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Development of Nondestructive Assay Techniques 

P L U T O N I U M  I S O T O P I C  M E A S U R E M E N T S  B Y  G A M M A - R A Y  S P E C T R O S C O P Y  F .  X .  Haas and 
J .  F. Lemming 

I N T R O D U C T I O N  

This  s e c t i o n  d e s c r i b e s  a con t inu ing  e f f o r t  
i n  the  development of  gamma-ray techniques  
f o r  the  measurement of plutonium and 
americium-241 i s o t o p i c  concen t r a t ions .  
The o v e r a l l  goa l  of t he  p r o j e c t  i s  t o  ob- 
t a i n  these  i s o t o p i c  r a t i o s  t o  w i t h i n  a 
3% e r r o r  f o r  the  range of plutonium burnup 
and mixed oxide b lends  expec ted  f o r  power 
r e a c t o r s .  Previous work i s  desc r ibed  i n  
a p r i o r  r epor t . ’  

The primary e f f o r t s  of the  gamma-ray 
spec t roscop ic  program i n  t h i s  r e p o r t i n g  
pe r iod  have been focused on o b t a i n i n g  a 
complete s e t  of  i s o t o p i c  d a t a  i n  the  
energy r eg ion  from 120 t o  450 keV. This 
p o r t i o n  of the  spectrum has a h i g h  count -  
i ng  ra te  and would thus reduce the  d a t a  
a c q u i s i t i o n  t i m e  f o r  a n a l y s i s .  The 
spec t rometer  s y s  t e m s  and the equa t ions  
necessary  t o  conve r t  peak a r e a s  t o  i s o -  
t o p i c  r a t i o s  a r e  d i scussed  i n  r e fe rence  1. 

RESULTS 

I n  o r d e r  t o  demonstrate  t he  use of the 
120-450-keV reg ion ,  the  1-cc G e  (L i )  
spec t romete r  was used t o  acqu i r e  t en  
s p e c t r a  each  f o r  NBS-SRM-946, -947, and 
-948. Counting t i m e s  of 20,000 s e c  p e r  
spectrum were used a t  count  r a t e s  of 
2,000 coun t s / sec  i n  the  spec t romete r .  
Tables  1, 2 ,  and 3 show the plutonium 
i s o t o p i c  va lues  ob ta ined  i n  the  energy 
r eg ion  from 148 t o  208 keV of  NBS-SRM- 
946, -947, and -948, r e s p e c t i v e l y .  The 
programs GRPANL’ w e r e  used t o  e x t r a c t  the  
peak a r e a s .  Plutonium i s o t o p i c s  were 
c a l c u l a t e d  us ing  the  fo l lowing  peak r a -  
t i o s :  t he  153-keV/148-keV peaks f o r  
2 3 a p u / 2 4 1  Pu; the  160-keV/164-keV peaks 
f o r  240Pu/241Pu;  and the  208-keV/203- 
keV peaks f o r  241Pu/239Pu.  The conver-  
s i o n s  t o  238Pu/239Pu and 2 4 0 P ~ / a 3 9 P ~  a r e  
made us ing  the  241Pu/239Pu measurements 
a t  208 keV/203 keV. Consequently,  any 
b i a s e s  determined f o r  t he  241pu/239pu 

concen t r a t ions  a r e  t r a n s m i t t e d  t o  the  
o t h e r  plutonium i s o t o p i c  r a t i o s .  I f  the  
pe rcen t  d i f f e r e n c e s  l i s t e d  i n  the  t a b l e s  
f o r  241Pu/23yPu a r e  cons idered  t o  be 
b i a s e s ,  and i f  they a r e  removed, then the  
i s o t o p i c  va lues  agree  w i t h  the NBS l i s t e d  
va lues  t o  w i t h i n  *5%. The one excep t ion  
i s  the  plutonium-238 va lue  f o r  NBS-SRM- 
948 which would be 9% h igh .  This d i s -  
crepancy w i t h  the  l i s t e d  va lue  Is con- 
s i s t e n t  w i t h  our  p a s t   result^^'^ and 
w i t h  gamma-ray spec t roscop ic  va lues  
determined a t  LASL.4 

The r e s u l t s  shown i n  the t a b l e s  f o r  the  
NBS-SEW s t anda rds  are comparable t o  these  
obta ined  us ing  the  70-cc Ge(Li) spec-  
t rometer  f o r  plutonium-238 and plutonium- 
241 c o n c e n t r a t i o n s .  A t t e m p t s  t o  use the  
160-keV reg ion  w i t h  s p e c t r a  ob ta ined  on 
the 70-cc Ge(Li) spec t rometer  y i e l d e d  
r e s u l t s  which w e r e  20% t o  30% below ac-  
cep ted  va lues  f o r  NBS-SRM, Metal  Exchange, 
and Inventory  V e r i f i c a t i o n  samples . ’  
These b i a s e s  do no t  e x i s t  when us ing  
s p e c t r a  acqu i r ed  w i t h  the  smaller de- 
t e c t o r  w i t h  i t s  b e t t e r  r e s o l u t i o n .  

I s o t o p i c  r a t i o s  of  americium-241 have 
been c a l c u l a t e d  us ing  t h r e e  energy r eg ions  
i n  s p e c t r a  accumulated on the 1-cc p l a n a r  
Ge(Li) d e t e c t o r :  ( a )  the 125-keV/L29- 
keV peak r a t i o ;  (b )  t he  169-keLT/171-keV 
peak r a t i o ;  ( c )  the  energy r eg ion  from 
332 t o  335 keV.’ The average  241Am/239Pu 
i s o t o p i c  r a t i o s  ob ta ined  from these r e -  
g ions  a r e  shown i n  Table 4 t o g e t h e r  w i t h  
the  va lue  ob ta ined  from the  662-keVl659- 
keV peak r a t i o  us ing  the  70-cc Ge(Li) 
spec t roscopy s y s t e m .  This  va lue  i s  used 
a s  a b a s i s  of comparison s i n c e  the  NBS 
samples a r e  not  c e r t i f i e d  f o r  americium 
con ten t .  The va lues  ob ta ined  from the 
125-keV/129-keV and 169-keV1171-keV peaks 
ag ree  w i t h  the  662-keVl659-keV va lue  t o  
w i t h i n  2% f o r  a l l  samples  w i t h  a s t a n d a r d  
d e v i a t i o n  of  the  average of 2% o r  less 
f o r  the  125-keV/l29-keV r a t i o  and 8 t o  
12% f o r  t he  169-keV/171-keV r a t i o .  A s  
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Table 1 

Plutonium 
I so t o p i c  

R a t i o  

2381239 

2401239 

241 /2 39 

Plutonium 
I s o t o p i c  

R a t i o  

238/239 

2401239 

2411239 

COMPARISON OF GAMMA-RAY AND CERTIFIED VALUES FOR NBS-SRM-946 
(NOVEMBER 1975) 

Standard  
NBS Value Gamma Value Di f f e rence  Dev ia t ion  

(ppm) (ppm) (% ) (%) 

2877 f 82 2799 f 62 -2.7 2.2 

145140 -f 180 151345 -+ 18715 4.3 12.4 

39610 + 50 40452 k 1345 2.1 3.3 

Table 2 

COMPARISON OF GAMMA-RAY AND CERTIFIED VALUES FOR NBS-SEW-947 
(NOVEMBER 1975) 

Standa rd  
NBS Value Gamma Value Di f f e rence  Devia t ion  

(ppm) ppm) (x ) (z ) 

3787 f 77 3907 & 112 3.2 2.9 

241522 f 290 263177 f 31844 9.0 12.1 

49478 f 65 52115 f 2380 5.3 4-6 

Table 3 

COMPARISON OF GAMMA-RAY AND CERTIFIED VALUES FOR NBS-SRM-948 
(NOVEMBER 19 75) 

Plutonium S tanda rd  
Is0 t o p i c  NBS Value Gamma Value Di f f e rence  Dev ia t ion  

R a t i o  (ppm) (ppm) (%) (%) 

238/239 1 1 7  f 11 126 f 13 7.6 10.2 

2401239 86401 f 110 83236 * 12070 -3.7 ' 14.5 

2411239 4420 f 1 0  4360 f 53 -1.4 1.2 
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Table 4 

24 l h l Z 3  "PU ISOTOPICS FROM DIFFERENT PEAK AREA DETERMINATIONS 

662-keV1659-keV 125-keV1129-keV 169-keVI171-keV 3 30- keV 
Value Value Value Region 

Sample r 70-cc G e  ( L i )  1 [ 1-cc Ge ( L i )  1 [ l - c c  G e  ( L i )  1 [ l - c c  G e  (L i )  1 

NBS -SRM-946 12100 i 570a 11905 * 140 12005 f 1010 12245 i 5290 

NBS-SRM-947 13030 f 590 13270 f 175 13095 f 1055 17390 * 2780 

NBS -SRM-948 3525 * 55 3460 75 3535 f 450 4030 * 1005 
a 

Values a r e  i n  p a r t s  p e r  m i l l i o n .  

has  been po in ted  o u t  earlier:  the  169-keVl 
171-keV r a t i o  can be used only f o r  amer- 
icium-241 c o n c e n t r a t i o n s  g r e a t e r  than  
lOC0 ppm r e l a t i v e  t o  plutonium-239. 

