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AB,TYcT 
A nondestructive assay system was developed for determining the 

total fissile content of spent. fuel .subassemblies at the head end of a 
reprocessing plant. The system can.perform an assay in 20 min with an 
uncertainty of <5%. Antimony-beryl ium neytrons interrogate the . ' . i subassemblies, and proton recoil co,nters detect the resulting fission 
neutrons. .Pulse-height discrimination differentiates between the low-, 
energy interrogation neutrons and the higher-energy fission neutrons. 

1 ! 
. -.. .. - 'To optimize the performance of the system, 51-energy-group neutron- ! 

transport calculations were made, f rst with a one-dimensional (l-D) . 
, 

f i : I ; 
, :, computer model-,followed by a 2-D c mputer model. The performance of - 

' 1. 

the as-built system was calculated +sing a 2-D model. The cross- .! 
sections were 'from the ENDFIB-IV data file and were ptocessed for use 1 

I 
in liquid-metal-cooled. fast breeder reactor (LMFBR) calculations. .L 

t 
&a: 

Ipei j  
?i< .c- 

Calculated and measured results were compared for (1) interrogation- 

. . . .  
neutron penetrability, (2) fission-deutron detectability, (3) radial 
variation of assay sensitivity, ( 4 )  \axial variation of assay sensitivity, 
and (5) the variation of detector count rate as a function of the 5 
number of fueLrods in a special 61-rod, LMFBR-type subassembly. 

I 

f The calculational procedures w re validated by comparison with 
I 

experimental measurements, thus per itting further exploration.of I 

system performance by means of additional calculations. In this 
manner, the following system charac eristics were investigated: the 

1 
5 I 

relative assay sensitivities of var ous fissile.nuclides; the applic- I 
ability of the system to a wide varrety of fuels, either fresh or i 

I .- 
+spent; the effect oq,assay accuracy of uncertaintiesin the isotopic ! 
abundances in the fuel; and the efficacy of possi-ble methods of de.ter-. .' ,- . 1 I 

mining isotopic abundances in the s mple, % . \ 
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A system was developed (Fig .  i) t o  p e r f 0  m a  n o n d e s t r u c t i v e  a s s a y  (NDA) of t h e  f i s s i l e  T 
t 

c o n t e n t ,  e i t h e r  Pu o r  U, of a  s p e n t ' f u e l  subassembly a s  i t  e n t e r s  a  f u e l  r e p r o c e s s i n g  p l a n t  t 
, ( a n d  s t i l l  r e t a i n s  i t s  i d e n t i t y .  The a s s a y  r e  u l t s  can be  a p p l i e d  t o m a t e r i a l s  account-  \ 

1 d 
a b i l i t y ,  p r o c e s s  c o n t r o l ,  c r i t i c a l i t y  c o n t r o l  and s a f e g u a r d s .  The d e s i g n  o b j e c t i v e s  of ' ? 

I, I t h e  sys tem a r e  t o  a s s a y  t h e  t o t a l  f i s s i l e  c o n t e n t  of a  subassembly of s p e n t  f u e l  i n  20 min 

w i t h  an  u n c e r t a i n t y  o f  <5%. 

. I  ' 

' i 

To a c h i e v e  u n i f o r m i t y  o f  a s s a y  s e n s i t i v i t y  over  t h e  l a r g e  c r o s s - s e c t i o n a l  a r e a  (%I20 

2 
Icm ) of a  subassembly,  t h e  Lubassembly i s  a c t J v e l y  i n t e r r o g a t e d  by 23-keG n e u t r o n s  ;?om. 5 

4 
i 1 

a n  1 2 4 ~ b - ~ e  source .  A n e u t r o n  f i l t e r  (3-mm-thick boron e n r i c h e d  t o  92% ' log)  su r rounding  
i 

t h o s e  s o u r c e  n e u t r o n s  t h a t  would n o t  f a r  i n t o  t h e  I 
I 

t h e y  have l o s t  energy thrdugh moderat ion.  To o b t a i n  a  s i g n a l l a r g e r  .* L- 
-7 

