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A NONDESTRUCTIVE ASSAY SYSTEM 
FOR USE I N  DECOMMISSIONING 

A PLUTONIUM-HANDLING FACILITY 

C. T. Roche, J. J. Vronich, F. 0. B e l l i n g e r ,  
an'd R. B. Pe r ry  

ABSTRACT 

Argonne Nat iona l  Laboratory is  decommissioning a f a c i l i t y  used t o  f a b r i -  

c a t e  r e a c t o r  - f u e l  elements.  The equipment i s  contaminated wi th  a lpha  e m i t t e r s  
- -- - 

a t  l e v e l s  up t o  10'' dpm/100 cm2. The o b j e c t i v e  of  decontamination i s  t o  

reduce t h e  TRU concen t r a t ions  below 1 0  n ~ i / g  of waste.  A p o r t a b l e  NDA pro- 

cedure us ing  NaI(T1) gamma-spectrometric techniques  was s e l e c t e d  t o  measure 

t h e  r e s i d u a l  Pu and 2 4 1 ~ m  i n  t h e  glove boxes. Assays were performed a t  

d i f f e r e n t  s t a g e s  i n  t h e  decontamination process  t o  e s t i m a t e  t h e  d e t e c t i o n  

. sys t em s e n s i t i v i t y  and t h e  e f f e c t i v e n e s s  of t h e  c l ean ing  effor ts . .  

I. BACKGROUND 

The Reclamation Se rv i ce  of Argonne Nat iona l  Laboratory i s  i n  t h e  pro- 

c e s s  of decommissioning a f a c i l i t y  which was used t o  develop manufacturing 

procedures  f o r  plutonium and uranium r e a c t o r  f u e l s .  l This  f a c i l i t y ,  iI350, 

was completed i n  1959 and was opera ted  f o r  approximately 1 5  y e a r s ,  producing 

f u e l s  f o r  v a r i o u s  loadings  of t h e  EBR-1, EBR-11, ZPPR, and ZPR c r i t i c a l  

assemblies .  The n u c l e a r  m a t e r i a l s  processed included Pu-metal a l l o y s ,  

mixed-oxide (MOX) powders, and h i g h l y  enr iched  uranium. During t h e  ope ra t ing  

l i f e  of t h e  i n s t a l l a t i o n ,  hundreds of kilograms of plutonium were p-ocessed. 

The f a b r i c a t i o n  equipment, inclu,ding i tems  such a s  l a t h e s ,  e x t r u s i o n  

p r e s s e s ,  and fu rnaces ,  i s  l o c a t e d  i'n l a r g e  g love .  boxes which a r e  con- 

nec ted  by enclosed conveyor l i n e s .  The g love  boxes a r e  cons t ruc t ed  from 

-93-cm-thick aluminum p l a t e  w i t h  .93-cm-thick CR-39 ( a l l y 1  polycarbonate)  win- 

. dows. They are assembled i n  sulssec.tions which a r e  91  cm long x 122 cm deep 



x 91-244 cm h igh  (Fig.  1 ) .  The t o t a l  contaminated s u r f a c e  a r e a  i s  of t h e  or-  

d e r  of 2.3 x l o 3  m2 (Fig.  2) .  Pre l iminary  rec lamat ion  e f f o r t s  have removed 

t h e  major concen t r a t ions  of SNM; however, t h e  a r e a  is  s t i l l  h igh ly  contami- 

r ~ a t e d . ~  Typica l  contaminat ion l e v e l s  a r e  i n  t h e  mci/cm2 range. These l e v e l s  

may v a r y  s i g n i f i c a n t l y ,  depending upon t h e  type  of work conducted w i t h i n  t h e  

i n d i v i d u a l  g love  box. The o b j e c t i v e  of t h e  rec lamat ion  e f f o r t  i s  t o  reduce 

t h e  glove-box s u r f a c e  contaminat ion below t h e  10 nCi T R U / ~  of waste  mandated 

by DOE a s  t h e  l i m i t  f o r  i r r e t r i e v a b l e  d i sposa l . 4 ,  Transuranic  was tes  (TRU) 

i n c l u d e  m a t e r i a l s  con ta in ing  any alpha-emit t ing i s o t o p e  wi th  an atomic number 

g r e a t e r  t han  92, and 2 3 3 ~ .  The n u c l i d e s  of i n t e r e s t  i n  t h i s  p r o j e c t  a r e  
238-11 1 

' "Pu and 2'' '~m. In  t h e  course  o t  t h e  decommissioning, accurate esti- 

mates  of t h e  l e v e l s  of plutonium and americium contaminat ion must be  obtained.  

Th i s  in format ion  i s  impor tan t  t o  ensure  t h e  s a f e t y  of t h e  personnel  involved,  ' 

t o  measure t h e  e f f e c t i v e n e s s  of succes s ive  c l ean ing  e f f o r t s ,  and t o  dec ide  

on f i n a l  d i s p o s i t i o n  of t h e  m a t e r i a l .  6'798 

S h o r t l y  a f t e r  f a c i l i t y  /I350 ceased ope ra t ion ,  experiments were performed 

on a sample g love  box t o  determine t h e  r e l a t i v e  e f f e c t i v e n e s s  of v a r i o u s  clean- " , 

i n g  procedures  and  solvent^.^ The r e s u l t s  of t h i s  s tudy  were used t o  formu- 
. b 

l a t e  a decontaminat ion p l a n  which c a l l e d  f o r  a l i m i t e d  number of s u r f a c e  wash- .; 
E ' 

i n g s  w i t h  a c a u s t i c  s o l u t i o n .  However, a measurement procedure which can be  

used w h i l e  l a rge - sca l e  decontaminat ion e f f o r t s  a r e  progress ing  i s  necessary.  5 

Thi s  would permit  an assessment of  t h e  e f f e c t i v e n e s s  of t h e  c leaning  e f f o r t s  

a t  s p e c i f i c  l o c a t i o n s  and determine t h e  p r a c t i c a l i t y  of a t tempt ing  t o  reach  

t h e  TRU l i m i t .  