The americium-241 c o n c e n t r a t i o n s  could  
n o t  be ob ta ined  a t  125 keV w i t h  the  70-cc 
Ge(Li)  spec t romete r  because o f  i n s u f f i -  
c i e n t  r e s o l u t i o n  i n  t h i s  reg ion .  The 
r e s u l t s  a t  h igh  c m c e n t r a t i o n  of  amer- 
ic ium us ing  the  1-cc Ge(Li) spec t rometer  
ag ree  very  w e l l  w i t h  the  r e s u l t s  ob ta ined  
a t  662 keV as shown i n  Table 4 .  However, 
t h i s  low-energy r eg ion  s t i l l  needs t o  be 
t e s t e d  a t  low c o n c e n t r a t i o n s  of americium- 
241. 

The 1-cc p l a n a r  d e t e c t o r  has  been!used 
t o  ana lyze  the  330-keV reg ion  t o  o b t a i n  

P u / ~ ~  'Pu and 2 4  'Pu r a t i o s .  The 
Pu va lues  c a l c u l a t e d  a r e  on t h e  o rde r  

2 4  1 

2 4 1  

of 30% below the  l i s t e d  v a l u e s  f o r  the 
NBS-SRM samples ,  wi th  s t anda rd  d e v i a t i o n s  
of  t he  averages  ranging  from 16% t o  43%. 
Gunnink's s i m u l a t i o n  s t u d i e s '  p r e d i c t  a 
r e p r o d u c i b i l i t y  of  10% o r  b e t t e r  f o r  
t h i s  r eg ion  w i t h  an  americium-241 con- 
c e n t r a t i o n  e q u a l  t o  the ingrowth ob ta ined  
from pure plutonium m a t e r i a l  a t  t h e  end 
of 1 y r .  Our NBS-SRM samples do n o t  
f i t  t h i s  c r i t e r i o n .  

I n  o r d e r  t o  b u i l d  conf idence  i n  the  120 
t o  400-keV energy r eg ion  and t o  i n v e s t i -  
g a t e  the 330-keV reg ion  w i t h  samples 
having low americium-241 c o n t e n t ,  the  
i s o t o p i c  r a t i o s  f o r  t he  next  Inventory  
V e r i f i c a t i o n  Sample Exchange w i l l  be 
measured on b o t h  t h e  1-cc Ge(Li) and the  
70-cc Ge(Li)  spec t romete r s .  This w i l l  
g ive  s u f f i c i e n t  d a t a  on larger samples 
t o  make a s t a t i s t i c a l  e v a l u a t i o n  of the 
s y s t e m  f o r  the measurement of  bu lk  samples 
around which the  Mound Labora tory  Safe - 
guards  program i s  c e n t e r e d .  

I n  a d d i t i o n  t o  the  a n a l y s i s  of s p e c t r a  
acqu i r ed  on t h e  I - cc  d e t e c t o r ,  the  640- 
keV/639-keV peak r a t i o s  f o r  d a t a  acqu i r ed  
w i t h  the  70-cc Ge(Li) spec t rometer  have 
been analyzed f o r  2 4 0 P ~ / z 3 9 P ~  concent ra -  
t i o n s .  Both of t hese  g a m a  rays have 
weak branching i n t e n s i t i e s ,  and t h e r e  
a r e  s e v e r a l  americium-241 peaks which 
c o n t r i b u t e  t o  the  background i n  t h i s  
area. I n  spi . te  o f  t hese  d i f f i c u l t i e s ,  
t h i s  peak p a i r  has  g iven  f avorab le  re- 
s u l t s  on a number of  samples which have 
h igh  count  rates.  The a n a l y s i s  o f  f i v e  
ZPPR f u e l  p i n s  (86% 239Pu ;  11.5% 2 4 0 P u )  
y i e l d s  a 2 4 0 P ~ / z 3 9 P u  r a t i o  which d i f f e r s  
from chemical  a n a l y s i s  by less  than  1%. 
The s t anda rd  d e v i a t i o n  about  the  mean 
f o r  t hese  f i v e  p i n s  i s  6%. 

The a n a l y s i s  of 23 a n a l y t i c a l  a l i q u o t s  
from the  Inventory  V e r i f i c a t i o n  Program 
on weapons-grade m a t e r i a l  con ta in ing  
approximately 93% plutonium-239 y i e l d s  
240Pu /239Pu  r a t i o s  7% lower than  the  
m a s s  spec t rometer  v a l u e s .  These measure- 
ments have a p r e c i s i o n  of 11%. 

I n  an a t tempt  t o  improve the  240Pu/23sPu 
r a t i o  de t e rmina t ion  us ing  t h e  600-kev 
r eg ion ,  d a t a  were accumulated f o r  up t o  
72 h r  on 0.25-g NBS-SRM-946, -947, and 
-948. Because t h e  peak-to-background 
r a t i o  i s  s m a l l  f o r  these samples ,  t he  
u n c e r t a i n t i e s  on peaks s u p p l i e d  by the  
s t r i p p i n g  program were on the o r d e r  of 
10%. For these  p a r t i c u l a r  samples t h i s  
appears  t o  be the p r a c t i c a l  l i m i t .  

P r e s e n t  a t t empt s  t o  e x t r a c t  the 2 4 c P u /  
239Pu r a t i o  a t  640 keV from a bu lk  254-g 
sample of Puo, c o n t a i n i n g  23% plutonium- 
240 are y i e l d i n g  p re l imina ry  r e s u l t s  
which are 17% below the  chemical  a n a l y s i s  
v a l u e s  supp l i ed  w i t h  the  sample.  
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C. L. F e l l e r s  a n d  P R E D I C T I O N  OF C A L O R I M E T E R  E Q U I L I B R I U M  

INTRODUCTION 

A series of tes ts  i s  being conducted i n  
an a t tempt  t o  v e r i f y  a mathematical  t ech-  
nique f o r  p r e d i c t i n g  the  e q u i l i b r i u m  
v a l u e  of  a c a l o r i m e t e r .  This type of  
t h e o r e t i c a l  s tudy  can be not  only u s e f u l  
i n  reducing sample turnaround t i m e  b u t  
may provide  informat ion  t h a t  can be used 
t o  improve f u t u r e  c a l o r i m e t e r  des igns .  

TEST DESCRIPTION 

The v e r i f i c a t i o n  tes ts  a r e  be ing  conducted 
i n  a s t anda rd  Mound Laboratory Model 100 
c a l o r i m e t e r  (S/N 106) w i t h  a sample cham- 
b e r  1 i n .  x 3 i n .  (2 .5  cm x 7 . 5  cm). 
T h i s  r e s i s t a n c e - b r i d g e  c a l o r i m e t e r  has  a 
s e n s i t i v i t y  of  approximately 120,000 gv/W 
w i t h  a c o n s t a n t  b r idge  c u r r e n t  of 5 mA. 
The b r idge  p o t e n t i a l  i s  measured a t  30- 
s e c  i n t e r v a l s  by a Hewlett-Packard 3490A 
d i g i t a l  vo l tme te r  and the  d a t a  are r e -  
corded on magnetic tape  i n t e r f a c e d  w i t h  
an HP-9820 c a l c u l a t o r .  

Dupl ica te  runs  have been conducted f o r  
each  of  s i x  d i f f e r e n t  t es t s .  The tests 
c o n s i s t  of thermal ly  d i s t u r b i n g  the  c a l o -  
r imeter and c o n t i n u a l l y  moni tor ing  the  
b r idge  p o t e n t i a l  u n t i l  an e q u i l i b r i u m  
c o n d i t i o n  i s  ob ta ined .  They a r e  desc r ibed  
below. 

1. 

2. 

3 .  

4 .  
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Empty sample c o n t a i n e r  
S t a r t i n g  cond i t ion :  b a t h  temperature  
(bas  e 1 i n e  ) 
Thermal d i s tu rbance :  1 - W  i n t e r n a l  
h e a t e r  tu rned  "on" 
F i n a l  c o n d i t i o n :  1 - W  e q u i l i b r i u m  

Empty sample c o n t a i n e r  
S t a r t i n g  cond i t ion :  1 - W  e q u i l i b r i u m  
Thermal d i s tu rbance  : h e a t e r  tu rned  
"off"  
F i n a l  c o n d i t i o n :  b a s e l i n e  

Sample c o n t a i n e r  f i l l e d  w i t h  l e a d  s h o t  
S t a r t i n g  cond i t ion :  b a s e l i n e  
Thermal d i s tu rbance  : 1-W h e a t e r  "on" 
F i n a l  c o n d i t i o n :  1-W e q u i l i b r i u m  

Sample c o n t a i n e r  f i l l e d  w i t h  l e a d  s h o t  
S t a r t i n g  c o n d i t i o n :  1 - W  e q u i l i b r i u m  
Thermal d i s t u r b a n c e  : h e a t e r  tu rned  
"of f"  
F i n a l  c o n d i t i o n :  b a s e l i n e  

P. W .  S e a b a u q h  

5. One-watt plutonium-238 s t anda rd  i n  
sample c o n t a i n e r  f i l l e d  w i t h  l ead  
s h o t  
Thermal d i s tu rbance :  c o n t a i n e r  and 
sample p laced  i n  c a l o r i m e t e r  a f t e r  
be ing  hea ted  w i t h  h o t  a i r  
F ina l  cond i t ion :  1-W e q u i l i b r i u m  

6. One-watt plutonium-238 s t anda rd  i n  
sample c o n t a i n e r  f i l l e d  w i t h  l ead  
s h o t  
Thermal d i s tu rbance :  c o n t a i n e r  and 
sample a t  room t empera twe  p laced  i n  
c a l o r  ime t e r 
F i n a l  cond i t ion :  1 - W  e q u i l i b r i u m  

MATHEMATICAL TECHNIQUE 

When a source  of  cons t an t  power i s  p laced  
i n  a c a l o r i m e t e r ,  the  b r idge  p o t e n t i a l  
t ends  toward an  e q u i l i b r i u m  c o n d i t i o n  on 
a n  exponen t i a l  curve .  The i n i t i a l  por- 
t i o n  of  t he  e q u i l i b r i u m  curve i s  composed 
of s e v e r a l  exponen t i a l  t e r m s  a s  shown i n  
Equat ion 1. 

y = A + Be-X1 + Ce-'2 + De-X3 + . . .  
(1) 

However, the curve r a p i d l y  conforms t o  a 
s i n g l e  exponen t i a l  equa t ion .  

