout and P rese t  func t ions .  

When i n  t h i s  p o s i t i o n ,  a l l  

( 3 )  R O I :  imposes t h e  r e s t r i c t i o n s  of R O I  boundaries  t o  
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2.  Analysis 
a. PHA: pulse height ana lys i s  mode. 
b. MCS: mul t i s ca l e r  operation, Operates i n  conjunction 

with t h e  t i m e  base which determines t h e  dwell time i n  
each channel. The sweep i s  manually s t a r t e d  by t h e  
"ANALYZE" button or a s i g n a l  i n  t h e  ANALYZE INPUT BNC 
connector ( r e a r  pane l )  and once concluded, t h e  system 
automatically switches t o  t h e  STOP mode. 

sweeps. The system upon reaching t h e  end of a sweep 
w i l l  start sweeping again. The process continues in- 
d e f i n i t e l y  u n t i l  manually or e l e c t r i c a l l y  terminated. 

d. Tes t :  a l l  channels within t h e  s torage  region w i l l  be 
sequen t i a l ly  incremented (or decremented) by one such 
as t o  v e r i f y  proper functioning of t h e  memory and con- 
t r o l  c i r c u i t s .  This mode i s  only enabled when i n  DIS- 
PLAY. 

c.  MCSR: mul t i s ca l e r  operation as MCS but with recur ren t  

D .  P rese t  cont ro ls :  two r o t a r y  and one toggle  switch t o  s e l e c t  
and con t ro l  counting period i n  one of t h r e e  ways. 
1. 

2.  

3.  

4. 

5. 
6. 

7. 
8. 
9.  

Prese t  time mode: analyzer counts f o r  p re se t  l ive t ime and 
stops.  
P rese t  counts mode: analyzer counts u n t i l  it has accumulated 
t h e  p re se t  count i n  t h e  t a l l e s t  peak and s tops .  
P rese t  peak a r e a  mode: analyzer counts u n t i l  it has accumu- 
l a t e d  t h e  p re se t  count i n  any se l ec t ed  peak or t h e  i n t e g r a l  
of t h a t  peak. 
BASE: OFF, X1, X2, X4, X8. The OFF pos i t i on  ind ica t e s  t h a t  
no l e v e l  i s  p re se t  and t h e  analyzer w i l l  count u n t i l  stopped 
manually. 
MULTIPLIER: X10, X100, XlK, XlOK, X100K. 
Time base 
a. Osc i l l a to r  s t a b i l i t y :  <0.005%/°C. 
b.  Accuracy: b e t t e r  than 0.001% plus  synchronizing e r r o r .  
c .  Synchronizing e r r o r :  25 microseconds, noncumulative. 
PHA mode: 1 Hz (1 second base )  
MCS, MCSR modes: 100 KHz (10 microseconds base)  
Modes: rou te s  t h e  base t o  t h e  p re se t  countdown c i r c u i t s .  
a. TIME: rou te s  t h e  t ime base.  The time base frequency 

b. R O I  COUNTS: w i l l  monitor t h e  contents of a l l  channels 
w i l l  be s tored  i n  channel zero. 

i n  t h e  se lec ted  s torage  region and i n  t h e  R O I .  Upon 
reaching i n  any s i n g l e  channel t h e  se l ec t ed  p rese t  count 
l e v e l ,  w i l l  generate a s top  s igna l .  

c.  R O I  INTEGRAL: t h e  prese t  s top  w i l l  be generated when a l l  
i n t eg ra t ed  counts i n  t h e  se l ec t ed  R O I  reach t h e  chosen 
prese t  count l e v e l .  I n  t h i s  mode a l s o ,  channel zero con- 
t a i n s  t h e  time base (1 Hz) t o t a l  elapsed l ive t ime.  

(1) Multichannel s c a l e r  connectors 
d. Rear panel connectors and con t ro l s  

( a )  Input: BNC input accepts l og ic  s igna l  t o  in- 
crement data r e g i s t e r  i n  t h e  mul t i s ca l e r  mode. 
5 + 3 v t o  count; I + 1.5 v t o  i n h i b i t  counting; 
k25 v absolu te  maximum. Width 50 nsec min, no 
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max l i m i t .  Input impedance: 1K ohms dc 
coupled. Maximum MCS input  frequency: 1 O M  
Hz; Channel dead t i m e :  5 psec. 

( b )  Channel advance output :  provides an output 
pu lse  on BNC connector when t h e  t i m e  base in -  
crements t h e  memory address  r e g i s t e r  or channel 
advances. Nominal 5 + 3 v ,  500 nsec wide. 
Output impedance: 510 ohms dc coupled. 

( c )  End of sweep output :  provides an output pu lse  
on BNC connector each t i m e  t h e  memory address  
r e g i s t e r  overflows or advances through t h e  
l a s t  channel of t h e  se l ec t ed  s torage  reg ion .  
Nominal I + 3 v,  500 nsec wide, output i m -  
pedance: 510 ohms dc coupled. 