DOE waste-handling procedu.res r e q u i r e  t h a t  contaminated m a t e r i a l  be  

s eg rega ted  by t h e  k ind  and amount of contaminat ion p re sen t .  Packaging and 

t r a n s p o r t  requirements  a r e  much more s t r i n g e n t  f o r  was tes  which exceed t h e  

TRU l i m i t s .  S ince  t h e  u l t i m a t e  c o s t  of d i s p o s a l  w i l l  b e  dependent on t h e  

l e v e l  of plutonium contaminat ion,  i t  would b e  b e n e f i c i a l  t o  be a b l e  t o  iden- 

t i f y  m a t e r i a l  which h a s  been decontaminated below t h e  10  nCi T R U / ~  l i m i t .  

11. GLOVE-BOX ASSAY TECHNIQUE 

I n  o r d e r  f o r  a measurement system t o  be  u s e f u l  dur ing  t h e  va r ious  phases 



Fig. X. Facil ity 6350 glove boxes, Glove box 
the plutonium aachirie shop, i s  %n the 
ANL Neg. No. 206-78-8. 
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Fig. 2 .  Floor plan for Faci l i ty  #350. 



of t h e  decontamination process ,  i t  must be  a p p l i c a t l e  over  a wide range of 

Pu concent ra t ions .  The l e v e l  of contamination i n  t h e  #350 g love  boxes p r i o r  

t o  clean-up has  been es t imated  a t  1 0 ~ - 1 0 ~ ~  dpm1100 cm2.3 The f i n a l  goa l  of 

decontamination is approximately 2 x l o 6  dpm1100 cm2. A gamma-ray survey 

procedure was s e l e c t e d  t o  measure Pu and 2 4 1 ~ m  contamination on t h e  i n t e r i o r  

s u r f a c e s  of t h e  boxes. The p r i n c i p a l  d i f f i c u l t i e s  encountered i n  t h e s e  assays  

r e s u l t  from t h e  nonuniformity and nonstandard geometr ies  of t h e  "samples." 

In  gene ra l  t h e  con ten t s  of t h e  boxes w i l l  be  removed p r i o r  t o  decontamination 

e f f o r t s .  This  equipment may then  b e  assayed sepa ra t e ly .  Except i n  cases  

where a s p e c i f i c  u se  e x i s t s  f o r  an  i tem, t h e  equipment w i l l  b e  c l a s s i f i e d  a s  

TRU was te  and packaged accordingly.  The primary focus  of t h e  a s say  technique 

w-i-l-l-be-t-he-g-love-boxes-wh-i~h-w-i-l-l-under-godecontamination~treatment . T h e  

cond i t i ons  under which t h e s e  a s says  w i l l  b e  performed r e q u i r e  t h a t  t h e  equip- 

ment be  p o r t a b l e ,  o p e r a t i o n a l l y  s imple,  and geometr ica l ly  v e r s a t i l e .  A s e t  

of NaI(T1) s c i n t i l l a t i o n  d e t e c t o r s ,  s e l e c t e d  t o  cover  t h e  expected count-rate  

range and coupled wi th  a s imple,  s igna l -process ing  package, b e s t  f i t  t h e s e  

s t i p u l a t i o n s  . 

The reg ions  of t h e  gamma-ray spectrum used i n  t h i s  a n a l y s i s  a r e  t h e  60- 

keV t r a n s i t i o n  f o r  2 4 1 ~ m  and e i t h e r  t h e  375-450 keV window o r  t h e  13-22 keV 

L X-ray window f o r  plutonium (Fig. 3).  Spec ia l i zed  d e t e c t o r  ho lde r s  and. col- 

l i m a t o r s  a r e  used t o  a s s u r e  r ep roduc ib l e  p o s i t i o n i n g  of t h e  d e t e c t o r  r e l a t i v e  

t o  t h e  contaminated s u r f a c e  and t o  ' s h i e l d  a g a i n s t  e x t e r n a l  background rad ia-  

tion: The counting e l e c t r o n i c s  c o n s i s t s  of a s i n g l e ,  l i gh twe igh t  package con- 

' t a i n i n g  t h e ' d e t e c t o r  high-voltage supply ,  t h e  s t a b i l i z e d  a m p l i f i e r  c i r c u i t r y ,  

and two single-channel  ana lyze r s  w i t h  a s c a l e r .  The u n i t  w a s  modified t o  

al low process ing  of t h e  a m p l i f i e r ' s i g n a l s  by a mul t ichannel  ana lyze r  (Fig. 

4 ) .  
. 

: High-Level Contamination . 

During t h e  e a r l y  s t a g e s  of decontamination, t h e  o b j e c t i v e  of t h e  a s say  
. . 

is t o  provide  e s t ima te s  of t h e  2 4 1 ~ m / 2 3 9 ~ ~  r a t i o  and t h e  t o t a l  2 3 9 ~ u  

content  wi thout  e n t e r i n g  t h e  g love  box. Th i s  n e c e s s i t a t e s  t h e  choice  o'f 

gamma-lines w i t h  s u f f i c i e n t  energy and i n t e n s i t y  t o  have a reasonable  count 

r a t e  a f t e r  . pa s s ing  through a n  0.93-cm A 1  p l a t e  (Table 1 ) .  The 60-keV t r a n s i -  . . 
, 
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Fig .  3. Plutonium, Americium photon spectrum. 
Upper Spectrum: High-energy gamma-ray spectrum 

(20-550 keV) observed dur ing  an e x t e r n a l  assay of a 
glove box. The dashed and s o l i d  l i n e s  show t h e  resolu-, 
t i o n  of a NaI(T1) d e t e c t o r  v s  a Ge(Li) spectrometer .  
The b racke t s  d e l i n e a t e  t h e  regions  of i n t e r e s t  i n  t h e  
assay (60 keV f o r  241Am, 375-450 keV fo r .  2 3 9 ~ u ) .  