The mathematical  form used t o  p r e d i c t  
e q u i l i b r i u m  va lues  f o r  the i n i t i a l  s e r i e s  
of  tests i s  a p p l i c a b l e  only t o  the  c a s e  
where a s i n g l e  exponen t i a l  s u f f i c i e n t l y  
d e s c r i b e s  the  e q u i l i b r i u m  curve (Equa- 
t i o n  2 ) :  

y = A + Be-Xt  (2 )  

Other  forms, i nc lud ing  m u l t i p l e  exponen- 
t i a l ,  are a l s o  under c o n s i d e r a t i o n .  I n  
Equat ion 2 the  exponen t i a l  t e r m  Be-Xt 
goes t o  z e r o ,  and y ,  the  observed d a t a ,  
e q u a l s  the e q u i l i b r i u m  va lue  A as  t ( t ime)  
approaches i n f i n i t y .  S ince  the re  a r e  
t h r e e  unknowns i n  Equat ion 2 ,  any t h r e e  
e q u a l l y  spaced p o i n t s  on the e q u i l i b r i u m  
curve can be used t o  p r e d i c t  A a s  shown 
i n  the  fo l lowing  example: 

Three e q u a l l y  spaced d a t a  p o i n t s  a r e  r e -  
p re sen ted  by Equat ions 3,  4 ,  and 5 where 
E i s  the  t i m e  i n t e r v a l  between p o i n t s .  



Y i  = A + Bexp(-Xt) (3 )  

y2 = A + Bexp(-kt + Xc) ( 4 )  

y3 = A + Bexp(-Xt + 2 X E )  (5 )  

Taking the  n a t u r a l  l oga r i thms  of each 
equa t ion  y i e l d s  the  fo l lowing  s e t  of equa- 
t i o n s  : 

In(Y2 - A) = ln (B)  - X t  + X E  ( 7 )  

In(Y, - A) = ln (B)  - k t  + 21s (8) 

Solve Equat ions 6 ,  7 ,  and 8 f o r  (ys - A ) :  

In(y3 - A) = 21n(ya - A) - h ( y 1  - A) 
( 9 )  

Expand Equat ion 10:  

Solve f o r  A: 

Y a 2  - ~ 1 ~ 3  

2ya - y1 - y3 
A =  

A non l inea r  convolu t ion  was used t o  smooth 
the d a t a  from the  1 2  t e s t  runs  be fo re  
e q u i l i b r i u m  v a l u e s  were p r e d i c t e d  us ing  
Equat ion 12. 

DATA ANALYSIS 

Data were c o l l e c t e d  on a 30-sec i n t e r v a l ,  
b u t  were analyzed on 30, 60, and 90-sec 
i n t e r v a l s .  Consider  t h e  fo l lowing  se- 
quence of d a t a  c o l l e c t i o n :  

Yl Y Yz Y Y 3  , Y 4 ,  Y s ,  . * *  Y ,  

Each success ive  p o i n t  i s  spaced 30-sec 
a p a r t .  Values are p r e d i c t e d  us ing  suc-  
c e s i v e  t h r e e - p o i n t  i n t e r v a l s  by the  f o l -  
lowing equa t ions  : 

Thir ty-second i n t e r v a l :  

A ,  = Y L 1  - Y I Y l i 2  (13)  
2Yti i  - ~i - Y i i a  

i = 1 , . . . , n -2  

Sixty-second i n t e r v a l  : 

j = l , . . . , n - 4  
Ninety-second i n t e r v a l  : 

A, = Y:f3 - Y k Y k + S  

2Yki3 - Y r  - Y k + 6  

k = l , . . . , n - 6  
F igures  1 through 6 a r e  p l o t s  of  the raw 
d a t a  e q u i l i b r i u m  curves  and the p r e d i c t e d  
va lues  f o r  t e s t  5 ,  run A and t e s t  6 ,  run 
B .  

P l o t s  of t he  d a t a  analyzed a t  30, 60, and 
90-sec i n t e r v a l s  a r e  shown. I f  t he  raw 
d a t a  a r e  fo l lowing  a s i n g l e  exponen t i a l ,  
the  p r e d i c t e d  va lues  should l i e  on a 
s t r a i g h t  l i n e  p a r a l l e l  t o  t he  x -ax i s .  
I t  i s  obvious from the  graphs t h a t  the  
p r e d i c t e d  v a l u e s  a r e  no t  c o n s i s t e n t l y  r e -  
pea t ing  f o r  10 t o  15 min a f t e r  loading  
of the sample. A f t e r  th is  t i m e ,  a l l  i n -  
t e r n a l  p o r t i o n s  of  the  c a l o r i m e t e r  and 
sample a r e  a t  e q u i l i b r i u m  w i t h  each  o t h e r  
The c a l o r i m e t e r ,  however, i s  s t i l l  ap- 
proaching e q u i l i b r i u m  w i t h  the wa te r  b a t h  
fo l lowing  a s i n g l e  exponen t i a l  curve .  

Tables  5 ,  6 ,  and 7 l i s t  the  r e s u l t s  of 
the  twelve runs .  Each s e t  of d a t a  w a s  
analyzed a t  t h r e e  t i m e  i n t e r v a l s  and the  
ana lyses  were s t a r t e d  only a f t e r  t he  
b r idge  p o t e n t i a l  w a s  fo l lowing  a s i n g l e  
exponen t i a l .  

Table 8 p r e s e n t s  d a t a  from t e s t  6 ,  run B 
analyzed on a 60-sec i n t e r v a l .  These 
d a t a  are t y p i c a l  o f  a l l  t es t  r e su l t s .  The 
weighted average of  t he  p r e d i c t e d  va lue  
a t  the  cor responding  t i m e  from to i s  
shown a long  w i t h  the  pe rcen t  d e v i a t i o n  
from the  t r u e  e q u i l i b r i u m  va lue .  The 
p r e d i c t e d  va lues  are weighted i n  the f o l -  
lowing manner : 

n n 

i = 1  1 = 1  
Weighted average = ( P , ) i / c i  (16)  

where P i s  the i n d i v i d u a l  p r e d i c t e d  v a l u e .  
Also shown i n  Table 8 are the  raw d a t a  
a t  the  cor responding  t i m e  from to and 
t h e i r  pe rcen t  d e v i a t i o n  from the  t r u e  
equ i l ib r ium.  

9 
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Raw data 

F I G U R E  1 - P r e d i c t e d  a n d  a c t u a l  
c a l o r i m e t e r  o u t p u t s  for t e s t  SA 
a n a l y z e d  on a 3 0 - s e c  i n t e r v a l .  

I Predicted values ! 
13 min 47 min 

- .- 
Time 

Raw data 

. 

i Predicted values 

4 4  min 
i 

16 min 

~ .- 

Time 

Raw data 

1 Predicted values i 
19 min 41 min 

F I G U R E  2 - P r e d i c t e d  a n d  a c t u a l  
c a l o r i m e t e r  o u t p u t s  for t e s t  5 A  
a n a l y z e d  on  a 6 0 - s e e  i n t e r v a l .  

F I G U R E  3 - P r e d i c t e d  a n d  a c t u a l  
c a l o r i m e t e r  o u t p u t s  for t e s t  SA 
a n a l y z e d  on a 9 0 - s e c  i n t e r v a l .  

Time 

10 



I 
c 
n 
c 

0 

Predicted values 

I 
Raw data 

47 min 

13 min 

Predicted values 

i 
44 min 

1 
16 min 

Time 

Predicted values 

Raw data 41 min 

t 
I 

19 min 

Time 

F I G U R E  4 - P r e d i c t e d  a a d  a c t u a l  
c a l o r i m e t e r  o u t p u t s  for t e s t  6 B  
a n a l y z e d  on a 3 0 - s e c  i n t e r v a l .  

F I G U R E  5 - P r e d i c t e d  a n d  a c t u a l  
c a l o r i m e t e r  o u t p u t s  for t e s t  6 B  
a n a l y z e d  on a 6 0 - s e e  i n t e r v a l .  

F I G U R E  6 - P r e d i c t e d  a n d  a c t u a l  
c a l o r i m e t e r  o u t p u t s  for t e s t  6 B  
a n a l y z e d  on a 9 0 - s e e  i n t e r v a l .  