( 2 )  Controls  
Run i n  ( ana lyze ) :  accepts  a p o s i t i v e  l o g i c  
pulse  on BNC connector t o  set  t h e  ana lyzer  
t o  t h e  RUN mode. The p a r t i c u l a r  func t iona l  
mode i s  determined by t h e  f r o n t  panel  ANALYSIS 
switch.  I + 3 v for l o g i c  s e t ,  1. + 1 . 5  v t o  
i n h i b i t ,  +25 v abso lu te  maximum. Rise and 
decay t imes 5100 psec, output impedance 21,000 
ohms dc coupled. 
CRT i n  ( d i s p l a y ) :  accepts  a p o s i t i v e  l o g i c  
pulse  on BNC connector t o  set  t h e  analyzer  t o  
t h e  DISPLAY (or CRT) mode. i + 3 v f o r  l o g i c  
s e t ,  5 + 1 . 5  v t o  i n h i b i t ,  +25 v absolu te  
maximum. Width 500 nsec min, no max l i m i t .  
Rise and decay times 1100 psec,  output i m -  
pedance ?1,000 ohms dc coupled. 
1 /0  i n  ( r eadou t ) :  accepts  a p o s i t i v e  log ic  
pulse  on BNC connector t o  set  t h e  analyzer  
t o  t h e  Readout ( o r  I / O )  mode. The p a r t i c u l a r  
output  device i s  se l ec t ed  by t h e  f r o n t  panel  
READOUT switch. 1 + 3 v to s e t ,  I + 1 . 5  v to 
i n h i b i t ,  f25 v absolu te  maximum. Width 500 
nsec min, no max l i m i t .  R i s e  and decay t imes 
5100 psec. Output impedance 21,000 ohms dc 
coupled. 
Memory erase: accepts  a p o s i t i v e  l o g i c  pulse  
on BNC connector t o  erase t h e  conten ts  of t h e  
memory or se l ec t ed  subgroup. For t h i s  func- 
t i o n  t o  be ope ra t iona l ,  t h e  analyzer  must be 
i n  t h e  DISPLAY mode. (Note: A s i n g l e  500 
nsec wide erase pulse  can be simultaneously 
connected t o  both t h e  CRT I N  and MEMORY JBASE 
BNC connectors.  This  w i l l  set  t h e  analyzer  
i n  t h e  d i sp lay  mode and thence e ra se  t h e  
memory). 
+25 v absolu te  max. Width 500 nsec min, no 
max l i m i t .  Rise and decay t imes I100 psec. 
Output impedance 21,000 ohms dc coupled. 

2 + 3 v t o  s e t ,  5 + 1 . 5  v t o  i n h i b i t ,  
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( 3 )  Time base 
( a )  In te rna l -ex terna l :  two pos i t i on  switch t o  

s e l e c t  t h e  i n t e r n a l  time base or an ex te rna l ly  
supplied time base.  

( b )  Input: BNC connector accepts input f o r  use as 
time base. 

( 4 )  Anci l la ry  connectors 
( a )  Region of i n t e r e s t  out:  output pulse on BNC 

connector f o r  each event s tored  within any 
region of i n t e r e s t  ( R O I ) .  

( b )  ADC busy out:  output dc l e v e l  on BNC connector 
t o  ind ica t e  dura t ion  of ADC conversion t i m e .  

( c )  End of 1 /0  out:  provides an output pulse upon 
completion of t h e  readout cycle as se lec ted  by 
t h e  f r o n t  panel READOUT switch. Nominal 2 + 3 
v ,  500 nsec wide. Output impedance 510 ohms dc 
coupled. 

( 5 )  In t e r f ace  connectors 
( a )  Tape: t h i s  connector i s  wired f o r  t h e  Paper 

Tape Punch In t e r f aces .  It conta ins  a l l  da t a ,  
address, and con t ro l  s igna l s  which permit in- 
t e r f a c i n g  and readout t o  t h i s  output device. 

All options a r e  t o  be supplied with interconnecting cables  
as required.  They f u r t h e r  t ake  i n t e r n a l  power and requi re  
no modification t o  t h e  main frame. 