I 
. .  i I 

. t h e  i n t e n s e  neu t ron  background ;from s p e n t  fu.1 (%lo8 n e u t r o n s l s )  , ( a )  t h e  t .. - 
! 

of f i s s i o n  n e u t r o n s  is  measured i n s t e a d  of on ly  . . t h e  f a r  fewer de layed  rieutrons,l  
.- 

i n t e n s e  i n t e r r o g a t i n g  s o u r c e s  irq r e q u i r d d  (each w i t h  %ZOO C i  12'sb, producing 

8  ! 
i 

high-energy f i s s i o n  n e u t r o n s  a r e  d i f f e r e n t i a t e d  from t h e  lower- I 
i: 

P 
: 

by pu l se -he igh t  i s c r i m i n a t i o n  a p p l i e d  t o  t h e  d e t e c t o r s  

c o u n t e r s ) .  The icounters  a r e  s h i e l d e d  a g a i n s t  t h e  gamma r a d i -  % 

, ,- 

and t h e  s p e n t  f u e l  by >20-cm-thick l e a d  s h i e l d s .  . . 
... . . 

I 
. I . i 

-i- .,.. . i 
:1P:a;.t ' -#sl ;;,;.:.'I The a s s a y  system paramete rs  were bp t imiz  on t h e  b a s i s  of '51-energy-group neu t ron-  ! 

:-$j.': .:,.. . '. ! . . .  I I qip <"".-. . .-" I 
, t r a n s p o r t . ~ c a l c u l a t i o n s  ( P ~ - s B  Z i s c i e t e  o r d i n a t e s ) ,  f i r s t  wk-th a  one-dimensional (1-D) model ,- ! 
..+. I . . ' I  

. I fol lowed by a  2-D model (DOT c  d e 3 ) .  F i n a l l y ,  c a l c u l a t i o n s  .were made, u s i n g ' ;  , 
.:. 

I 

.... *I I 
. '  ..,. processed f o r  u s e  i n  LMFBR ~ a l c u l a t i o n s .  . ;-;. I - - 

. - 
I K L h e  2-D model of t h e  a s - b u i l t  system, t o  o b t a i n  v a l o e s  f o r  comparison w i t h  t h o s e  measured i< 

. .  I 
!' 

) ' I va r ious  e x p e r i m e n t a l  s i t u a t i o n s .  Cyoss s e c t i p n s  were from t h e  EJDF/ B-IV d a t a  f i l e  and werd  
. .,. .I . . !. 
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Comparative 

radius are given in 

2'35~. The detectors were biased to record only those neutrons that imparted an energy of I ! 

450-650 keV to the recoil protons. All value are for the indicated ring relative to the t i 
i 

I 1: 

first (innermost) ring of six fuel rods surrounding the central rod of a 61-rod sub- ! .: 
] assembly. The four rings contained 6, 12, 18, and 24 rods. For part A (for the plane c j 
I I 

I perpendicular to the axis at its center), sen is taken as the product of two f r: 
components: 'the interrogating neutron penetrability times the detectability of the 

jinduced fission neutrons. Calculated and mea ured penetrabilities are defined, respec-. 3 . .  i 
tively, as the calculated local fission densihy and as the local fissidn-product, gamma \ 

i 
I 

- .  . region. The calculations simulated the experimental conditions : each ring of rods I ! 

activity measured by a N a I  detector following several days of activation by the inter- 1 1 %  t 
rrogating sources. Calculated and measured de ectabilities are defined, respectively, as ! 1 I 

' .j the calculated local ad'jgint flux (which give) the local contribution to the detector i 
a 1 1 
,$signal in a detector-based adjoint calculation) and as the measured detector signal from a 

9 .& 

. 1 : 1 ~ ~ ~ ~ f  neutron source placed at the given locality in ;he subassembly. 
i 

> * i  . 1 - 1 
L \  

I I 

1 .. I 

a zone of the appropriate - composi?ion, with correspznding detector activities 
- .I. 1 

8 

. 
1 C 

' i 

-: 

determined in forward calculations--no adjoin calculations were needed. 1 ... . 7. 