Lower Spectrum: Low-energy gamma-ray and X-ray 
spectrum (10-70 keV) observed during an i n t e r n a l  assay 
of a g love  box. The regions  of i n t e r e s t  a r e  12-22 keV 
f o r  L X-rays and 60 keV f o r  2 4 1 ~ m .  

ANL Neg, No. 150-79-32. 



Fig .  4. 

Pu CONTAMINATED 
G'LOVE BOX 

COLL l MATED 
I I 

------ 

------ 
------ 

COLLIMATED 
2"x 2" Nal ( T l l  

DETECTOR 

Schematic r e p r e s e n t a t i o n  of assay  p rocedure  and hardware.  
The right-hand p o r t i o n  o f  t h e  f i g u r e  i s  a  b lock  diagyam 

H V 

I 1 

SC A 

e l e c t r o n i c s .  The equipment i n c l u d e s  a  H I G H  VOLTAGE SUPPLY (HV), a PREAMPLIFIER (PA) 
a GAIN-STABILIZED AMPLIFIER (AMP), two SINGLE CHANNEL ANA$ZERS (SCA) , a  SCALER, and 
a MULTICHANNEL ANALYZER (MCA). A l l  t h e  equipment except  Ghe MCA is  enc losed  i n  a 

SC A 

s i n g l e  package ( E b e r l i n e  SAM-11). 
The l e f t  p o r t i o n  of t h e  f i g u r e  shows t h e  c o n f i g u r a t i o n  

t h e  i n t e r n a l  and e x t e r n a l  a ssay .  
ANL Neg. No. 150-79-31. 

of t h e  d e t e c t o r s  f o r  
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of t h e  s i g n a l - p r o c e s s i n  



TABLE 1. Intensities of photon transitions 
of interest in glove-tax assay. 

I. Gamma-Ray Intensities 

Gamma-ray 
Nucl ide Energv dpm/ng . I (gamma/decay) 

( k e ~ )  

sum (375 to 451) 4.5 
241 A, 60 7.2 lo3 3.5 x 10-I 

(b )  11.. L X-Ray Intensities 

Nucl i d e  ~ P M / ~ Y  I (garnrna/decay) (X/III i II)/II~ X-1-dy % (4 

238~u 3.7 lo4 0.142 5.3 x 10 3 9 
2 239~u 1.4 x 10 0.047 6.4 20 . 

240~u 5.0 x 10 2 0.118 5.9 x 10 1 
2 3 

( a )  See references 12, 13. 
(b)  Principal photon energies: Pu (13.6, 17.2, 20.2), Am (13.9, 12.5, 21.3) keV 
(c) Typical fuel composition: 

238~u - 0.0574, 239~u - R7X, 2 4 0 ~ ~  - 11.5%, 241~m - 0.5% 



t i o n  i s  used t o  assay  241Am. Even a f t e r  a 50% reduc t ion  i n  i n t e n s i t y  due t o  

t h e  A 1  f l o o r ,  t h e  h igh  emission p r o b a b i l i t y  (0.35ldecay) is  s u f f i c i e n t  t o  en- 

s u r e  a u sab le  count r a t e  a t  low l e v e l s .  The l i m i t e d  energy r e s o l u t i o n  of t h e  

NaI(T1) c r y s t a l s  r e s t r i c t s  t h e  2 3 9 ~ u  a s say  t o  t h e  375-450 keV region.  These 

a r e  low p r o b a b i l i t y  t r a n s i t i o n s  and w i i l  l i m i t  t h e  s e n s i t i v i t y  of plutonium 

de tec t ion .  S ince  i t  would be  p r o h i b i t i v e l y  time-consuming t o  assay  t h e  en- 

t i r e  i n n e r  s u r f a c e  of t h e  s t r u c t u r e  wi th  s u f f i c i e n t  d e t a i l  t o  provide t h e  de- 

s i r e d  s t a t i s t i c a l  p r e c i s i o n ,  a tw-step sampling procedure is used. The ob- 

j e c t i v e  of t h i s  method i s  t o  f i r s t  l o c a t e  l a r g e  d e p o s i t s  of Pu which were no t  

removed i n  t h e  clean-out fo l lowing  shutdown, and then  t o  o b t a i n  a r e l a t i v e  

mapping of t h e  contaminat ion l e v e l s .  Based on t h i s  in format ion ,  p r e c i s e  a s says  

of s t r a t e g i c a l l y  s e l e c t e d  p o i n t s  can b e  conducted and t h e  r e s u l t s  ex t r apo la t ed  

over  l a r g e r  a r eas .  

The pre l iminary  survey i s  performed wi th  a hand-held 5.1-cm diameter  x 

1.3-cm t h i c k  NaI(T1) probe. Shor t  counts  (0.1 min) were taken  of t h e  a r e a  

w i t h i n  a g r i d  system marked on t h e  e x t e r n a l  s u r f a c e  of t h e  box. A 7.6-cm x 

7.6-cm g r i d  was used i n  t h e s e  experiments.  A 122-cm x 183-cm s e c t i o n  of t h e  

box f1oo.r can b e  covered w i t h  a 35% s p a t i a l  e f f i c i e n c y  i n  approximately 112 

hour. A contaminat ion contour  map i s  generated on which t h e  "hot spots"  a r e  

e a s i l y  l oca t ed  and from which average contaminat ion l e v e l s  of va r ious  a r e a s  

can be  determined. The NaI(T1) d e t e c t o r  was contained i n  a 1-cm-thick Pb 

s h i e l d  w i t h  a 20-cm2 ape r tu re .  The e l e c t r o n i c s  were a d j u s t e d  s o  t h a t  t h e  SCA 

window would encompass t h e  60-keV 2 4 1 ~ m  l i n e .  Comparison of t h e  2 4 1 ~ m ' a n d  

2 . 3 9 ~ ~  concen t r a t ions  de r ived  from more p r e c i s e  measurements a t  v a r i o u s  loca- 

t i o n s  on t h e  box f l o o r  have shown t h a t  t h e  241Am/239~u r a t i o  remains cons t an t  

+ 72. Thus an  americium survey a l s o  provides  an  e s t i m a t e  of plutonium s p a t i a l  - 
d i s t r i b u t i o n .  