e.  Optional c a p a b i l i t i e s  

Memory s i z e :  
memory fu l l  s ca l e .  
Character generator:  plug i n  c i r c u i t  board containing 
a l l  necessary c i r c u i t r y  t o  generate on t h e  CRT screen 
t h e  alphanumeric information corresponding t o  t h e  channel 
number and count content of t h e  memory loca t ion  spec i f ied  
by t h e  marker pos i t i on  cont ro l .  
In t eg ra to r :  t h i s  op t iona l  board permits t h e  automatic 
computation of t h e  i n t e g r a l  of any region of i n t e r e s t  
The r e s u l t  of t h i s  ca l cu la t ion  i s  displayed as an 8- 
d i g i t  number i n  t h e  CRT screen (CG option requi red)  or 
readout t o  t h e  punch. 
Logarithmic d isp lay :  t h i s  option c o n s i s t s  of a loga r i th -  
mic converter mounted i n  a s ing le  pc board and ac t iva t ed  
when t h e  f ron t  panel COUNTS FULL SCALE switch i s  s e t  t o  
LOG. Decoding Accuracy: 6 decades; i n t e g r a l  non- 
l i n e a r i t y :  11% of f u l l  s ca l e .  
Paper t ape  punch in t e r f ace :  t h i s  c i r c u i t r y  card incor- 
porates a l l  necessary d r ive r  and timing c i r c u i t r y  t o  
i n t e r f a c e  with a high speed paper t ape  punch. 
( a )  Power: A l l  power solenoid d r ive r s  included a r e  

( b )  Output code: 8 l e v e l  ASCII with p a r i t y .  
( c )  Output rate: nominal 60 H z .  
( d )  Automatic start: c i r c u i t r y  i s  b u i l t  i n  t o  auto- 

t h e  analyzer s h a l l  provide 1024 words 

supplied by t h e  main frame. 

mat ica l ly  power up t h e  punch motor and generate 
an appropriated length  of tape  leader .  
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.1 accept  t h e  output  s i g n d  from t h e  b i a sed  amp1 
f i e r  (SP-18242-4). 

I V .  OUTPUT SIGNAL s h a l l  ope ra t e  a high speed t a p e  punch (SP-18242-8). 

V.  MAXIMUM DIMENSIONS* 
A .  Width: 19 inches  
B. Depth: 18 inches 
C .  Height:  9 inches  

V I .  INTERFACING 
A. Biased a m p l i f i e r  SP-18242-4 
B. Punch SP-18242-8 

S p e c i f i c a t i o n  SP-18242-8 

PAPER TAPE PUNCH 

I. GENERAL DESCRIPTION 
This  u n i t  i s  a high q u a l i t y ,  h igh  speed paper t a p e  punch. 

11. OPERATING FEATURES 
A .  Speed: v a r i a b l e  from 0 t o  60 c h a r a c t e r s  per  second. 
B. Standard code channels :  5 ,  6 ,  7 ,  o r  8.  
C .  Code ho le  s i z e :  0.072-inch diameter on s tandard  0.1-inch c e n t e r s .  
D. Feed hole  s i z e :  0.047-inch diameter 
E. Alignment: code holes  and feed  ho le s  have a common c e n t e r l i n e .  
F. Tape accommodation: must be capable  of handl ing s tandard  paper ,  

G.  Standard t a p e  widths:  0.687, 0.875, 1.000 inch .  
H. Tape supply r e e l  capac i ty :  1,000 f e e t  
I .  Take-up r e e l s :  a b l e  t o  handle 6 or 10-inch metal, o r  7-1/2-inch 

p l a s t i c .  
J .  Input  pu l se  

1. Sprocket and paper d r i v e  c l u t c h e s  ( i n  p a r a l l e l ) :  48 v dc ,  

2. Punch c lu t ches :  48 v de ,  220 ohms, 4 . 5  f 0.5 msec ( o r  24 

f o i l ,  and Mylar. 

110 ohms, 4 .5  t 0.5 msec (or 24 v dc ,  25 ohms). 

v dc ,  50 ohms. 
K. Drive motor: 1 /20  hp 
L .  Termination: t o  mate wi th  ana lyzer  (SP-18242-7). 

111. OPERATING ENVIRONMENT 
The u n i t  s h a l l  perform w i t h i n  i t s  s p e c i f i c a t i o n s  under any s teady-  
s t a t e  cond i t ions  wi th in  t h e  fo l lowing  l i m i t s .  

*Note: These dimensions do not i nc lude  a c a b i n e t .  If t h e  ana lyzer  i s  
conta ined  i n  a c a b i n e t ,  it must be removable and f u l l y  operable  without 
t h e  c a b i n e t .  
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A. Input  power: 105 t o  125 v o l t s  a c ,  60 Hz, 1 phase 
B. Ambient temperature:  5 t o  65Oc (40 t o  149OF) 
C .  Ambient humidity: 5 t o  95% RH 
D.  Vibra t ion :  1 m i l  p-p s i n u s o i d a l ,  O ' t o  65 Hz 

I V .  EQUIPMENT 
The fo l lowing  equipment s h a l l  be suppl ied  wi th  t h e  punch. 
A .  3-foot,  3-wire power cord  wi th  NEMA p lug .  
B. 
C .  

Two each 8-inch paper supply reels.  
Four each 7-1/2-inch takeup reels .  