11 



Table 5 

PREDICTED CALORIMETER OUTPUT VERSUS TIME FOR TESTS l A ,  l B ,  2 A  AND 2B 

Time 
I n  te rva T i m e  Span 

(sec)  (min) 

Test 1, Run A 

30 13 - 42.5 
60 16 - 39.5 
90 19 - 36.5 

Test 1, Run B 

30 1 3  - 41.5 
60 16 - 38.5 
90 19  - 35.5 

Test 2,  Run A 

30 13 - 47 
60 16 - 44 
90 19 - 4 1  

T e s t  2,  Run B 

30 1 3  - 43.5 
60 16 - 40.5 
90 19 - 37.5 

Average 
Predic ted  Value 

(PV) 

120285 
120567 
120554 

120593 
120569 
120558 

36 
64 
73 

57 
73 
81 

Standard 
Deviation 

(pV) 

*2328 
A54 
*2 8 

k159 
156 
*31 

5163 
*5 0 
*30 

k133 
*50 
*24 

Standard 
Deviation 

o f  Mean 
(rJ.v> 

*303 
*7.9 
h4.9 

*2 1 
i 8 . 4  
*5.5 

*19 
h6.7 
h4.5 

*l7 
lt7.2 
*3.9 

Actual 
Equi 1 i b r  ium 

(PV) 

120540 
120540 
120540 

120570 
120570 
120570 

87 
87 
87 

96 
96 
96 

Time t o  
Equi l ibr ium 

(Within 0.1%) 
(min) 

55 
55 
55 

56 
56 
56 

87 
87 
87  

95 
95 
95 



c 

Table 6 

PREDICTED CALORIMETER OUTPUT VERSUS TIME FOR TESTS 3 A ,  3B, 4 A  AND 4B 

Standard  
Devia t ion  

of Mean 
(UV) 

*4 0 
+16 
+L1 

+lo5 
+2 0 
+11 

T i m e  t o  
Equi l ibr ium 

(Within 0.1%) 
(min) 

T i m e  
I n t e r v a l  T i m e  Span 

(sec) (min) 

T e s t  3 ,  Run A 

Average 
P red ic t ed  Value 

(VV)  

S t anda rd  
Dev ia t ion  

(UV) 

Actua l  
Equ i l ib r ium 

(UV) 

30 13 - 47 
60  16 - 44 
90 19  - 4 1  

120637 
120589 
120572 

5335 
+118 

+75 

120560 
120560 
120560 

90 
90 
90 

T e s t  3 ,  Run B 

30 13  - 47 
60 16 - 44 
90 1 9  - 41 

119639 
120589 
120571 

*867 
+149 

+77 

120560 
120560 
120560 

90 
90 
90 

T e s t  4 ,  Run A 

30 13 - 47 
60 16 - 44 
90 19 - 4 1  

24 
46 
64  

+297 
*115 

*52 

*3 6 
+15 

+7.9 

81 
8 1  
8 1  

115 
115 
115 

T e s t  4 ,  Run B 

16  
55 
7 1  

*322 
+9 7 
+4 5 

85 
85 
85 

110 
110 
110 

30 13  - 47 
60 16 - 44 
90 19  - 4 1  

*39 
*13 

* 6 . 9  

P 
W 



Table 7 

PREDICTED CALORIMETER OUTPUT VERSUS TIME FOR TESTS 5 A ,  5B, 6 A  AND 6 B  

T i m e  
I n t e r v a l  T i m e  Span 

( sec )  (min) 

T e s t  5 ,  Run A 

30 13 - 47 
60 16 - 44 
90 1 9  - 4 1  

T e s t  5 ,  Run B 

30 13 - 47 
60 16  - 44 
90 1 9  - 4 1  

T e s t  6 ,  Run A 

30 13 - 47 
60 16 - 44 
90 1 9  - 4 1  

T e s t  6 ,  Run B 

30 13 - 47 
60 16 - 44 
90 19  - 4 1  

Average 
P r e d i c t e d  Value 

(PV) 

124343 
124658 
124622 

124409 
124609 
124602 

124196 
124405 
124422 

124947 
124616 
124567 

Standard  
Devia t ion  
(clv> 

5469 
zt42 3 
5243 

*1472 
*310 
*198 

*1960 
5194 

58 9 

53338 
*380 
5203 

Standard 
Deviat ion 

of  Mean 
(VV) 

+5 7 
+5 7 
13 7 

1179 
+4 1 
+30 

1238 

*13 
12 6 

+405 , 

15 1 
+31 

Actua l  
Equi l ibr ium 

(VV) 

124440 
124440 
124440 

124440 
124440 
124440 

124420 
124420 
124420 

124400 
124400 
124400 

T i m e  t o  
Equi l ibr ium 

(Within 0.1% 1 
(min) 

80 
80 
80 

100 
100 
100 

90 
90 
90 

9 5  
9 5  
95  

I 



Time  
from to '  

(min) 

20 
2 1  
22 
23 
24 
25 
26 
27 
28 
29 
30 
3 1  
32 
33 
34 
35 
36 
37 
38 
39 
40  
4 1  
42 
4 3  
44 
4 5  
46 

Number 
of 

P o i n t s  

4 
6 
8 

10 
12 
14 
16 
18 
20 
22 
24 
26 
28 
30 
32 
34 
36 
38 
40  
42  
44 
46 
48  
50 
52 
54 
56 

Table 8 

PREDICTED AND ACTUAL CALORIMETER OUTPUT VERSUS TIME FOR TEST 6 B  

Weighted 
Averageb 
(Ilv> 

125410 
125237 
125227 
125086 
124997 
124899 
124858 
124808 
124768 
124719 
124694 
124667 
124648 
124618 
124597 
124579 
124562 
124529 
124523 
124532 
124553 
124532 
124516 
124491 
124499 
124477 
124468 

Standard 
Devia t ion  
(i-lv> 

*166 
*2 54 
+226 
*290 
+312 
+350 
*347 
1352 
*354 
+365 
*362 
+362 
*358 
*361 
*360 
+358 
+357 
+365 
*362 
*361 
+355 
1371 
*379 
+383 
*376 
*381 
*380 

Standard 
Devia t ion  

of Mean 
0 

+83 
+lo3  

+78 
*9 2 
+9 0 
+94 
*8 7 
*8 3 
*7 9 
+78 
+74 
+71 
*68 
+6 6 
+64 
*6 1 
+5 9 
+5 9 
*5 7 
*5 6 
*54 
+55 
*5 5 
*54 
*52 
*52 
15 1 

Devia t ion  of  
P r e d i c t e d  Values 
from Equi l ibr ium 

(70) 

0.81  
0.67 
0.67 
0.55 
0.48 
0.40 
0.37 
0.33 
0.30 
0.26 
0.24 
0 .21  
0.20 
0.18 
0.16 
0.14 
0.13 
0.10 
0.10 
0.11 
0 .12  
0.11 
0 .09  
0.07 
0.08 
0.06 
0.06 

Raw Data 

107097 
108414 
109638 
110761 
111807 
112770 
113661 
114484 
115247 
115945 
116597 
117198 
117751 
118260 
118732 
119170 
119570 
119941 
120290 
120600 
120900 
121170 
121400 
121640 
121860 
122040 
122230 

Devia t ion  o f  
Raw Data from 

E qu i 1 i b  r ium 
(%) 

-13.9 
-12.9 
-11 .9  
-11.0 
-10.1 

-9.3 
-8.6 
-8.0 
-7.4 
-6.8 
-6.3 
-5.8 
-5.3 
-4.9 
-4.6 
-4.2 
-3.9 
-3.6 
-3.3 
-3 .1  
-2.8 
-2.6 
-2.4 
-2.2 
-2 .0  
-1 .9  
- 1 . 7  

a T i m e  t o  0.1% o f  Equi l ibr ium: 95 min. 

Actua l  Equi l ibr ium: 124400 u V .  



FUTLTRE WORK 

This technique  has proved t o  be success -  
f u l  i n  s i g n i f i c a n t l y  reducing the  t i m e  
r e q u i r e d  t o  c a l o r i m e t r i c a l l y  ana lyze  a 
sample .  However, a l l  of t hese  tes ts  
have been conducted i n  a r e l a t i v e l y  sma l l  
c a l o r i m e t e r .  S i m i l a r  tes ts  must be con- 
duc ted  on c a l o r i m e t e r s  of  va ry ing  d i -  
mensions us ing  d i f f e r e n t  sample packaging 

9 c o n f i g u r a t i o n s  t o  determine the  g e n e r a l  
u se fu lness  of the approach. I n  a d d i t i o n ,  
a s e n s i t i v i t y  a n a l y s i s  w i l l  be conducted 
t o  determine the  optimum sampling ra te .  
S e n s i t i v i t y  a n a l y s i s  a l s o  w i l l  be used 
t o  check the  cons is tency  of m u l t i p l e  ex-  
p o n e n t i a l s  and d a t a  p r e c i s i o n .  Other  
techniques  w i l l  be employed t o  determine 
when the  d a t a  begin t o  fo l low a s i n g l e  
exponen t i a l  form. 

n 
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Systems Development 

A U T O M A T E D  P L U T O N I U M  A S S A Y  S Y S T E M  R .  A .  N e f f ,  J .  F .  L e m m i n g ,  J .  H .  B i r d e n ,  
T .  K .  F e r q u s o n ,  D. 0 .  P a g e ,  
C. L .  F e l l e r s ,  a n d  M .  F .  Duff 

INTRODUCTION 

The Automated Plutonium Assay S y s  t e m  
(APAS) i s  be ing  developed t o  demonstrate  
automated, i n - l i n e ,  nondes t ruc t ive  p l u t o -  
nium assay  f o r  mixed oxide  f u e l s .  A pro-  
c e s s  c o n t r o l  computer w i l l  d i r e c t  and con- 
t r o l  the movement of t he  samples from the  
s t o r a g e  area t o  the measurement s t a t i o n s .  
The d a t a  acqu i r ed  by the  computer w i l l  
be immediately processed  and w i l l  h e l p  
provide  mater ia l  c o n t r o l  and safeguards  
a c c o u n t a b i l i t y .  