Detec tor  energy c a l i b r a t i o n s  were performed w i t h  a s e t  of s t anda rds  con- 

s t r u c t e d  from Pu02 having s i m i l a r  i s o t o p i c  composition t o  t h e  m a t e r i a l  pro- 

cessed i n  t h e  /I350 g love  boxes ( 2 3 8 ~ u  - 0.02%; 2 , 3 9 ~ ~  - 91%; 2 4 0 ~ u ' -  8.3%; 

2 4 1 ~ u  - 0.5%; 2 4 2 ~ ~  -' 0.05%; 241Am - 0.4%). The source  m a t e r i a l  was depos i ted  

on high-puri ty  aluminum d i s k s  i n  s p o t s  w i t h  a nominal a r e a  of 5 cm2. The 

sources  ranged i n  Pu con ten t  from 11 mg t o  870 ng. The sou rces  were alpha- 

counted, t o  determine t h e  t o t a l  a l p h a  count r a t e ,  and t h e  Pu i s o t o p i c  r a t i o s  



were determined by gamma-ray spectrometry.  A 20-mil  po lyvinyl  c h l o r i d e  (PVC) 

cover ing  was used on each s'ource t o  p r o t e c t  a g a i n s t  s u r f a c e  abras ion .  The 

r e l a t i v e  u n c e r t a i n t i e s  i n  2 3 9 ~ u  and 2 4 1 ~ n 1  conten t  we,re l e s s  than 1% f o r  a l l  

sou rces .  

The d e t e c t o r  l i n e a r i t y  of t h e  5.1-cm x 1.3-cm NaI(T1) probe was v e r i f i e d  

i n  t h e  range l o 5  dpm ( 2 4 1 ~ m )  t o  3 x l o 8  dpm ( 2 4 1 ~ m ) .  The americium d e t e c t i o n  

l i m i t  was determined i n  t h e  absence of e x t e r n a l  background by assaying  t h e  

s t a n d a r d s  i n  a r e a l i s t i c  con f igu ra t ion  wi th  t y p i c a l  gamma-absorption condi- 
1 

t i o n s  (0.93-cm A 1  p l a t e ) .  Levels  of 7 x  l u 5  dpm [Q 5 ng (241~m)/cm2] could 

b e  reproducib ly  determined a t  20 above room background; 

The.second s t a g e  of t h e  a n a l y s i s  involves  an assay  of geometr ica l ly  wel l-  

de f ined  a r e a s  t o  de te rmine  t h e  2 3 9 ~ u  and 2 4 1 ~ m  content .  The a r e a s  a r e  chosen 

t o  be  r e p r e s e n t a t i v e  of  t h e  range of count r a t e s  observed i n  t h e  glove box 

du r ing  t h e  p re l imina ry  survey.  The a s s a y , i n c l u d e s  a  de te rmina t ion .of  t h e  

gamma a c t i v i t y  from t h e  60-keV t r a n s i t i o n  of 2 4 1 ~ m  and t h e  413-keV peak com- 

p l e x  of 2 3 9 ~ u  (Fig. 3 ) .  The n e t  count r a t e  of each reg ion  i s  obta ined  by . . 

s u b t r a c t i n g  a' compton s c a t t e r e d  background c o n t r i b u t i o n  from t h e  g ros s  count 

r a t e .  'l'he compfon background i s  es t imated  from t h e  a c t i v i t y  i n  a  h ighe r  en- 

e rgy  window ad jacen t  t o  t h e  photo peak. Background c o n t r i b u t i o n s  due t o  ad- 

j a c e n t  contaminat ion d e p o s i t s  must a l s o  be removed. The Pu and Am concentra- 

t i o n s  a r e  t hen  determined by comparative a s say  of a  s e t  of s t anda rds  i n  a 

p h y s i c a l  arrangement s i m i l a r  t o  t h e  unknown assay .  Correc t ions  a r e  made f o r  

a b s o r p t i o n  cond i t i ons  o r  geometr ic  arrangements i n  which t h e  glove-box a s say  

d e v i a t e s  from t h e  c a l i b r a t i o n  conf igura t ion .  The key parameters  a r e  t h e  

sou rce  geometry, t h e  source-to-detector  d i s t a n c e ,  and t h e  photon-absorber com- 

p o s i t i o n  and th ickness .9910 The count r a t e  is  i n v e r s e l y  p ropor t iona l  t o  t h e  

squa re  of t h e  source-to-detector  d i s t ance .  This  i s  c r i t i c a l  a t  sma l l  d i s t ances .  

I n  t h e  ma jo r i t y  of  ca ses ,  we a r e  cons ider ing  f l a t  s u r f a c e s  (such as glove-box 

f l o o r s ) .  Correc t ions  f o r  curved s u r f a c e s  (such a s  a i r  duc t s )  may be performed 

by apply ing  a  c a l c u l a t e d  c o r r e c t i o n  f ac to r1 '  o r  by c o n s t r u c t i n g  a  mock-up 

us ing  a s i m i l a r l y  shaped pipe.  