V. INTERFACING 
Analyzer SP-18242-7 

V I .  INSPECTIONS AND TESTS 
A. T e s t s  at S e l l e r ' s  P l an t  

The u n i t  s h a l l  be inspec ted  and t e s t e d  t o  show f u l l  compliance 
wi th  t h e  s p e c i f i c a t i o n s .  C e r t i f i e d  i n s p e c t i o n  and t e s t  resu l t s  
s h a l l  be fu rn i shed  t o  and approved by t h e  Company p r i o r  t o  equip- 
ment shipment. 

The  Company w i l l  i n spec t  and t e s t  t h e  equipment af ter  it is  
rece ived .  These t es t s  w i l l  determine compliance wi th  t h e  speci-  
f i c a t i o n  and w i l l  be the  basis for f i n a l  acceptance .  

B. Tests a t  Company's P l an t  

S p e c i f i c a t i o n  SP-18246 

PERFORMANCE FOR A REFRIGERATED CABINET 

I. GENERAL DESCRIPTION 
This  u n i t  i s  an  i n s u l a t e d  cab ine t  equipped wi th  an  evapora t ive  cool ing  
system us ing  l i q u i d  n i t rogen  as a c.oolant.  It i s  intended t o  main- 
t a i n  s e n s i t i v e  in s t rumen ta t ion  mounted w i t h i n  t h e  c a b i n e t  at a uni-  
form temperature  i n  t h e  presence  of e l eva ted  ambient tempera tures .  

11. CONSTRUCTION 
A. I n s i d e  dimensions 

1. Width: 20 inches  
2. Depth: 20 inches 
3. Height:  20 inches 

Note: The volume enclosed above s h a l l  be c l e a r ,  wi th  
no s t r u c t u r a l  o r  o the r  i n t r u s i o n  permi t ted .  

B. Wall th i ckness :  6 inches  
C .  Door 

1. Opening: 20 x 20 inches ,  c l e a r ,  perpendicular  t o  f r o n t  of 

2. Window: 20 x 20 inches ,  c l e a r  g l a s s  
3. Hinges: on l e f t  f ac ing  cab ine t  

wi th  cover .  

rear .  

cab ine t .  

D.  Po r t :  1 each,  2 inches i n  diameter ,  l oca t ed  at bottom r e a r ,  

E. I n t e r n a l  ac r e c e p t a c l e s :  2 each NEMA duplex, l o c a t e d  a t  bottom 
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F. Fan: low v e l o c i t y ,  f o r  i n t e r n a l  a i r  c i r c u l a t i o n  
G.  Temperature i n d i c a t o r :  t h e  cab ine t  s h a l l  be equipped wi th  an  

i n d i c a t o r  f o r  t h e  i n t e r n a l  tempera ture ,  readable  from t h e  f r o n t ,  
and accu ra t e  t o  1% of t h e  reading .  

111. COOLING SYSTEM 
A. Type: The cabine t  s h a l l  be equipped wi th  an evaporator  t ype  

hea t  exchanger u n i t ,  i n  which t h e  expansion of a supply gas  
( n i t r o g e n )  serves  t o  coo l  t h e  i n t e r n a l  cab ine t  a i r  flowing p a s t  
t h e  hea t  exchanger c o i l s .  The expanded n i t rogen  s h a l l  be ex- 
hausted t o  t h e  atmosphere and not i n t o  t h e  cab ine t .  

B. Design: The Company s h a l l  f u r n i s h  t h e  l i q u i d  n i t rogen  supply 
r e s e r v o i r .  All o the r  p a r t s  of t h e  cool ing  system, inc luding  
the  i n l e t  gas  l i n e ,  t he  hea t  exchanger,  c i r c u l a t i n g  a i r  f an ,  
t h e  temperature  i n d i c a t o r  and t h e  exhaust system, s h a l l  be 
fu rn i shed  by t h e  S e l l e r .  

I V .  PERFOFWINCE 
A. Temperature c o n t r o l :  t h e  system s h a l l  be  capable  of maintaining 

any reg ion  wi th in  t h e  cab ine t  a t  a temperature  of 25 rf: 2OC (77°F) 
over an  ambient temperature  range of 28 t o  6 5 ' ~  (82 t o  149OF) 
with  t h e  door c losed  and no i n t e r n a l  hea t  load .  

B. Recovery t i m e :  t h e  system s h a l l  be  capable  of r e s t o r i n g  con- 
t r o l l  ed i n t  e r n a l  t emper a t  u r  e c ondi t ions  wi th in  f i v e  m i  nut  e s  
a f t e r  t h e  door i s  opened, t h e  i n t e r n a l  temperature  allowed t o  
r i s e  5 O C ,  and t h e  door r ec losed .  

exceed 1 0  l b / h r .  
C .  Gas consumption: t h e  consumption of l i q u i d  n i t rogen  s h a l l  not 

D. Input  power: 115  vac,  60 H z ,  1 phase. 

V. INSPECTIONS AND TESTS 
A. Tests a t  S e l l e r ' s  P l an t  

The equipment s h a l l  be inspec ted  and t e s t e d  t o  show f u l l  compli- 
ance wi th  t h e  s p e c i f i c a t i o n s .  C e r t i f i e d  in spec t ion  and t e s t  
resu l t s  s h a l l  be fu rn i shed  t o  and approved by t h e  C o m p a n y  prior 
t o  equipment shipment. 