AUTOMATION 

Transpor t  Sys t e m  

The three-d imens iona l  (X,Y ,Z) t r a n s p o r t e r  
has  been i n s t a l l e d  i n  a t es t  frame which 
s i m u l a t e s  the  APAS glovebox l i n e .  Figure 
7 i s  a photograph of  the  tes t  frame. The 
open des ign  of the tes t  s t a n d  al lows e v a l -  
u a t i o n  and mod i f i ca t ion  of components 
which cannot  be ea s i ly  viewed o r  accessed  
i n  the  gloveboxes.  

The t r a n s p o r t e r  i s  be ing  t e s t e d  under com- 
p u t e r  c o n t r o l .  For the  purposes o f  t hese  
tes ts ,  a so f tware  package has  been w r i t t e n  
f o r  execu t ion  on a PDP-8/E computer. This 
program w - i l l  a l l ow thorough t e s t i n g  of the 
t r a n s p o r t e r  and i t s  c o n t r o l l i n g  equipment 
p r i o r  t o  i n s t a l l a t i o n  i n  the  glovebox 
l i n e .  

The so f tware  program f e a t u r e s  an  i n i t i a l i -  
z a t i o n  r o u t i n e  which d i r e c t s  t he  r e t u r n  
of  a l l  t h r e e  axes t o  e x a c t  r e f e r e n c e  
p o i n t s .  Another f e a t u r e  of  the t e s t  pro-  
gram i s  t h a t  i t  a l lows  the  s e t t i n g  of  as 
many as 20 p o s i t i o n s  i n  a c y c l e  t o  be ex- 
e c u t e d  s e q u e n t i a l l y  by the  t r a n s p o r t  mech- 
anism. The c y c l e  can  be h a l t e d  a f t e r  one 
execu t ion  o r  i t  can be r epea ted  i n d e f i -  
n i t e l y .  This  f e a t u r e  i s  be ing  used t o  
de te rmine  l i f e  c y c l e s  of  components and 
t o  check f o r  any accumulat ive p o s i t i o n i n g  
e r r o r s .  

Tests have been completed t o  determine 
the  accuracy i n  t h e  p o s i t i o n i n g  of  t he  
t r a n s p o r t e r .  A c losed- loop  c o n t r o l  s y s -  
t e m  i s  used t o  compensate fo r  any d r i v e  
backlash  o r  wear i n  t h e  s y s t e m  and t o  
guarantee  the  accuracy and r e p e a t a b i l i t y  
of  each  move. Figure 8 i s  a flow d i a -  
gram of the  c o n t r o l  so f tware .  O p t i c a l  
s h a f t  encoders  on each  of t he  t h r e e  d r i v -  
en members are used t o  monitor  the  a c t u a l  
movement of  the  t r a n s p o r t  mechanism by 
s imul taneous ly  sending a p r o p o r t i o n a l  
number of encoder  p u l s e s  t o  the c o n t r o l l e r . '  
The computer i s  used t o  compare t h i s  
number w i t h  the  move command i t  had o r i g -  
i n a l l y  t r a n s m i t t e d  and, i f  any d i f f e r e n c e  
e x i s t s ,  a c o r r e c t i o n a l  move command i s  
t r a n s m i t t e d .  

Pre l iminary  t e s t i n g  has  shown t h a t  t h i s  
au tomat ic  p o s i t i o n  c o r r e c t i n g  c o n t r o l  
b r ings  the  t r a n s p o r t e r  w i t h i n  one s t e p -  
p ing  motor pu l se  ( t h e  smallest  p o s s i b l e  
increment  of motor r e v o l u t i o n )  of the  ex-  
a c t  coord ina te s  i n  every a x i s .  The i n -  
h e r e n t  backlash  of  a d i r e c t i o n  change i s  
e f f e c t i v e l y  n u l l i f i e d .  During these  tes ts  
s imula t ed  plutonium c o n t a i n e r s  were rou- 
t i n e l y  p laced  i n  tubes  ( r e p r e s e n t i n g  a s -  
say device  o r  s t o r a g e  chamber openings)  
having only 0.10-mm d i a m e t r a l  c l e a r  - 
ances . 
I n  o r d e r  t o  p reven t  i n e r t i a l  j e r k i n g  of  
the load ,  t h e  s t e p p i n g  motors have been 
p r o g r a m e d  w i t h  speed c o n t r o l  ramps f o r  
t he  f i r s t  and l a s t  1000 pu l ses  of  a move. 
Figure 9 i s  a p l o t  of  the  c o n t r o l  ramp. 
These ramps a l low a g e n t l e  pickup and re- 
lease of the c o n t a i n e r s  du r ing  the  oper -  
a t i o n  of t he  Z-axis  ( v e r t i c a l )  d r i v e .  
They a l s o  h e l p  t o  p reven t  swaying i n  the  
X and Y axes .  

Add i t iona l  tests a r e  be ing  conducted t o  
e v a l u a t e  the  pickup devices  (page 20) i n  
o r d e r  t o  develop s t a t i s t i c a l  d a t a  on r e -  
p e a t a b i l i t y  and t o  e s t a b l i s h  l i f e  c y c l e  
f i g u r e s  f o r  the  wear components of t he  
s y s  t e m .  

17 



F I G U R E  7 - Transporter mounted on a test stand f o r  easy accessibility. 
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Computer 

The mul t i channe l  ana lyze r  f o r  t he  gamma- 
r a y  spec t romete r  has  been i n t e r f a c e d  t o  
the  PDP-11 computer. The hand le r s  and 
d r i v e r s  f o r  t h i s  s y s t e m  and the  X , Y , Z  
t r a n s p o r t e r  a r e  now be ing  w r i t t e n .  

Conta iner  I d e n t i f i c a t i o n  System 

Two companies were s o l i c i t e d  f o r  t h e i r  
t h e o r e t i c a l  approach t o  s o l v i n g  the  con- 
t a i n e r  i d e n t i f i c a t i o n  problem. The spec-  
i f i e d  g u i d e l i n e s  r equ i r ed  reading  the  i n -  
format ion  on a 1-3 /4- in .  (44.45-mm) diam- 
e te r  f l a t  s u r f a c e  through a 3 /8 - in .  (9 .52-  
mm) s a f e t y  p l a t e  g l a s s  and from a d i s t a n c e  
of  4 f t  (1.2 m). F u r t h e r ,  the  scanner  m u s t  
be a b l e  t o  r e a d  the c o n t a i n e r  i n  any r a d i a l  
a l ignment  and have an  extremely h igh  re- 
l i a b i l i t y  f a c t o r  which w i l l  be determined 
e x a c t l y  a t  a l a t e r  d a t e .  The r ead ing  t ime,  
which i s  no t  c r i t i c a l ,  was s p e c i f i e d  a s  
"a few seconds." The hardware supp l i ed  
by t h e  two companies i s  q u i t e  s i m i l a r  and 
i t  i s  only i n  the  approach t o  the  s o l u t i o n  
of  t he  problem t h a t  they d i f f e r .  

Company A sugges t s  an  "L"-shaped l a b e l  
w i t h  redundant  in format ion  on each  l e g .  
T h i s  arrangement would permi t  t he  i n f o r -  
mat ion t o  be r ead  by one l a s e r  scanner  
because of  t he  s c a n n e r ' s  ang le  of reada-  
b i l i t y .  (The scanner  can r ead  informat ion  
which i s  misa l igned  *45" . )  
t o  t he  problem would probably l i m i t  the  
number of d i g i t s  t o  t h r e e .  Company B would 
use an  " in - l ine"  l a b e l  w i t h  a dual-beam 
scanner .  I n  t h i s  arrangement ,  the  two 
beams scan  the  informat ion  a t  r i g h t  ang le s  
t o  each  o t h e r .  Again, t he  ang le  of  r eada -  
b i l i t y  pe rmi t s  the c o n t a i n e r  t o  be i d e n t i -  
f i e d  i n  any r a d i a l  a l ignment .  This  ap- 
proach t o  the  problem, a l though somewhat 
more expens ive ,  would accommodate f o u r  o r  
perhaps f i v e  d i g i t s .  