Used i n  t h e s e  a s says  was a 5.1-cm x 5.1-cm.NaI(T1) d e t e c t o r .  It was con- 

t a i n e d  i n  a 1.25-cm-thick Pb s h i e l d  and was co l l ima ted  t o  a 1.9-cm diameter  



us ing  a  doub le - s l i t  system. The d e t e c t o r  was recessed  4.5 cm from t h e  ex te r -  

n a l  f a c e  of t h e  co l l ima t ing  ape r tu re .  This  arrangement was mounted on a  mo- 

b i l e  suppor t  designed t o  reproducib ly  p o s i t i o n  t h e  c r y s t a l  r e l a t i v e  t o  an  a r e a  

of i n t e r e s t .  The l i n e a r i t y  of t h e  d e t e c t o r  was v e r i f i e d  i n  t h e  range 1.3 

x l o 9  dprn t o  7 x l o 7  dprn f o r  2 3 9 ~ u  and 3 x l o 8  dprn t o  l o 5  dprn f o r  241Am. The 

d e t e c t o r  l i m i t s  were determined by a s say  of known sources  through 0.9-cm A 1  

i n  t h e  absence of e x t e r n a l  background. Levels  of 4  x l o 7  dprn (40 vg/cm2 f o r  

2 3 9 ~ ~  and 3 x l o 4  dprn (4 ng/cm2) f o r  2 4 1 ~ m  could b e  r e l i a b l y  de t ec t ed .  (The 

TRU l i m i t s  f o r  2 4 1 ~ m  and 2 3 9 ~ u  a r e  8.3 ng/cm2 and 441 ng/cm2, r e spec t ive ly . )  

Low-Level Contamination 

The assay  technique  f o r  d i sc r imina t ing  between TRU and non-TRU samples 
I 

i s  analogous t o  t h a t  prev ious ly  d i scussed  f o r  h igh- leve l  contamination. The 

p r i n c i p a l  d i f f e r e n c e s  between t h e  two methods r e s u l t  from focus ing  a t t e n t i o n  

on more i n t e n s e ,  lower energy r a d i a t i o n  emi t t ed  by t h e  Pu i so topes .  Among .: ,, + ,. 

t h e  d i f f i c u l t i e s  encountered i n  measuring low-energy photons is t h e  low pene- ,i r ,; 

t r a b i l i t y  of m a t t e r  by L X-rays. This  i n c r e a s e s  t h e  u n c e r t a i n t y  i n  a s says  . -. . ? I ,  

of m a t e r i a l s  wi th  nonuniform abso rp t ion  p r o p e r t i e s .  I n  a d d i t i o n ,  d e t e c t o r s  

used i n  assaying  m a t e r i a l  a t  t h e s e  contaminat ion l e v e l s  a r e  h ighly  s e n s i t i v e  G' $; 

t o  e x t e r n a l  hackground sources.  t 

A s  deconta~nina t ion  e f f o r t s  approach t h e  TRU l i m i t  and l a r g e  Pu d e p o s i t s  

a r e  e l imina ted ,  t h e  remaining contaminat ion w i l l  b e  reasonably uniformly d i s -  

t r i b u t e d  and w i l l  b e  beneath t h e  s e n s i t i v i t y  l i m i t s  f o r  d e t e c t i o n  of t h e  375- 

450 keV gamma-rays through t h e  A 1  f l o o r .  A t  t h e s e  d i s i n t e g r a t i o n  r a t e s  (22200 

. dpmlg of was te) ,  h igh -p robab i l i t y  t r a n s i t i o n s ,  such a s  L X-rays and t h e  60- 

keV 2 4 1 ~ m  decay, a r e  monitored (Fig. 3 ) .  The L X-rays, which have ene rg i e s  

between 13-22 keV, a r e  emi t ted  fo l lowing  t h e  a lpha  decay of t h e  i s o t o p e s  of 

Pu and 2 4 1 ~ m .  .They r e s u l t  from t h e  Tn te rna l  conversion of t h e  gamma ray  from 
I 

t h e  f i r s t  2+ s t a t e  (QJ 50 keV). The i n t e n s i t i e s  of t h e  L X-rays f o r  t h e  v a r i -  

ous i s o t o p e s  of Pu and ' 2 4 1 ~ m  d i f f e r '  i n  t h e  number of X-rays/alpha-decay 

(Table 1 ) .  Consequently, i n  o r d e r  t o  unambiguously r e l a t e  t h e  measured count 

r a t e s  t o  dpm, we must know t h e  sample i s o t o p i c  composition. The i s o t o p i c  

r a t i o s  can be  obta ined  from an  a n a l y s i s  of samples from t h e  box f l o o r  w i th  

t h e  u s e  of a high-r .esolut ion gamma spectrometer .  However, t h i s  procedure 



would g r e a t l y  i n c r e a s e  t h e  experimental  complexity,  and t h e  low Pu concentra- 

t i o n s  would l i m i t  t h e  accuracy of t h e  measurement. Simplifying approximations 

can be made which w i l l  r e s u l t  i n  upper l i m i t s  u s e f u l  f o r  t h e s e  assays .  

The p r i n c i p a l  c o n s t i t u t e n t  of r e a c t o r  grade f u e l s ,  2 3 9 ~ u ,  emi ts  t h e  few- 

e s t  L X-ra.ys/alpha-decay. Consequently, i f  we assume t h a t  a l l  L X-rays a r e  

emi t ted  by 2 3 9 ~ u  and proceed t o  reduce t h e  contamination accord ingly ,  we w i l l  

be  s a f e l y  below t h e  TRU l i m i t .  I f  t h e  contamination has t h e  composition 

2 3 8 ~ u  = 0.05%, 2 3 9 ~ ~  = 87%, 2 4 0 ~ u  = 11.5%, 2 4 1 ~ m  = 0.5%, t h e  L X-ray in ten-  

s i t y  would be 29 X-rays pe r  minute per  nanogram [(X/min)/ng],  a s  compared t o  