The Company w i l l  i n spec t  and t e s t  t h e  equipment a f t e r  it i s  re- 
ceived.  These t e s t s  w i l l  determine compliance wi th  t h e  spec i -  
f i c a t i o n s  and w i l l  be  t h e  b a s i s  f o r  f i n a l  acceptance.  

B. T e s t s  a t  Company's P l an t  
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APPENDIX 6 

Computer Program for Calculating 

Instrument Response t o  a Cylindrical Source 
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APPENDIX B 

COMPUTER PROGRAM FOR CALCULATING INSTRUMENT 
RESPONSE TO A CYLINDRICAL SOURCEQ 

INTRODUCTION 

This  r e p o r t  desc r ibes  a computer program which c a l c u l a t e s  t h e  response of 
an  instrument  t o  t h e  uncol l ided  gamma r a y s  o r i g i n a t i n g  i n  a r a d i o a c t i v e  
source d i s t r i b u t e d  wi th in  a p ipe .  The main f e a t u r e s  and assumptions of 
t h i s  program are  o u t l i n e d  below. 

The r a d i a t i o n  source i s  assumed t o  be i s o t r o p i c  and uniformly d i s t r i b u t e d  
w i t h i n  t h e  p ipe .  
p a r t i c l e s ;  t h e  surrounding medium does no t .  

Both t h e  p ipe  and source material remove uncol l ided  

The d e t e c t o r ,  assumed t o  be a po in t  d e t e c t o r ,  can be l o c a t e d  an  a r b i t r a r y  
rad ia l  d i s t a n c e  ou t s ide  t h e  p ipe .  However, t h e  d e t e c t o r  must be a t  l e a s t  
a d i s t a n c e  equal  t o  t h e  inne r  p ipe  r a d i u s  from t h e  t o p  and bottom of t h e  
p ipe .  The d e t e c t o r  response func t ion  can va ry  wi th  t h e  ang le  between a 
vec to r  normal t o  t h e  p ipe  (po in t ing  toward t h e  d e t e c t o r )  and incoming 
p a r t i c l e  d i r e c t i o n .  

I n  order  t o  o b t a i n  t h e  d e t e c t o r  responses  f o r  many p ipe  conf igu ra t ions  
wi th  a g iven  response func t ion ,  a Gaussian quadra ture  opt ion  i s  a v a i l a b l e .  
With t h i s  op t ion ,  t h e  angular  f lux i s  only  c a l c u l a t e d  f o r  t h e  d i r e c t i o n s  
r equ i r ed  by t h e  quadra ture .  For response func t ions  wi th  a Gaussian shape,  
t h i s  op t ion  w i l l  y i e l d  a very  a c c u r a t e  i n t e g r a l  response wi th  few f l u  
c a l c u l a t i o n s .  The Gaussian quadra ture  parameters  can be input  or ca lcu-  
l a t e d  by t h e  program. A t r a p e z o i d a l  i n t e g r a t i o n  opt ion  i s  a l s o  inc luded .  

THEORY 

DEFINITIONS 

Consider two concen t r i c ,  i n f i n i t e  c y l i n d e r s  a long  t h e  z-axis w i th  a de- 
t e c t o r  on t h e  y-axis :  

Define t h e  fol lowing q u a n t i t i e s :  

a = d i s t a n c e  from t h e  c e n t e r  of t h e  c y l i n d e r s  t o  t h e  d e t e c t o r ,  
cm; 

R 1  = r a d i u s  of t h e  {inner c y l i n d e r ,  cm; 

*Prepared by T .  J .  Hoffhan and L .  M .  P e t r i e ,  Mathematics D iv i s ion ,  Oak 
Ridge Nat ional  Laboratory.  



n 
R 2  = rad ius  of t h e  outer cy l inder ,  cm; 

0 = polar angle about t h e  de tec tor  ( t h i s  i s  the  independent 
va r i ab le  f o r  t h e  response func t ion ) ,  radians;  

$ = aximuthal angle ( i n  x-z p l a n e ) ,  rad ians ;  

21 = t o t a l  c ross  sec t ion  ( l i n e a r  absorption c o e f f i c i e n t )  f o r  
ma te r i a l  i n s i d e  inner cy l inder  , em-’ ; 

C 2  = t o t a l  c ross  sec t ion  f o r  mater ia l  between cy l inders ,  em”’; 

S = volumetric , i so t rop ic  source in s ide  . the  inner cylinder , 
p a r t i c l e s  -cm-3-sec-l; 

r = dis tance  from de tec to r  t o  a point i n s ide  t h e  inner 
cy l inder  along r ay  (El,$), cm; 

dF = d i f f e r e n t i a l  volume a t  point (r ,@,$) i n  t h e  inner cy l in-  
der, em3; 