This  approach 

Pickup Device Eva lua t ion  

A t e s t i n g  s y s t e m  ( s e e  Figure l o )  f o r  de- 
te rmining  the  r e l i a b i l i t y  of  p o t e n t i a l  
pickup dev ices  was assembled and used t o  
e v a l u a t e  two pickup dev ices .  The s y s t e m  
was designed t o  c y c l e  the  pickup dev ices  
a t  a moderate ra te  (15-20 cycles /min)  and 
t o  r e g i s t e r  t he  l a t c h i n g  f a i l u r e s ,  un- 
l a t c h i n g  f a i l u r e s ,  and accumulated c y c l e s .  
The f i r s t  device  t e s t e d  was a small ,  com- 
m e r c i a l l y  a v a i l a b l e  d u a l - s t a t e  mechanism. 

I t  w a s  cyc led  on the t e s t i n g  s y s t e m  ap- 
proximately 20,000 t imes and the  r e s u l t s  
showed two p o s s i b l e  f a i l u r e  modes. F a i l -  
u r e s  tended t o  occur i n  ba tches  (8  o r  10  
f a i l u r e s  i n  25 c y c l e s )  and then  t e s t i n g  
would go f o r  s e v e r a l  hundred c y c l e s  w i t h  
no f a i l u r e s .  However, when t h i s  pickup 
device  was i n s t a l l e d  on the  t r a n s p o r t  
mechanism, the  f a i l u r e s  tended t o  occur  
a t  more r e g u l a r  i n t e r v a l s  o f  perhaps l 
i n  50 c y c l e s .  

The second device  t e s t e d  w a s  designed t o  
handle  the  r eusab le  s t a i n l e s s  s t e e 1  c a l o -  
rimeter can desc r ibed  on page 2 2 .  
device  was run on the  t e s t i n g  r i g  f o r  ap- 
proximately 2500 cyc le s  and then modif ied 
t o  c o r r e c t  d e f i c i e n c i e s  which showed up. 
I t  was then  cyc led  approximately 10,000 
a d d i t i o n a l  t i m e s  w i t h  a f a i l u r e  r a t e  of 
z e r o .  I t  was i n s t a l l e d  on the  t r a n s p o r t  
mechanism and has  y e t  t o  f a i l  i n  about  
3 days of  random t e s t i n g .  
second pickup device  has  a tendency t o  
twist upon a c t u a t i o n ,  t h i s  does no t  seem 
t o  a f f e c t  i t s  working e f f i c i e n c y .  

This  

Although the  

CALORIMETRY 

Process  Calor imeters  

Tests have been conducted on the  two APAS 
c a l o r i m e t e r s  ( s e r i a l  numbers 160 and 161) 
t o  determine the  c h a r a c t e r i s t i c s  of the  
thermal  g r a d i e n t  media. The s e n s i t i v i t y  
of the  c a l o r i m e t e r ,  the  t i m e  t o  r each  
e q u i l i b r i u m ,  and the  ou tpu t  s t a b i l i t y  are 
d i r e c t l y  r e l a t e d  t o  the  p h y s i c a l  parameters  
of  the  thermal  r e s i s t a n c e  a c r o s s  which 
h e a t  must flow (Figure  11). A s  mentioned 
i n  a previous  r e p o r t , '  v a r i o u s  mater ia ls  
( s i l i c o n e  g r e a s e s ,  o i l s ,  and sand)  were 
t e s t e d  f o r  t h e i r  mechanical  p r o p e r t i e s  
when f i l l i n g  the  gap. Banding sand was 
s e l e c t e d  o r i g i n a l l y  as the  g r a d i e n t  m e -  
dium because i t  has  a thermal  conduc t iv i ty  
n ine  t i m e s  t h a t  o f  a i r  and could be eas i ly  
removed from the  gap i f  necessary .  
i c a n t  h e a t  d i s t r i b u t i o n  e r r o r s  and ou tpu t  
i n s t a b i l i t y  were encountered  w i t h  sand i n  
the  g r a d i e n t  gap. It w a s  d i scovered  t h a t  
the  sand could  no t  be packed uniformly i n  
the  gap;  t h e r e f o r e ,  t h e  h e a t  conduct ion 
r a t e  through the  sand was not  c o n s t a n t .  

Because of f avorab le  r e s u l t s  ob ta ined  when 
us ing  epoxy i n  a development c a l o r i m e t e r ,  
i t  was decided t o  f i l l  t he  gap i n  one of 

S i g n i f -  
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F I G U R E  1 0  - T e s t i n g  s y s t e m  for c y c l i n g  p i c k u p  d e v i c e s .  
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FIGURE 11 - Cross  s e c t i o n  of S a f e g u a r d s  c a l o r i m e t e r .  
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t h e  two APAS c a l o r i m e t e r s  w i t h  epoxy (EPON- 
907) .  The thermal  conduc t iv i ty  of  EPON- 
907 i s  approximately s i x  t i m e s  tha t  of 
a i r .  The gap was f i l l e d  by b u i l d i n g  up 
the  o u t s i d e  d iameter  of the  h e a t e r  form 
and p l a s t i c  ends w i t h  epoxy and machining 
t h i s  d iameter  f o r  a s l i p  f i t  i n  t h e  b r a s s  
j a c k e t .  Following tes ts  which proved 
t h a t  t he  epoxy was a s a t i s f a c t o r y  medium, 
the gap i n  the  second c a l o r i m e t e r  w a s  
f i l l e d  w i t h  the  same m a t e r i a l .  

The c a l o r i m e t e r s  have been t e s t e d  t o  de- 
termine t h e i r  s e n s i t i v i t y ,  thermal  res i s t -  
ance,  h e a t  d i s t r i b u t i o n  e r r o r ,  and r ep ro -  
d u c i b i l i t y .  The c a l o r i m e t e r  s e n s i t i v i t y  
i s  e q u i v a l e n t  t o  the senso r  ou tpu t  f o r  a 
u n i t  power i n p u t .  It  i s  measured by ap- 
p l y i n g  a known power through the  e l e c t r i c  
heater and measuring the  r e s u l t i n g  change 
i n  b r i d g e  p o t e n t i a l .  A t  t he  same t i m e ,  a 
p la t inum r e s i s t a n c e  thermometer l o c a t e d  
i n  the  s a m p l e  chamber i s  used t o  measure 
the  temperature  r ise  a c r o s s  the  thermal  
g r a d i e n t  medium caused by the  power from 
the  e l e c t r i c  h e a t e r .  The r a t i o  o f  t he  
tempera ture  r ise  t o  the  h e a t e r  power i s  a 
measure of  the thermal  r e s i s t a n c e  of the  
c a l o r i m e t e r  . 
The h e a t  d i s t r i b u t i o n  e r r o r  w a s  determined 
by moni tor ing  the  b r idge  p o t e n t i a l  w i t h  a 
3-W plutonium-238 h e a t  s t anda rd .  I t  w a s  
packed i n  U& and l o c a t e d  a t  v a r i o u s  
h e i g h t s  i n  the  sample can .  The measured 
r e s u l t s  are compared t o  the  t r u e  va lue  of  
the s t a n d a r d  t o  determine the  percentage  
e r r o r .  

Ten independent  de t e rmina t ions  of  a 3-W 
heat s t anda rd  packed i n  UDZ were used t o  
measure r e p r o d u c i b i l i t y  of t he  c a l o r i m e t e r .  
The r e s u l t s  of  a l l  t he  tes ts  are p resen ted  
i n  Table 9. These tests i n d i c a t e  t h a t  the  
epoxy i s  a s u i t a b l e  thermal  g r a d i e n t  m e -  
dium. 

I n  an  a d d i t i o n a l  t es t ,  the  shape of t h e  
s e n s i t i v i t y  curve ( i . e . ,  c a l o r i m e t e r  sen-  
s i t i v i t y  v e r s u s  i n p u t  power) w a s  measured 
over  the range of 1 t o  15  W. A change 
i n  s e n s i t i v i t y  of  -O.O31%/W and -O.O28Z/W 
was measured i n  c a l o r i m e t e r s  160 and 161, 
r e s p e c t i v e l y .  This  i n d i c a t e s  t h a t ,  a l -  
though the  s e n s i t i v i t y  i s  no t  c o n s t a n t  
over  the e n t i r e  wat tage  range ,  i t  i s  no t  
c r i t i c a l l y  dependent on the power i n  the  
c a l o r i m e t e r .  The e l e c t r o n i c s  package i n -  
c lud ing  c o n t r o l l e r s  f o r  t he  c a l o r i m e t e r  

b a t h s ,  p r e e q u i l i b r a t i o n  bat l is ,  and c a l o -  
rimeters a s  w e l l  a s  the n u l t i p l e x e r  f o r  
swi t ch ing  the  va r ious  c a l o r i m e t e r  ou tpu t s  
t o  the  computer has  been assembled and i s  
undergoing tes t s .  Following s a t i s f a c t o r y  
checkout t es t s ,  the  e l e c t r o n i c s  package 
w i l l  be i n t e r f a c e d  w i t h  the c a l o r i m e t e r s  
and the  c a l o r i m e t e r  s y s t e m  w i l l  be t e s t e d  
t o  determine i t s  accuracy and p r e c i s i o n .  