6.4 ( ~ / m i n ) / n g  f o r  pure  2 3 9 ~ u .  The TRU l i m i t  would bc  s a t i s f i e d  by a  f a c t o r  

of x4.5. A more exac t ing  de termina t ion  of t h e  count rate-dpm r e l a t i o n  may 

be ob ta ined  by s u b t r a c t i n g  t h e  2 4 1 ~ m  c o n t r i b u t i o n  t o  t h e  L X-rays. Since t h e  

60-keV l i n e  i s  unambiguously r e l a t e d  t o  americium, we can c a l c u l a t e  t h e  CPM 

[ (L X-rays from Am)/CPM (60 keV)] by a s say ing  a  sample of known 2 4 1 ~ m  con- 

t e n t .  Th i s  assay  should b e  performed i n  t h e  i d e n t i c a l  arrangements a s  t h e  

unknown as says  i n  o r d e r  t o  account f o r  photon abso rp t ion ,  geometry, and de- , 

t e c t o r  e f f i c i e n c y .  El imina t ing  2 4 1 ~ m  from t h e  above .sample r e s u l t s  i n  a  Pu 

L X-ray i n t e n s i t y  of 1 5  ( ~ / m i n ) / n g .  

I n  o r d e r  t o  a s say  t h e s e  low-energy photon t r a n s i t i o n s  wi th  maximum e f f i -  

c i ency ,  t h i n  c r y s t a l  NaI(T1) d e t e c t o r s  a r e  used i n  an  assay  conf igu ra t ion  

approaching 2a geometry. E i t h e r  a lZ./-cm x 1-mm o r  a  5.1-cm x 2-mm d e t e c t o r  

is  used,  depending upon contaminat ion l e v e l  and box geometr ic  r e s t r i c t i o n s .  

The c r y s t a l  t h i ckness  i s  chosen t o  opt imize t h e  d e t e c t i o n  e f f i c i e n c y  i n  t h e  

L X-ray reg ion  and t o  minimize t h e  background from h ighe r  energy photons. 

Because t h e  t ransmiss ion  o f . t h e  L X-rays i s  l e s s  than  1% through 0.9-cm-thick 

A 1  p l a t e ,  i t  i s  necessary  t o  have t h e  d e t e c t o r  i n  i n t i m a t e  con tac t  w i t h  t h e  

contaminated su r f ace .  This  i s  done by i n s e r t i n g  t h e  d e t e c t o r  i n t o  t h e  con- 

taminated glove box i n s i d e  a PVC s l eeve .  The t ransmiss ion  of 20-keV photons 

through 0.5-mm PVC i s  70%. The d e t e c t o r  i s  housed i n  a  s h i e l d  cons t ruc t ed  

from l a y e r s  of cadmium, copper,  and aluminum. The multi-element s t r u c t u r e  

enab le s  t h e  d e t e c t o r  t o  b e  used i n  h igh  60-keV background a r e a s  and a l s o  

avoids  low energy background due t o  X-ray f luo rescence  of t h e  s h i e l d .  The 

l i n e a r i t y  of t h e  d e t e c t o r s  w a s  t e s t e d . w i t h  reactor-grade Pu sou rces  having 

t o t a l  dpm l e v e l s  i n  t h e  range  1 .7  x l o 5  t o  lo8 .  The d e t e c t i o n  l i m i t  of t h e  



12.7-cm x 1-mm detector was determined t o  be below 25 pg (241Am) /cm2 In  tne  

absence of room background. The detection l i m i t  of the  5.1-cm x 2-mm detec- 

t o r  was approximately 0.5 ng (241Am) /cm2 i n  backgrounds typical  of those en- 

countered ins ide  a H350 glove box. 

111. OPERATIONAL EXPERIENCE 

An evaluation of the  gamma-assay procedure was conducted during a typi- 

c a l  glove-box decontamination sequence. The objectives of t h i s  experiment 

were t o  determine the  assay-system response t o  r e a l i s t i c  radiat ion environ- 

ments and t o  observe the r e l a t i v e  effectiveness of successive decontamination 

steps. The parameters of i n t e r e s t  i n  the  evaluation were the Pu and Am de- 
- 

t ec t ion  l i m i t s  of the various counters, t he  measurement s ens i t i v i t y  t o  d i f fe r -  

ing l eve l s  of contamination, and the  fac tors  which contributed t o  the  measure- 

ment uncertainty. The experiment was conducted by performing a series of 

measurements preceeding the  various s teps  i n  the  decontamination procedure. 

This technique permitted modification of the  cleaning raut ine o r  the  assay 

plan based on the  r e s u l t s  from a preceeding cleaning e f for t .  

Glove-box PF-5, the  machine shop, was selected a s  the  s i t e  f o r  the  assay 

evaluation (Fig. 1). This box contained a hydraulic press,  a metal l a the ,  

a d r i l l  press,  a mill ing machine, and a mechanical shear, a s  w e l l  a s  numerous 

hand tools.  Preliminary clean-out reports  indicated tha t  l a rge  Pu deposits  

had been removed. No attempt had been made t o  remove any of the  equipment. 

It was decided t o  concentrate measurement e f f o r t  on a l imited area of the  

glove box. I n  t h i s  way a maximum number of measurements could be performed 

on an area exclusively devoted t o  one type of manufacturing process. The sec- 

t i on  containing the  mechanical shear w a s  chosen a s  it contained the  maximum 

accessible  open area and the minimum v e r t i c a l  s t ruc ture  (Fig. 5). The shear 

was oriented i n  the  north-south direct ion,  s l i g h t l y  t o  the  w e s t  of center,  

i n  a 7 x l o 3  cm2 sect ion of f loor .  A b r ie f  survey showed contamination leve ls  

i n  the  mg/cm2 range. 