= r2 sin O d r d O d 4  

B(r,O,$,a) = mean f r e e  paths ( o p t i c a l  t h i ckness )  between point 
( r , 0 ,$ )  and de tec to r ,  dimensionless; 

dfi = d i f f e r e n t i a l  s o l i d  angle ,  s t e r ad ians ;  

@a( ryOy$)da  = uncollided angular f l u x  a t  t h e  de tec tor  i n  s o l i d  angle 
dfi, s i n  OdOd$, due t o  source p a r t i c l e s  i n  d r y  t r ack -  
length  (em) -~m-~-sec-’; 

F(O) = detec tor  response func t ion ,  response-tracklength-’; and 

X = de tec to r  response. 

DERIVATION OF EQUATIONS 

The problem i s  t o  c a l c u l a t e  t h e  de t ec to r  response due t o  t h e  uncollided 
source p a r t i c l e s .  The response func t ion ,  F(O),  i s  assumed t o  decrease 
r ap id ly  enough with 0 t h a t  angles g r e a t e r  than 0 = tan-’ ( R l / a )  can be 
neglected. 

The t racklength  i n  t h e  s o l i d  angle,  s i n  OdOd$, a t  t h e  de tec tor  i s  



where 

d 2 ( 0 , $ )  = d i s t a n c e  from d e t e c t o r  a long r a y  (0,+) t o  f i r s t  i n t e r s e c t i o n  
wi th  inne r  cy l inde r ,  and 

d3 (0 ,$ )  = d i s t a n c e  from d e t e c t o r  a long r a y  (El,+) t o  second i n t e r s e c t i o n  
wi th  inner  cy l inde r .  

Therefore ,  

where 

d 1 ( 0 , $ )  = d i s t a n c e  from t h e  d e t e c t o r  a long r a y  (O,$) t o  t h e  f i r s t  
i n t e r s e c t i o n  w i t h  t h e  ou te r  cy l inde r .  

Upon i n t e g r a t i o n  of equat ion ( B - 4 ) ,  



n 
tan-' ( R 1 /a ) 

2T 

dOF(0) s i n O j  d@ 

0 

where 

p = coso ,  

Pmin = a u a T  , and 

The las t  equa l i ty  i n  equation B-9 i s  due t o  t h e  symmetry of t h e  cy l inder .  

To ob ta in  Qa(u>, it i s  necessary t o  i n t e g r a t e  equation B-5 over t h e  a z i -  
muthal angle 4. I n  order t o  perform t h i s  i n t eg ra t ion ,  it i s  necessary t o  
obta in  expressions f o r  d21(0 ,@) and d32(0 ,@).  Therefore, consider a u n i t  
vec tor ,  3 
( x ,  y ,  z )  of t h e  cy l inder .  

which po in t s  from t h e  de t ec to r  along t h e  r a y  (0,@) t o  a poin t  

6 = s in@cos@i - coso j  + sinOsin@k, (B-10) 

[ x i  + ( y  - a )  j + zkl =m 
where 

i, j ,  k a r e  u n i t  vec tors  along t h e  x ,  y ,  z axes r e spec t ive ly ,  

d (O,@) i s  t h e  d is tance  from t h e  de t ec to r  t o  poin t  x ,  y ,  z .  

From equation B-10 it i s  apparent t h a t  

x = sin&os@ d ( o , @ ) ,  

y = a - cos0 d (O,@) ,  and 

z = sin0sin@ d ( O , @ ) .  

(B-11 ) 
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Solving equat ions  B-11 i n t o  t h e  equat ion f o r  a c y l i n d e r ,  x2 + y2 = R 2 ,  and 
so lv ing  f o r  d(O,$)  

where 

PROGRAM DESCRIPTION (FLOW CHARTS) 

A gene ra l  f low c h a r t  of t h e  program i s  shown i n  f i g u r e  B-1. More d e t a i l e d  
f low c h a r t s  of t h e  va r ious  c a l c u l a t i o n s  are shown i n  f i g u r e s  B-2, B-3, 
and B-4. 

The Gaussian quadra ture  r o u t i n e s  used i n  t h i s  program, f i g u r e  B-2, were 
taken  from MORSE.* 

PROGRAM CHECKOUT 

ANGULAR FLUX CHECK 

A problem, i l l u s t r a t e d  i n  f i g u r e  B-5, w a s  run t o  check ou t  t h e  program. 
T h e  program w a s  a l tered s l i g h t l y  t o  output  @ a ( p )  - ( s e e  equat ion  B-9). 
The r e s u l t s  a r e  p l o t t e d  i n  f i g u r e  B-5. 

The same problem w a s  run  wi th  t h e  d i s c r e t e  o r d i n a t e s  code, ANISN.** 
ANISN r e s u l t s  a long wi th  an  a n a l y t i c  va lue  of a a ( u )  for 0 = 0 are a l s o  
p l o t t e d  i n  f i g u r e  B-5. 