Cans 

Figure 12 i s  a drawing of t he  s t a i n l e s s  
s tee l  r eusab le  can which has  been des igned  
t o  be compatible  wi th  APAS. The can i s  
approximately 16.5 cm h igh  by 6.4 cm i n  
d iameter  w i t h  a 0.08-cm w a l l  t h i ckness .  
S i x  of t hese  cans and 5 0 . l i d s  have been 
f a b r i c a t e d  and are be ing  eva lua ted  f o r  
c o m p a t i b i l i t y  w i t h  the  X , Y , Z  s y s t e m ,  c a l -  
o r ime te r s  , and gamma-ray spec t rometers .  
A pickup device  has  been b u i l t  t o  be used 
w i t h  these  cans  ( see  page 2 0 ) .  A t o o l  has  
been designed t h a t  could e i t h e r  manually 
o r  au tomat i ca l ly  i n s e r t  and remove the  
l i d s .  

- 

The l i d s  are designed t o  be tamperproof;  
i f  a l i d  i s  removed, i t  w i l l  be s u f f i -  
c i e n t l y  damaged o r  marked t h a t  i t  cannot  
be reused  wi thou t  be ing  apparent  t h a t  i t  
had been removed. I n i t i a l  t e s t i n g  demon- 
s t r a t e d  t h a t  t he  l i d s  as o r i g i n a l l y  fab-  
r i c a t e d  could  be removed wi thou t  s i g n i f -  
i c a n t  damage i n  about  30 min by c a r e f u l l y  
pry ing  on the  edge w i t h  a sha rp ,  t h i n -  
b laded  t o o l .  However, by machining o f f  
approximately two- th i rds  of the  l i p  o f  t he  
l i d ,  the  l i d  could n o t  be removed by t h i s  
technique .  Future  l i d s  w i l l  i n c o r p o r a t e  
t h i s  smaller l i p .  

A s  a f u r t h e r  p r o t e c t i o n ,  the  cans could 
a l s o  be b u i l t  w i t h  the  l i d  edge be ing  re- 
ces sed  i n  the  top of  the  can. 

. 

O r i g i n a l l y ,  t he  APAS s y s t e m  was not  going 
t o  be s u b j e c t e d  t o  extended ' ' ho t t t  t e s t i n g  
a t  Mound Laboratory and was, t h e r e f o r e ,  
assembled i n  a r a d i o a c t i v e l y  "cold" a r e a .  
More r e c e n t  guidance i n d i c a t e s  t he  need 
f o r  some d e t a i l e d  t e s t i n g  a t  Mound Labo- 
r a t o r y  w i t h  v a r i o u s  composi t ions of r eac -  
t o r  f u e l s .  S ince  the tamperproof r eusab le  
can does n o t  provide  s u f f i c i e n t  con ta in -  
ment by i t s e l f  t o  be used i n  a "cold" a r e a ,  
a second can has  been f a b r i c a t e d  t h a t  
meets the s a f e t y  and environmental  re- 
quirements .  This can i s  b a s i c a l l y  the  

2 2  



Table 9 (u 
I TEST RESULTS FOR THE APAS CALORIMETERS 

Sens i t  i v i  t y  
(5-mA b r i d g e  c u r r e n t ,  
3-w power l e v e l ) :  

S f N  160 SIN 161 

1 2 , 8 7 5  uV/W 13,108 t:V/W 

Thermal Res i s t ance :  0.648" C / W  0.678'C/W 
I 

Heat D i s t r i b u t i o n  E r r o r s :  
Top -0.031% -0.050% 
Middle +O. 030% +o. 001.% 
Bottom -0.112% -0.130% 

P r e c i s i o n :  * O .  0257- 50.04 3% 

I !  L 

I 

- Con body 

/- 

F I G U R E  1 2  - T y p i c a l  sample can. 

same des ign  a s  the  tamperproof can ,  ex-  
c e p t  t h a t  the  p r e s s - f i t  l i d  has  been re- 
p l aced  w i t h  two screw-on l i d s .  Th i s  g i v e s  
a double O-ring s e a l  f o r  t he  containment  
of  r a d i o a c t i v e  mater ia l .  Twelve o f  t h e s e  
cans  have been made and w i l l  be loaded  
w i t h  f u e l  f o r  use  i n  the  ex tended  t e s t i n g  
o f  APAS . 
ENGINEERING 

Because APAS w i l l  be  t e s t e d  i n  a "cold" 
a r e a ,  i t  i s  no t  necessa ry  t o  house the  
spontaneous f i s s i o n  assay  s y s t e m  (SFAS) 
i n  a glovebox. A dummy glovebox has  been 
b u i l t  t o  suppor t  t he  X , Y , Z  t r a n s p o r t e r  s o  
t h a t  t he  SFAS can  be inco rpora t ed  i n t o  
the  automated sample handl ing  s y s t e m .  

The f i n a l  drawings of the  p rocess  c a l o -  
rimeters a r e  complete. Those f o r  the  
X , Y , Z  t r a n s p o r t e r  a r e  approximate ly  50% 
complete . 
P l a t e s  on which the  t r a n s p o r t e r  r a i l s  w i l l  
be mounted i n  a glovebox were des igned  
and b u i l t .  These p l a t e s  w i l l  p rovide  p r e -  
c i s i o n  s u r f a c e s  f o r  a l i g n i n g  and f a s t e n -  
i n g  t r a n s p o r t e r  r a i l s  wh i l e  p r e s e r v i n g  
the  seal  i n t e g r i t y  of  t he  boxes.  

2 3  



Applications 

P L U T O N I U M  I N V E N T O R Y  V E R I F I C A T I O N  PROGRAM J .  F. L e m m i n g ,  
F .  ?I. H a a s  a n d  
J .  Y .  J a r v i s  

Two computer programs t o  f a c i l i t a t e  t he  
hand l ing  of  c a l o r i m e t r i c  assay d a t a  have 
been w r i t t e n .  Both programs are w r i t t e n  
i n  FORTRAN I1 and are run on PDP-8 com- 
p u t e r s .  The f i r s t  program, ISOTOP, i s  
used t o  conve r t  gamma-ray peak a r e a s  t o  
atom r a t i o s .  The n u c l e a r  c o n s t a n t s  used 
are those  of  Gunnink and Morrow.' The 
second program, CALDAT, a c c e p t s  atom ra- 
t i o s  and wat tage  measurements and t h e i r  
u n c e r t a i n t i e s .  I t  then  c a l c u l a t e s  the  
t o t a l  weight  of plutonium i n  grams and 
i t s  u n c e r t a i n t y .  CALDAT uses  the  r e c -  
ommended s p e c i f i c  powers and propagat ion  
of t he  measurement u n c e r t a i n t i e s  from 
A N S I  S t anda rd  15.22 ( C a l i b r a t i o n  Tech- 
n iques  f o r  the Ca lo r ime t r i c  A s s a y  of 
Plutonium-Bearing S o l i d s  Applied t o  Nuclear 
Materials C o n t r o l ) .  

Seventy-nine samples and 24 a l i q u o t s  have 
been measured i n  t h i s  r e p o r t  pe r iod .  The 
c a t e g o r i e s  i nc lude :  i n c i n e r a t o r  a sh ;  a s h  
h e e l s ;  sand ,  s l a g  and c r u c i b l e s ;  sand ,  
s l a g  and c r u c i b l e  h e e l s .  Two 1-ga l -can  
c a l o r i m e t e r s  (149 and 150) were used dur -  
i n g  the  inven to ry .  S tandard  h e a t  sou rces  
were measured be fo re  and a f t e r  t he  inven-  
t o r y  samples.  Calor imeter  149 w a s  found 
t o  have a b i a s  of  -0.13% f 0.15% a t  t h e  
1-W power l e v e l .  Calor imeter  150 has  a 
b i a s  of -0.22% * 0.15% a t  the  same power 
l e v e l .  The c a l o r i m e t e r  wat tage  v a l u e s  
were c o r r e c t e d  f o r  these b i a s e s .  

The gamma-ray s p e c t r a  f o r  t h e  samples and 
a l i q u o t s  were acqu i red  on the  70-cc Ge(Li) 
spec t romete r  having r e s o l u t i o n  of 1 .8  keV 
a t  1332 keV. The gamma r a y  s p e c t r a  were 
ana lyzed  us ing  the  program GAUSS V .  

The 23ePu/239Pu r a t i o  w a s  measured by ra- 
d iocount ing  on 20 a l i q u o t s  and by spec-  
t roscopy on bo th  the  a l i q u o t s  and the  79 
cans .  Table 10 c o n t a i n s  a comparison of  
the plutonium-238 stream average va lues  
determined by each  o f  t hese  methods. 
Stream averages  were determined f o r  each  
year from 1966 t o  the  p r e s e n t .  The agree-  
ment of t h e  r a t i o s  f o r  each  year g i v e s  

confidence t o  the  assumption of t he re  
be ing  a stream average .  The rad iocount ing  
va lues  w i t h  a r e l a t i v e  s t anda rd  d e v i a t i o n  
of *6% have been used. 
i s  based on a r e p r o d u c i b i l i t y  of *3%, over  
a 3-yr p e r i o d ,  f o r  metal exchange s a m -  
p l e s  con ta in ing  approximately 120 ppm 
plutonium-238. S ince  the  inventory  s a m -  
p l e s  are not  metals,  t he  u n c e r t a i n t y  was 
doubled. 