A de ta i led  s e t  of procedures f o r  t he  decontamination and volume reduction 

of each glove box i n  /I350 w a s  wr i t t en  p r io r  t o  the  s t a r t  of the  decommissioning 

p t n j ~ r t . 2  In general, the  procedures may be separated in to  a s e r i e s  of well- 



Fig. 5 .  Internal arrangement of PF-5 in the vicinity of the mechanical shear prlior to 
clean-out. The figure shows the area to be assayed viewed from the northwest 
corner of the box. ANL Neg. No. 150-79-27 #12. 



defined steps. Pr ior  %muany cleaning, the  hand t~.qJ& and small scrap would 

be removed and the  major equipment disassembled. A dry cleaning (sweeping 

and vacuuming) is  then performed, and a s  much of the  major equipment as  pos- 

s i b l e  is  removed. This is  followed by a s e r i e s  of washes with a general- 

purpose cleaner containing detergents, buffering s a l t s ,  and water sof teners  

(pH - 11.2). The f i n a l  s tep  p r io r  t o  volume reduction is t o  paint  the  sur- 

face t o  f i x  any remaining contamination. This process provides a number of 

convenient break points f o r  performing measurements (Fig. 6). A s e r i e s  of 

high-level contamination assays (using both the 5.1-cm x 1.3-cm and the  5.1- 

cm x 5.1-cm detector systems) were performed p r io r  t o  clean-out, a f t e r  re- 

moval of the  major equipment and following each wash, A low-level contamina- 

t ion assay was performed p r io r  t o  the  painting of the  in te rna l  surface. 

The high-level contamination assay consisted of an external  scan of the 

glove-box f loo r  f o r  60-keV radiat ion,  followed by more precise  measurements 

of 2 3 9 ~ ~  (375-450 keV) and 241Am (60 keV) concentrations. In  t h i s  expe r sen t ,  

s i x  s e t s  of external  measurements were performed sequentially during the  de- 

contamination process. Assays A and B were performed p r io r  t o  and a f t e r  the  

equipment was removed. Assays C and D were conducted a f t e r  washes with a 

caust ic  solution,  while E and F followed washes with an HF solut ion (pH < 

1).  The scan technique generated a contamination map which was used t o  de- 

termine the average 2 4 1 ~ m  concentrations on various segments of the  box f loor .  

The assay of geometrically well-defined areas  provided the  241Am/239~u r d i o  

and re la ted  the scan values t o  t he  241Am contamination levels.  The resul t ing 

contamination values a t  each s t ep  a r e  shown i n  Table 2. The subdivision of 

the  box f loo r  i n t o  four regions was an attempt t o  r e l a t e  contamination t o  

physical conditions within the box. Section 1 (394 cm2) r e f e r s  t o  the  area 

beneath the shear. Section 2 (394 em2) consis ts  of the portion of the  f l oo r  

immediately adjacent t o  the  shear on e i t h e r  side. Sections 3 (535 cm2) and 

4 (858 cm2) r e f e r  t o  the  segments of the  box c loses t  t o  the  western and east- 

ern glove ports  (Fig. 7). 

The uncer ta int ies  i n  the  241Am l e v e l s  i n  the  various sect ions  include 

the  variance of the  scan data within each sect ion,  and the  s t a t i s t i c a l  and 

ca l ib ra t ion  e r ro r s  of t he  americium assay of the  geometrically well-defined 

area. The 2 4 1 ~ / 2 3 9 ~ u  r a t i o  was determined i n  s teps  A, By and C. The average 
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FLOWCHART --------- --------------- ......................... 

EXTERNAL ASSAY 

1 
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I 
I-----+- Wash in te rna l  survace o f  box 
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Fig. 6.  Glove-box decontamination and assay 
procedure flowchart. 



TABLE 2. SNM contamination in glove-box PF-5. 

241&,(a) 

Section 1 2 3 4 TOTAL P1 P2 

Decon (394 an2) (394 cm2) (535 cm2) (858 cm2) 241 239~u(b) 20 cm2 20 cm2 

A 1.3 - + 0.6") 4.2 + 0.4 2.2 + 0.4 1.6 2 0.1 2.2 + 0.3 337 2 73 4.3 1.6 
B 0.24 0.05 1.8 5 0.4 2.0 2 0.2 1.1 + 0.1 1.3 5 0.2 217 - + 62 2.1 1.1 
C 0.15 10.05 1.1 + 0.4 0.7 4 0.08 0.9 - + 0.1 0.75 5 0.15 125 - + 35 0.4 0.9 
0 0.1 - + 0.05 0.5 + 0.3. 0.5 t 0.05 0.8 - + 0.1 0.55 + 0.12 92 - + 25 0.1 2 0.7 t-' 

-J 

E 0.08 - + 0.05 0.1 t 0.05 0.17 2 0.05 0.3 5 0.05 0.19 + 0.05 32 - + 10 0.08 0.3 
F(~) 0.08 + 0.05 0.1 + 0.05 0.1 + 0.02 0.2 2 0.05 0.14 2 0.04 23+ - 8 0.08 0.2 

(a) 241n contamination in ug/cm 2 

I b) 241 i39 239 ~ u  determined from ( An/ Pu) = Ob006+0.001. 
(c) Uncertainties include variance o f  scan values and uncertainty in 241k assay. 

(d) TRU 1 imi ts: 241Am - 0.008 uglcm 2 239hi - 0.441 irglan . 



Fig. 7 .  InLerual arrangement of PF-5 i n  the v ic in i ty  
of the mechanical shear prior to  clean-out. 
The figure shows the work area i n  front of the 
shear (Section 4 ) .  ANL Neg. No. 150-79-27 f 7 .  



of t hese  va lues ,  O.QO6 + 0.001 was assumed t o  apply throughout t he  experiment. 
. , - .  