' 3 

% 
For part B (for the entire length), sensitivity is defined as the increase in count - .  1 

I 

rate when six normal (7.1% enriched) fuel rod in a given ring were replaced by six + 
1 ! 

higher-enrichment (19.8%) rods. Part B thus involved an axial average over the assay 

' I The calculated and measured axial - - variation of assay sensitivity can be compared by j 
I 

: ' 
s. , 

* 

. , 

q. . -=.. ..- # I  ;' 
reference to Fig. 2. ~ h b  penetrability, dtSt~~tability, and sensitivity for both.-calcG 

: 6 
lated and 'measured cases are defined as  art A of Table I.  a he axial variations of the 1; 
components (penetrability and detectability) f the sensitivity also showed comparable ' 4  :- . 9' 

. . -  f !  

areement between calc_ulations and measurements .---,.---- . . . . .  -.- .... - . . .  .- --I - -  1 1  -.- 
..,. -. I 1 

.. . . . .  --.-. ... ....?!? ----.,.A -.... \&* \ 
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' 

. , . . . . - . . 

. The shape of the axial sensitivity curve is not important, because the assay pro- 

cedu-re will be to program the scan so that each.axia1 element of the subassembly traverses 

P 
with those from a nearly identical standard subassembly to determine the total fissile 

content of a subassembly by integrating the axial scan data. 

the entire sensitive region of,the assay equi ment. These scan results will be compared 

I t 

I { 1 
The variation of calculated and measured count rate with the'number of 7.1%-enriched 

fuel rods can be compared by examing Fig. 3: Incidentally, a slight nonlinearity of t 

l .  both measured and calculated paints is evid.en . Less nonlinearity is observed when I 
5 

] enrichment (at constant number of rods) is varied and plotted as abscissa. ! 

i .  b 

The foregoing results present quantitatiJe comparisons of the calculated and measured i 
? 

!spatial variation of assay sensitivity, in both radial and axial directions. These results j 

!are J for 235~-enriched UO fuel, using cross sdctions from the ENDFIB-1" file processed 
2 

i 
? . .. .a- - ! 

i i 
iinto a 51-group set for LMFBR cal~ulations.~ ;The quantitative aspects of the observed 
E f 

I 
ir 
:agreement between cal~ulations and measurements indicates the degree to which the 

- -  1 -.- - 
!2-D geometric model and the cross-section set rsed may be considered to be adequate for i 

.; an expanded calculational program. 

. i i 1 
. . E 

esults by additional calculations. Among the characteristics that now can be explored I 
! 

b I 

re: the relative sensitivities of various fi sile nuclides; the applicability of the NDA 
I 

I 
I 

1. ystem to a variety of fuels, either fresh or spent;5 the effect on assay accuracy of , - a  t 1 - ,- i , 

. : Incertainties in the isotopic abundances in thi fuel; and the efficacy of possible methods :i 
1 If dete;mining isotopic abundances in the samp e. The calculations related to these 

I 

! - 

. ' 

: .. 

. 

. . 

U ;' 
issues are discussed in the next section. -I 

. 

._. ..- 
. . i! 

.- . 

.-.- ! 
. - - 

CALCULATIONAL RESULTS 
1: 

- I \; 
. -1 

.. . - 
-.. h-24 cakda-cion WEI- mad2 f o m p e n  ""I Bm-basse;lXy?~- the mis1- assay"- i! 
(.onfiguration. The isotopic sensitivities (fi sion neutrons produced per atom of the 4 i' -- 

. .. .-..... . . , ..--. :.'-- - \ \ 
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given  n u c l i d e )  r e l a t i v e  t o  2 3 4 ~ u  a r e  g iven  i second column of Table  11. Although 