The 

*St raker ,  E. A . ,  Stevens,  P. N . ,  I r v i n g ,  D .  C . ,  and Cain, V. R .  The 
MORSE Code - A MuZtigroup Neutron and Gamma-Ray Monte Carlo Transport 
Code, Union Carbide Corporat ion,  Nuclear D iv i s ion ,  Oak Ridge Nat iona l  
Laboratory,  Oak Ridge, Tennessee, 1970 (ORNL-4585) .  UNCLASSIFIED. 

**Engle, W. W . ,  Jr., A User's Manual f o r  ANISN, A One-DimensionaZ Discrete 
Ordinates Transport Code w i t h  Anisotropic Scattering, Union Carbide Cor- 
po ra t ion ,  Nuclear Div is ion ,  Oak Ridge Gaseous Di f fus ion  P l a n t ,  Oak Ridge, 
Tennessee, 1967 (K-1693). UNCLASSIFIED. 
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n 

IS TITLE (1) BLANK? CALL EXIT 

I/O: RESPONSE FUNCTION 
I NFORMAT I ON 

SHOULD THE GAUSSIAN QUADRATURE PARAMETERS YES * GAUSS I A N  
BE CALCULATED BY THE PROGRAM? QUADRATURE 

CA LCU L A T  ION 
(SEE FIG. B-2) 

1 - ARE MORE CASES TO BE RUN WITH 
THIS RESPONSE FUNCTION? 

4 

YES 

I I/O: PIPE CONFIGURATION 1 
I 

INTEGRATE THE FLUX OVER THE AZIMUTHAL 
ANGLE FOR EACH POLAR ANGLE 

(SEE FIG. B-3) 

INTEGRATE THE PRODUCT OF THE FLUX AND RESPONSE 
FUNCTION OVER THE POLAR ANGLE COSINE 

TO OBTAIN THE DETECTOR RESPONSE 
(SEE FIG. 8-4) 

Figure B-1 
OVERALL FLOW CHART 

n- 
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1 DWG. NO. G-73-329 
(U) 

PERFORM TRAPEZOIDAL INTEGRATION OVER 
RESPONSE FUNCTION TO OBTAIN 

NORMALIZING INTEGRAL 

I 1 

I STRETCH REGION OF INTEGRATION FROM I INPUT VALUES TO ( - l , + l )  

CALL DISTR: CALCULATES THE MOMENTS OF 
THE RESPONSE FUNCTION 

4 

CA LL A NG LES : CALCULATES 
THE GAUSSIAN PARAMETERS 

SET NUMBER OF RESPONSE FUNCTION VALUES 
TO ORDER OF GAUSSIAN QUADRATURE 

w 
~ 

I SHRINK REGION OF INTEGRATION FROM I 

Figure 6-2 
GAUSSIAN QUADRATURE CALCULATION 
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I S  p LESS THAN pmin (EQ. B-8)? 

n 

- PRINT MESSAGE 
; 

NO 

NO 

DIVIDE +I REGION (0, n/2) INTO T E N  
EQUALLY SPACED INTERVALS 

L 

SET Qja ( e , + )  
TO ZERO 

CALCULATE G(R1, 0 , h )  A N D  
G(R2/ e l m )  FROM EQ. B-15 

7 

Figure 8-3 

AZIMUTHAL INTEGRATION OF THE FLUX 

CALCULATE d21 ( e ,$ )  A N D  d32 ( e , + )  
FROM EQS.  8-13 A N D  8-14 

L 

n 

CALCULATE @a (e ,$)  FROM EQ. B-5 
L 

TRAPEZOIDAL INTEGRATION OVER $ 
TO OBTAIN Qja ( p )  USING EQ. 8-9 

i 
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MULTIPLY FLUX BY GAUSSIAN 
WEIGHT OF RESPONSE FUNCTION 

FOR EACH POLAR COSINE 

I v 
MULTIPLY BY NORMALIZING INTEGRAL 

A N D  SUM OVER POLAR ANGLE COSINE TO 
OBTAIN DETECTOR RESPONSE, EQ. B-8 

I 

1 

OUTPUT DETECTOR RESPONSE - 
t 

DWG. NO. G-73-331 
(U) 

Figure B-4 

INTEGRATION OF FLUX OVER RESPONSE FUNCTION 
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- 0 

- PROGRAM 

ANALYTIC 

a = DETECTOR POSITION = R2 
R 1  = 45.72 cm 

I = 0.076/cm 

R2 = 46.67 cm 

I2 = 1.557/cm 

5 = 1 PARTICLE/sec/cm3 

0 5 10 15 20 25 

e [degrees]+ 

Figure B-5 

CHECKOUT A N D  SAMPLE PROBLEM 
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GAUSSIAN QUADRATURE CHECK 

The problem i l l u s t r a t e d  i n  f i g u r e  B-5 w a s  run with two d e t e c t o r  response 
func t ions  ( f l a t  and normal about 0 = 0 ) .  
methods of i n t e g r a t i o n  over t h e  po la r  angle  (Gaussian and t r a p e z o i d a l )  
were used. The r e s u l t s  are shown i n  t a b l e  B-1. 