. :!,:. . i,. ? I . '  i ': :' 

The 2 3 9 ~ u  (pg/cm2) value$' i.n Table 2 were derived;.ff'6rri the  corresponding 

2 4 1 ~ m  .data  and used t h e  average ( 2 4 1 ~ m / 2 3 9 ~ u ) .    he‘ 2 3 9 ~ u  count r a t e s  .were 

reduced' t o  w i th in  2a of t h e  background l e v e l s  by the second c a u s t i c  wash. 

This  corresponds t o  a  d e t e c t i o n  l i m i t  of approximately 125 ug/cm2 f o r  2 3 ? ~ u .  

The 241Am d e t e c t i o n  l i m i t  was set a t  approximately '80 ng/cm2 a s  a  consequence 

of the  u n c e r t a i n t i e s  i n  t h e  60-keV scan a t  t h i s  l e v e l .  Both of t hese  detec- 

t i o n  l i m i t s  a r e  above t h e  va lues  necessary t o  determine when the  TRU c r i t e r i a  

have been met. (The TRU l i m i t  f o r  2 4 1 ~ m  is  8.3 ng/cm2; f o r  2 3 9 ~ u  i t  i s  441 

ng/cm2. ) 

The e f f e c t i v e n e s s  of success ive  decontamination s t e p s  i n  var ious  a r e a s  

of t h e  box f l o o r  i s  shown i n  Fig. 8 .  The major contaminant removal occurred 

i n  t h e  e a r l y  washes. This  w a s  most no t i ceab le  i n  Sec t ions  1 and 2 ,  where t h e  

contamination would be l o o s e  due t o  s h i e l d i n g  from the  equipment. P1 is a 

smal l  a r e a  (20 cm2) i n  Sec t ion  2 which was r e a d i l y  a c c e s s i b l e  t o  c leaning  ef- 

? .  
. I  

f o r t .  The americium l e v e l  was reduced 90% by the  f i r s t  wash and was brought 
. . 

down t o  t h e  d e t e c t i o n  l i m i t  by t h e  second. The s u r f a c e  of Sec t ion  4 (which 

included'P2) was no t i ceab ly  da rke r  than  t h e  r e s t  of t h e  f l o o r  due t o  ma te r i a l  

imbedded i n  t h e  aluminum. This  s e c t i o n  d i d  no t  respond w e l l  t o  i n i t i a l  washes 

wi th  t h e  c a u s t i c  s o l u t i o n ;  however, an  HF s o l u t i o n ,  which etched t h e  aluminum, 
i 

had b e t t e r  r e s u l t s .  

,Estimates of t h e  contaminat ion l e v e l s  p re sen t  a t  t h e  end of t h e  deconta-. 

minat ion process  were performed wi th  a  5.1-cm x 2-mm NaI(T1) d e t e c t o r  i n  a  

c l ean  0.5-mm-thick PVC s l eeve .  P r i o r  t o  t h i s  assay ,  t h e  f l o o r  was etched 

wi th  an HF s o l u t i o n ,  and t h e  e n t i r e  box was aga in  washed w i t h  a  c a u s t i c . s o l u -  

. t ion. The 60-keV t r a n s i t i o n  from 241Am and t h e  L X-r$ys fo l lowing  Pu. and 

Am decay were measured. The L X-rays were analyzed under t h e  assumption t h a t  

t h e  2 4 1 ~ m / 2 3 9 ~ u  r a t i o  was 0.006 - + 0.001 and t h a t  241Am accounted f o r  50% of 

t h e  L X-rays, wh i l e  2 3 9 ~ u  accounted f o r  20%. (See above d i scuss ion . )  The 

d a t a  showed 2 3 9 ~ u  ranging  from 22.5 pg/cm2 t o  0.67 ug/cm2 and 241Am ranging 

from 90 ng/cm2 t o  3 ng/cm2. Est imated u n c e r t a i n t i e s  i n  t h e s e  assays  a r e  of 

t h e  o r d e r  of - + 40% based on t h e  e r r o r  i n  t h e  241Am/239~u and Pu i s o t o p i c  

r a t i o s ,  on t h e  va r i ances  i n  r e p e t i t i v e  a s says ,  and on e r r o r s  i n  c a l i b r a t i o n  

and geometry. Although no a t tempt  was made t o  r e l a t e  t h e  d a t a  t o  t h e  average 
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Decon Assay 

Fig .  8. PF-5 e x t e r n a l  2 4 1 ~ m a s s a y .  
ANL Neg. No. 150-79-35. 



. contamination l e v e l s  f o r '  t h e  e n t i r e  box, assays of t y p i c a l  a r eas  gave 2 3 9 ~ u  

concen t r a t ions  of 1.4 pg/cm2 and 2 4 1 ~ m  concent ra t ions  of 6 ng/cm2. 

. . 

I V .  CONCLUSIONS , 

I n  summary t h e  d a t a  sugges t  t h a t  a gamma-spectrometric technique us ing  

an NaI(T1)-based d e t e c t i o n  system should be  adequate t o  determine t h e  2 4 1 ~ m  

and Pu contamination dur ing  t h e  v a r i o u s  s t a g e s  of decontaminating t h e  /I350 

glove  boxes. Externa l  assays  a r e  u s e f u l  .dur ing  t h e  e a r l y  s t a g e s  of t h e  ,pro- 

c e s s ,  bu t  must be supplemented by i n t e r n a l  low-energy photon a n a l y s i s  as  t h e  

10 nCi/g l i m i t  is approached. I n  a d d i t i o n ,  whi le  t h e  TRU l i m i t  may be  reached 

on s u r f a c e s  a c c e s s i b l e  t o . c l e a n i n g ,  contamination hidden i n  sh i e lded ,  nonac- 

c e s s i b l e  reg ions  (such a s  b o l t  h o l e s ,  c r e v i c e s ,  and a i r  duc t s )  must b e  'con- 

s i d e r e d  i n  t h e  f i n a l  d i s p o s a l  dec i s ion .  
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