2 3 3 ~  i s  n o t  normal ly  p r e s e n t  i n  t h i s  f u e l ,  a  t r a c e  amount was inc luded  t o  o b t a i n  i t s  

r e l a t i v e  s e n s i t i v i t y .  The s e n s i t i v i t y  range (1.73) is  f a r  b e t t e r  than  i t  would be (%3.4) 

I i f  on ly  delayed n e u t r o n s  had been counted i n  h i s  same system. We b e l i e v e  t h a t  t h e  sen- 

s i t i v i t y  range of 1 . 7 3  a l s o  is  b e t t e r  t h a n  t h a t  f o r  o t h e r  sys tems des igned  s p e c i f i c a l l y  t o  1 
I 

1 
d e t e c t  on ly  de layed  neu t rons .  . { 

4 
4 

I 
i:. 
c 

The 1 .73  range  of r e l a t i v e  i s o t o p i c  s e n s i t i v i t i e s  means t h a t  t h e  r e s u l t s  of t h e s e  5 

I ' 1 
1 exper iments ,  based on 2 3 5 ~ - e n r i c h e d  f u e l ,  g r e  q u a l i t a t i v e l y  c o r r e c t  (and n o t  f a r  o f f  i ] q u a n t i t a t i v e l y )  f o r  o t h e r  f u e l s  based on d i f f e r e n t  f i s s i l e  i s o t o p e s .  Performance e s t i -  f 

.1 

mates have been g i v e n  e l sewhere  f o r  t h e  a s s a y  i n  t h i s  NDA system,  of f o u r  o t h e r  f u e l  sub- 
f . .  

.: 

a ~ s e m b l i e s . ~  The f o u r  f u e l s  i n c l u d e  t h r e e  LMPBR f u e l s  ( c o n t a i n i n g  s p e n t  Pu, f r e s h  Pu, o r  { 
! 1 f r e s h  2 3 3 ~ )  and one l ight-water-cooled r e a c t o r  (LWR) f u e l  ( r e q u i r i n g  an  e n l a r g e d  c e n t e r  i . 

'r i . . 1 c a v i t y  i n  t h e  NDA sys tem).  I 
C 

I 

I . .. . 
'! - .- 

-r i 
. . b  ,. 

I 1 Z 
. . I I n  t h e  t h i r d  column of Tab le  11, r e l a t i v e  s e n s i t i v i t i e s  a r e  g iven  f o r  our.NDA system i 

i 
. & I .  t 

, I w i t h  t h e  1°B n e u t r o n  f i l t e r  removed. Becauseto£ t h e  p resence  o f  a g r e a t e r  number o f  l a w -  " .  
I ' / e n e r g y  neu t rons ,  t h e  r e l a t i v e  s e n s i t i v i t i e s  c ianged a s  shown. Not shown, b u t  i n d i c a t i v e  

L 

of t h e  v a l u e  of t h e  f i l f i e r ,  i s  t h a t  t h e  edge-to-center n e u t r o n  p r o d u c t i o n  d e n s i t y  i n c r e a s e d !  
t 

:'::":I . . inc rease , .  f o r  each i s o t o p e ,  i+ - t h e  1°B f i l t e r  'were removed. A-measurement of t h i s  r a t i o  

*>- 
] c a l c u l a t i o n s  w i t h  c r o s s  s e c t i o n s  p rocessed  t o  account  f o r  v a r i o u s  l s o t o p i c  d i l u t i o n s  a r e  [i 

. > .  

: 

be ing  made t o  e x p l o r e  t h e s e  p o s s i b i l i t i e s .  
. - ' I  

1 

' *  

- ! 
'- .! 

d u r i n g  an  a s s a y  would p rov ide  i n f o r m a t i o n  r e 1  t i v e  t o  i s o t o p i c  composi t ion.  D i f f e r e n t  1 .i 
f i l t e r :  (e. g . ,  f i l t e r s  c o n t a i n i n g  a p p r o p r i a t e  I ,moderat ing and resonance-absorbing.;'materials)'! 9 

..i - 

might g i v e  b e t t e r  i s o t o p i c  d i s c r i m g n a t i o n ,  and by making f o u r  d i f f e r e n t  measurements one 
.* 