For each response func t ion ,  t w o  

The number of po la r  angles  i n  t h e  Gaussian i n t e g r a t i o n  i s  t h e  order  of 
t h e  quadrature .  
i s  t h e  number of response func t ion  va lues  input .  For each po la r  angle ,  
t h e  flux w a s  evaluated a t  t e n  azimuthal angles .*  Therefore ,  t h e  r e s u l t s  
of t a b l e  B-1 not only serve  as a check of t h e  Gaussian i n t e g r a t i o n ,  but  
a l s o  i l l u s t r a t e  t h a t  accura te  de t ec to r  responses can be  obtained wi th  
a s i g n i f i c a n t  reduct ion  i n  f l u x  c a l c u l a t i o n s  by using a Gaussian i n t e -  
g r a t  ion .  

The number of po la r  angles  i n  t h e  t r apezo ida l  i n t e g r a t i o n  

Table B-1 

GAUSSIAN QUADRATURE CHECK 

F l a t  Detector  Response Function 

Method 

Trapezoidal 

Gaussian 

Gaussian 

Gaussian 

Flux Calcula t ions  

230 

80 
60 

40 

Normal Detector  Response Function 

Method 

Trapezoidal 

Gaussian 

Gaussian 

Gaussian 

Flux Calcula t ions  

230 
80 
60 

40 

Response 

0.27329 

0.27329 

0.27329 

0.27329 

Response 

0.064421 

0.064407 
0.064406 

0.064407 

"The f l u x  var ia t ion  over t h e  azimuthal  range ( 0  t o  ~ / 2 )  w a s  we l l  repre-  
sented wi th  t e n  po in t s  f o r  t h i s  problem. For o the r  problems, t h e  
adequacy of t e n  po in t s  must be inves t iga t ed .  
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INPUT INSTRUCTIONS 

Card Format Variables  Descr ipt ion 

A" 20A4 TITLE( 20) problem t i t l e ;  i f  TITLE(1) i s  blank, 

B 41 5 NCASE number of cases  t o  be run with given 

- 

program te rmina tes  

response func t ion  

NRESP number of response func t ion  values  t o  
be input  on cards  C 

INTYP type  of i n t e g r a t i o n  over t h e  polar  
angle  : 

= 1 - Gaussian in t eg ra t ion  parameters 
t o  be input  on cards  C and D (with 
t h i s  op t ion ,  NRESP becomes t h e  order  
of  t h e  Gaussian quadrature)  

= 2 - Gaussian i n t e g r a t i o n  parameters 
t o  be ca l cu la t ed  by t h e  program 

= 3 - t r apezo ida l  i n t e g r a t i o n  

(only  used i f  INTYP = 2) 

t h e  program reads  NRESP numbers 

po la r  angle  corresponding t o  RSP 

NCST order  of t h e  Gaussian quadrature  

C"" 8~10.4 RSP(NRESP) de tec to r  response func t ion  values  - 

D"" 8E10.4 CBSR(NRESP) NRESP values  of  t h e  cosine of t h e  

Et 7ElO.4 A d i s t ance  i n  cent imeters  from cen te r  
of p ipe  t o  de t ec to r  

R1 i nne r  p ipe  r ad ius  i n  cent imeters  

R2 ou te r  pipe r ad ius  i n  cent imeters  

SIGl 

SIG2 

Tota l  c ros s  sec t ion  of source 
ma te r i a l  (cm-l 1 

t o t a l  c ros s  sec t ion  of  p ipe  ma te r i a l  
(cm-l) 

S source s t r eng th  ( par t ic le /cm3/sec)  

DETN BR de tec to r  normalization (only  used i f  
INTYP = 1 ) 

"Multiple runs can be made by s tacking  cards  A - E. 

**(NRESP/8 + 1) cards needed. 

+NCASE cards needed. 
Q 



SAMPLE PROBLEM 

The sample problem i s  t h a t  i l l u s t r a t e d  i n  f i g u r e  B-5 of Program Checkout. 
The response func t ion  i s  normally d i s t r i b u t e d  about P = 1. 

Figure €3-6 shows t h e  input  f o r  t h i s  problem wi th  t r a p e z o i d a l  and Gaussian 
i n t e g r a t i o n  over t h e  po la r  angle .  The output i s  shown i n  f i g u r e  B-7. 
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Figure B-7 

SAMPLE PROBLEM OUTPUT 
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PROGRAM LISTING 

The program l i s t i n g  i s  shown i n  f i g u r e  €3-8. 
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