The u n c e r t a i n t y  

The 2 4 0 P u / 2 3 y P u  r a t i o  w a s  measured by 
mass spectroscopy on 20 a l i q u o t s .  The 
stream averages  determined f o r  each yea r  
a r e  shown i n  Table 10. During the  a n a l -  
y s i s  of t he  a l i q u o t s ,  t he  e l e c t r o n i c  
i n t e g r a t i n g  c i r c u i t  mal func t ioned  and was 
r ep laced  by an ion  pu l se  count ing  dev ice .  
An u n c e r t a i n t y  of  1 .4% has  been used.  
This  va lue  i s  the  r e l a t i v e  s t anda rd  de- 
v i a t i o n  measured on NBS-SW-948 w i t h  the 
i o n  pu l se  count ing  device .  

The 241Pu/239Pu r a t i o  w a s  measured by 
mass spec t roscopy on 20 a l i q u o t s .  Gamma- 
r a y  measurements of t h i s  r a t i o  w e r e  t hen  
made on the  24 a l i q u o t s  and the  c o r r e -  
sponding samples.  The r a t i o  of the  gamma- 
r a y  t o  mass-spec t roscopic  assay  f o r  t he  
a l i q u o t s  i s  0.98*.0.03.  A s i m i l a r  com- 
p a r i s o n  of t he  gama- ray  measurements on 
the  cans and the cor responding  a l i q u o t s  
y i e l d s  a r a t i o  of 1 . 0 1  f 0 .02 .  The gamma- 
r a y  measurements of  t h i s  r a t i o  on the  cans 
have been used w i t h  a r e l a t i v e  s t anda rd  
d e v i a t i o n  of *3%. 

The 241Am/239Pu r a t i o  was measured by 
gamma-ray spec t roscopy on the  a l i q u o t s  
and the  samples.  For those  samples con- 
t a i n i n g  g r e a t e r  than  150 ppm the  compari- 
son of the  a l i q u o t s  t o  the  samples  y i e l d s  
a r a t i o  of 1 . 0 1  * 0.07. This i s  c o n s i s t -  
e n t  w i t h  p a s t  r e s u l t s ,  The r a t i o s  d e t e r -  
mined from the  bulk  samples  have been 
used w i t h  an u n c e r t a i n t y  of *7%. For 
amer i c  ium-241 concen t r a t ions  less than  
150 ppm, the a l i q u o t s  and bulk  sample 
measurements do no t  ag ree .  These are a l l  
i n  the  ca tegory  of i n c i n e r a t o r  v i r g i n  ash .  
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Year 

66 

67 

6 8  

69 

70 

7 1  

72 

73 

74 

75 

Cur r e n t  

‘ 

Number 
O f  

Al iquots  

1 

1 

1 

1 

1 

3 

O(2)’ 

3 (4)  

2 

3 

4 (5 )=  

ICumbe r 
O f  

Samples 

1 

2 

2 

2 

2 

6 

1 4  

10 

1 2  

10 

18 

Table 10  

STREAM AVERAGE ISOTOPIC KATIOS 

2 3 8 pu / 2 5 ? pu 

Aliquot  
Radioc oun t i n g  Gamma 

9 72 

107 

106 

109 

117 

126 

12 1 

124 

121  

117 

83 -L 9‘ 

109 i 8 

106 k 5 

106 ,L 5 

103 1; 8 

126 L 8 

130 k 3 

120 * 7 

109 * 5 

126 f 1 

118 i 3 

Can 
Gamma 

89 f 8”  

95 * 6 

104 + 5 

105 + 7 

110 * 1 6  

1 2 1  . 14  

127 - 1 7  

125 1 5  

124 9 

123  i 12 

113 + 8 

2 4  0 p u / 2 3  g p u  

Mass Spec 

60280 

60600 

60890 

62370 

62810 

63279 

63000’ 

63063 

63240 

63007 

62867 

b c 

24 2Pu/23 3 Pu 
Mass Spec 

200 

2 00 

230 

230 

260 

236 

260’ 

257 

2 70 

267 

261 

“Values w i t h i n  ~ 3 % .  
“ S t a t i s t i c a l  u n c e r t a i n t y  i f  one measurement; o the rwise  r e l a t i v e  s t a n d a r d  d e v i a t i o n .  
‘The number o f  a l i q u o t s  measured by gamma-ray t echn iques ;  mass spec t rometer  d a t a  n o t  a v a i l a b l e  on 

‘Chosen on the  b a s i s  of t r ends  o f  the  s t ream ave rages .  
a l l  samples.  



Based on coun t ing  s t a t i s t i c s  t h e  average  
u n c e r t a i n t y  i s  *ll% f o r  t h e s e  bu lk  sam- 
p l e s  c o n t a i n i n g  less  than 150 ppm. For 
t h e  a u d i t  w e  have used the  r a t i o  d e t e r -  de t e rmina t ions .  The r e l a t i v e  s t a n d a r d  
mined from t h e  bu lk  samples w i t h  an  un- d e v i a t i o n  about  t he  mean v a l u e  f o r  t he  
c e r t a i n t y  of &15%. 

A ser ies  of f i v e  gamma-ray s p e c t r a  was 
taken  of a s i n g l e  sample t o  check the  re- 
p r o d u c i b i l i t y  of  the  gamma-ray i s o t o p i c  

2 3 a P ~ / 2 3 " P ~  r a t i o  w a s  *6%, f o r  t h e  2c 'pu/  
239Pu r a t i o  il.L%, and f o r  t h e  241Am/23-Pu 
r a t i o  13%. 

F. X. H a a s  a n d  J .  F .  Lemming Z P P R  F U E L  P I N S  

Gamma-ray s p e c t r a  were ob ta ined  i n  March 
1974 on f ive  ZPPR f u e l  p i n s  when t h e s e  
p i n s  were c a l i b r a t e d  by ca lo r ime t ry  .' 
These p i n s ,  approximately 318 i n .  (0.95 cm) 
i n  d i ame te r  by 6 i n .  (15 cm) long ,  con- 
t a i n e d  12 g of  plutonium i n  about  90 g 
of  Puo, -UO, e S p e c t r a  were ob ta ined  on 
the 70-cc Ge(Li) spec t romete r  f o r  20,000- 
sec coun t s .  The s p e c t r a  were ana lyzed  
us ing  b o t h  GAUSS V6 and GRPANL. For b o t h  
a n a l y s e s  the  plutonium-240 and americium- 
241 c o n c e n t r a t i o n s  were determined i n  the  
640-660-kev r eg ion .  The plutonium-238 
c o n c e n t r a t i o n  w a s  c a l c u l a t e d  r e l a t i v e  t o  
plutonium-241 from the  153-keV1148-keV 
peaks.  The plutonium-241 c o n c e n t r a t i o n  
was c a l c u l a t e d  from t h e  208-keV/203-keV 
peaks .  

Table  11 shows a comparison of t h e  i s o -  
t o p i c  r e s u l t s  ob ta ined  by gamma-ray a n a l -  
y s i s  t o  t h e  chemical  v a l u e s  s u p p l i e d  w i t h  
the samples decayed t o  t h e  gamma-ray a n a l -  

- 
y s i s  d a t e .  I n  b o t h  c a s e s ,  t he  i s o t o p i c  
r a t i o s  ag ree  w i t h  the  chemical v a l u e s  t o  
w i t h i n  approximately 5%, w i t h  the  excep- 
t i o n  of t he  plutonium-240 va lue  ob ta ined  
us ing  GRPANL. The l a s t  l i n e  i n  t h i s  t a b l e  
shows t h e  c a l c u l a t e d  s p e c i f i c  power f o r  
t hese  i s o t o p i c  v a l u e s .  The use of  gamma- 
r a y  i s o t o p i c s  would y i e l d  t o t a l  plutonium 
v a l u e s  which a r e  0.43% and 1.2% (GAUSS V 
and GRPANL v a l u e s ,  r e s p e c t i v e l y )  h i g h e r  
t han  cor responding  v a l u e s  us ing  chemical  
i s o t o p i c s .  

I f  the gamma-ray i s o t o p i c  r a t i o s  f o r  each  
p i n  a r e  used t o  c a l c u l a t e  t he  s p e c i f i c  
power f o r  t h a t  p i n ,  t h e  mean va lue  f o r  
t he  s p e c i f i c  power i s  3.234 + 0.022 mW/g. 
This  means t h a t  t he  c o n t r i b u t i o n  from the  
u n c e r t a i n t y  i n  t h e  gamma-ray i s o t o p i c  
r a t i o s  t o  the  o v e r a l l  u n c e r t a i n t y  i n  t h e  
c a l o r i m e t r i c  assay  would be approximately 
0.7%. 

Table  11 

AVERAGE ISOTOPIC CONCENTRATIONS AND SPECIFIC POWERS OF FUEL PINS 
(ALL VALUES COMPUTED TO THE SAME DATE) 

Average Gamma-Ray Value 
Chemical Analys is  GAUSS V Di f f e rence  GRPANL Di f fe rence  

I s o t o p e  ppm (ppm) (%) (PPm) (%) 

Z40Pu 131990 130917 f. 7697 -0.8 118960 + 7602 -9.9 

241Pu 16172 16207 + 226 0 .2  16346 f 67 1.1 

2 3 8  Pu 523 550 f 36 5.2 556 + 24 6 . 3  

2 4 1 b  4473 4245 + 102 5 . 1  4372 f 393 -2.3 

S p e c i f i c  
Power (mW/g) 3.245 3.231 -0.43 3.206 -1 .2  
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