. . \* '  ;i 
m i g h t  determine t h e  r e l a t i v e  abundances of t'rf f o u r  f i s s i l e  i s o t o p e s .  More r e f i n e d  PI 

! i! 

from t h e  normal-system v a l u e  of %1.15 t o  %1.3 when t h e  1°B f i l t e r  was removed. i 5 

i 
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The e s t i m a t e d  accuracy  of a s s a y  achievab 20-min measurement w i t h  t h i s  system 

i n  Table  111. With c a r e f u l  c o n t r o l  o f .  t h e  i n d i v i d u a l  c o n ' t r i b u t i n g  paramete rs  

( f a v o r a b l e  c o n d i t i o n s )  a  s t a h d a r d  d e v i a t i o n  of rb0.2% should be  r e a l i z a b l e .  The most 

I 
I 

impor tan t  unfavorab le  c o n d i t i o n  would be poor knowledge of t h e  r e l a t i v e  i s o t o p i c  com- b 

p o s i t i o n .  The i n d i c a t e d  3% corresponds t o  t h e  f o l l o w i n g  improbable s c e n a r i o :  t h e .  1 
f 

t r a n s f e r  documents s t a t e  t h a t  t h e  f i s s i l e  e n t  of a . g i v e n  sp'ent LMFBR subassembly is  . 

I 93% 2 3 S ~ u  and 7% 2 4 1 ~ u ,  and we u s e  t h e  cor responding  a s s a y  s e n s i t i v i t y  f a c t o r s .  I f ,  'r '< 

I i n s t e a d ,  t h e  subassembly Contains  e i t h e r  0% o r  14% 2 4 1 ~ u ,  t h e  a s s a y  e r r o r  would b e  +3% . 
1 F 

I o r  - 3 I ,  r e s p e c t i v e l y .  I£  t h e  2 4 1 ~ u  conten! ib 'known more a c c u r a t e l y  t h a n  t h i s ,  a s  i t  most I . 

? ' 

probably  w i l l  be ,  t h i s  component of t h e  a s s a y  e r r o r  w i l l  be cor responding ly  l e s s .  
. . .  

. - . 
I . '  b 

CONCLPSIONS 4 3 
I - 

i 
. 

. *.. ! 
'T r 
Expelrime-nts have shown - t h a t  t h e  NDA s y s t  meet t h e  d e s i g n  ob j  ect.j.ves. The r 

-! 
i 

model and ' -gross-sect ion set were v a l i d a t e d  by comparison w i t h  exper iments .  I 
1 - .. 5 

used t o  ex tend  t h e  exper imenta l  r e s u l t s  t o  de te rmine  t h e  fo l lowing :  j 
4 

of v a r i o u s  f i s s i l e  n u c l i d e s ;  t h e  a p p l i c a b i l i t y  o f '  t h e  system toFa  
1 

of f u e l s ;  t h e  e f f e c t  on a s s a y  accuracy of u n c e r t a i n t i e s  i n  t h e  i s o t o p i c  abundances 

5 
f u e l ;  and t h e  e fE icacy  of p o s s i b l e  methods of de te rmin ing  i s o t o p i c  abundances i n  : 

1 
! 

1 - i I 

I 
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i--- Table I. Radial variation of ass sensitivity and of its components 
(fuel was 7.1% enriched and 450- to 650-keV pulses were detected) 

Values Relative to Ring la . 

I Ring 2 Ring 3 Ring 4 

I 
1 t 

A. In Axial-Center Plane 

I 
a 

b I 
Penetrability (Po) i 

;. 
Measured f 

-.. Calculated 

I - 
oetectabilityc (Do) 

I - .  

1 
Measured . - - 4 

- . i  
Calculated 5 

4 

= Po X .  Do) Sensitivity (5 
0 I 1 i 

Measured 1 1.014 i 
0 
I 

I 

1 Calculated ! 1.022 i .  7 

, , .I j 
.:.I < B. Over Entire ~ e n ~ t h  i f 

. : .:, :,;,'I* : 
~. . . : ', '' I i 

;" ,: 
+. ri ,. : ~ensitivit~~(~), i 
. 1 ,  , ' -  . . i 
' :: . 

! 
. . . .  Measured 1.031 1.077 .1.153 ? 
; j ,  i' -',. . ' :... . d . ! 

I '. L Calculated ( 1.032 1 . 0 7 4  1.127 
. . ',.'3 ': 

" <, . -  
, , ' , ,  . '. 1 , .  

, \ ,., ' '1n the 61-rod subassembly, one center rod.was surrounded by four ! 
hexagonal rings of rods. I' 

,. . ... 
, - 6 

i 
. '. , , . . , b .  .- 

I 
. . i 
's:,"' , The fission-neutron density produc d in a' given ring by the inter- I 

., . ,. 
> .  . . . . . . .  rogating-neutron source. Standard deviation of the measurements - ? . - ! 

is '~0.5%. i 
, I . '  . . ! 

.C_I- . I  :- :i 
C . ,, The detector signal produced by a 5 2 ~ f  source placed in a given ring. ; i 

. . Standard deviation of the measuremints is %0.4%. J 
. . .. *. - .I 

'F . U .  

?! 
d ! . . The increase in the c0un.t rate yhe the enrichment was raised from 

. , 7.1 to 19.8% in six rods.in a give, ' i  ring. Standard deviation of the .* ' " measurements is %2.3% 
. - .- 

I: 
. . 

1: 
.!I: 

0. - .... . .  ......... 
-3. .- - .- - 
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-I -*- 
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Table 11. Calculated isotopic sen .and effect of 'OB filter 

Nuclide 

Sensitivities Relative 
To Pu-239 S igna 1 

W/O Filter 
With 

Pu-239 1.00 1.00 4.16 4 
! 

I Pu-241 1.45 1.26 3.62 ! 
1. 

i 
. . .  !! 

I . .  
.! 
b 

i i 
! 
.i 
i 

...... 
' -+. 

1 1 . '  3 

Table 111. Acduracy Estimates 
I 
I 

. :: . .. 
?- :z i 

. a ' 

Standard Deviation(%) . . I  F 
i 

..,if ! 
Favorable Unfavorable 

. . d . .  

i; 
< .; -:.:;I , :. . Conditions cbndi t ions .- 
.',,', j " , ' 

;c;,,~.:, 1 Count Statistics I I 0.1 0.2 

i 
. . 

. d .  .. 
I 

Without 

" .  
. * +.. 

I ,:" 
!' 

,.?,. 

. . 
$2 9.' ,*. .. . . . 

. < a  

< : ; 

B-10 B-10 Signal 
Filter Filter W/Filter 

. ?. 

* . .. ' Accuracy of Standard 0.1 0.2 
- I - i: 

'.' . . r' I 0.1 3.0 Isotopic Composition . ' 
' ' . 

- 1 1 
0.2 

! I  _ .. 

. ,., , . 
.: 

Detector Temperature 0 .'1 i 
. 

' _ .  
Detector High Voltage 1 ,  0.1 0.2 I 

. i 

. .  1 
I 

. . -  



Fig. 1. Experimental system modified for in-the-floor 
installation. Source and detector locations (four each) 
alternate every 45 ' .  
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AXIA'L POSITION (cm) 

F i g .  2 .  Comparison of c a l c u l a t e d  and measured a x i a l  
s e n s i t i v i t i e s  f o r  7.1% e n r i c h e d  f u e l  and 450- t o  650-keV 
p u l s e  d e t e c t i o n .  C a l c u l a t e d  and measured v a l u e s  a r e  
normal ized  t o  1 . 0  a t  a x i a l  p o s i t i o n  0 .  
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Fig. 3. Variation of count rate with relative number 

of 7.1%-snriched fuel rods, counting all pulses above 
450 keV (I-mode). Calculated and measured count rates ... 

-are normalized to 1..O at an abscissa of 1.0. . - -. - - . . 
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