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METHODOLOGY FOR THE I S O L A T I O N  AND CHARACT.ERIZATION OF 
I N D I V I D U A L  PLUTONIUM BEARING PARTICLES I N  ATMOSPHERIC 
EFFLUENTS FROM A NUCLEAR PROCESSING PLANT* 

S. M. S a n d e r s  

S a v a n n a h  R i v e r  L a b o r a t o r y  
E. I. du P o n t  de N e m o u r s  a n d  Company  
A i k e n ,  S o u t h  C a r o l i n a  2 9 8 0 1  

ABSTRACT 

A method f o r  i s o l a t i n g  and c h a r a c t e r i z i n g  ind iv idua l  p a r t i c l e s  
. . 

conta in ing  f i s s i o n a b l e  m a t e r i a l s  i s  descr ibed .  Polycarbonate mem- 

brane f i l t e r s  a r e  used t o  c o l l e c t  t h e  p a r t i c i e s  from atmospheric 

e f f l u e n t s  from a  nuc lea r  process ing  p l a n t .  The f i l t e r s  a r e  c a s t  

i n t o  f i l m s  composed of a  polycarbonate  mat r ix  con ta in ing  t h e  

p a r t i c l e s .  Collected p a r t i d e s  conta in ing  plutonium o r  o t h e r  
h 

f i s s i o n a b l e  m a t e r i a l s  a r e  i d e n t i f i e d  by f i s s i o n  fragment t r a c k s  

produced by i r r a d i a t i n g  t h e  polycarbonate  f i l m  with thermal neu- 

t r o n s .  The na tu re  of t h e  f i s s i o n a b l e  m a t e r i a l  i s  i d e n t i f i e d  by 

coa t ing  t h e  f i lm  wi th  nuc lea r  t r a c k  emulsion and measuring t h e  

r a t i o  of a l p h a - p a r t i c l e  t r a c k s  i n  t h e  emulsion t o  t h e  f i s s i o n  

fragment t r a c k s  i n  t h e  polycarbonate  f i l m .  S ing le  p a r t i c l e s  

* The information contained i n  t h i s  a r t i c l e  was developed dur ing  
t h e  course  of work under Contract  No. AT(07-2)-1 with t h e  U.S. 
Department of  Energy. 



conta in ing  f i s s i o n a b l e  ma te r i a l  a r e  i s o l a t e d  by exc i s ing  small 

squares  of  f i l m  conta in ing  them. I s o l a t e d  p a r t i c l e s  a r e  prepared 

f o r  s i z i n g  and e l e c t r o n  microbeam a n a l y s i s  by pee l ing  t h e  emulsion 

o f f  t h e  f i l m  square,  p lac ing  t h e  square on a  beryl l ium sample- 

mounting block,  and washing t h e  polycarbonate  away from t h e  

p a r t i c l e .  

Resul t s  r epo r t ed  e a r l i e r  show t h i s  method can be used t o  

determine t h e  s i z e ,  'PU-content, and elemental  composition of  

micrometer-diameter p a r t i c l e s .  T e s t s  us ing  t h i s  method t o  analyze 

p a r t i c l e s  conta in ing  known plutonium and uranium i so tope  mixtures ,  

show t h a t  with it t h e  q u a n t i t y  and i so tope  composition of f i s s i o n a b l e  

ma te r i a l  on a  s i n g l e  p a r t i c l e  can be determined. 

INTRODUCTION 

Nuclear f u e l  processing f a c i l i t i e s  a t  t h e  Savannah Rivcr 

P lan t  r e l e a s e  minute ((1 mCi/yr) q u a n t i t i e s  of  2 3 9 ~ ~  combined with 

o t h e r  ma te r i a l  i n  p a r t i c u l a t e  form t o  t h e  atmosphere. 

A procedure was developed t o  i d e n t i f y  p a r t i c l e s  conta in ing  

f i s s i o n a b l e  ma te r i a l  i n  process  exhaust s t reams s o  t h a t  t h e  n a t u r e  

and q u a n t i t y  of  t h e  f i s s i o n a b l e  m a t e r i a l  i n  each p a r t i c l e  could 

be determined and t o  i s o l a t e  t h e s e  p a r t i c l e s  so t h a t  t h e i r  

elemental compositions,  s i z e s ,  and s t r u c t u r e s  could be determined. 

Two hundred and n ine ty-n ine  p a r t i c l e s  containing 2 J 9 ~ u  were 

c o l l e c t e d  from t h e  exhaust of  a  f u e l  process ing  f a c i l i t y  and 

cha rac t e r i zed  by t h e  method d iscussed  i n  t h i s  paper a s  p a r t  of a  

cont inuing program t o  providc f u r t h e r  information concerning t h e  

t r a n s p o r t  and f a t e  of r e l ea sed  r a d i o a c t i v e  p a r t i c l e s .  The r e s u l t s  

have been repor ted  previous ly .  1 ~ 2  



This  r e p o r t  g ives  t h e  methodology used i n  c o l l e c t i n g  and 

handl ing t h e  p a r t i c l e s .  Tes t s  were made us ing  mock samples pre-  

pared from p a r t i c l e s  conta in ing  only  low- i r r ad ia t ion  plutonium 

o r  highly-enriched uranium. Tes t  r e s u l t s  showed t h a t  rad iographic  

techniques  incorporated i n  t h e  procedure can be used no t  on ly  t o  

i d e n t i f y  p a r t i c l e s  conta in ing  f i s s i o n a b l e  m a t e r i a l ,  bu t  a l s o  t o  

determine t h e  na tu re  and q u a n t i t y  of  t h e  ' f i s s i o n a b l e  ma te r i a l  i n  

each p a r t i c l e .  

METHODS AND MATERIALS 

Particle Collection 

P a r t i c l e s  a r e  c o l l e c t e d  by drawing a  f r a c t i o n  of  exhaust a i r  

through membrane f i l t e r s .  These f i l t e r s  a r e  polycarbonate  f i l m s  

with uniform-diameter pores .  The pores  a r e  almost p e r f e c t l y  round 

c y l i n d e r s  normal t o  t h e  sur face .  Thus t h e  f i l t e r s  approach a  two- 

dimensional sc reen  with s u r f a c e  f i l t r a t i o n .  

The f i l t e r s  a r e  47 mm i n  diameter and 5 pm t h i c k  with 0.1-pm 

diameter  pores ,  3 x 10'/cm2, g iv ing  a  f i l t e r  p o r o s i t y  of 0.024. 

The f i l t e r s  a r e  supported i n  a  polycarbonate  ae roso l  ho lder .*  

A i r  i s  drawn through t h e  ho lde r  by a  small diaphragm pump wi th  

a  Viton"" diaphragm a t  a  r a t e  of  fou r  l i t e r s  pe r  minute t o  g ive  a  

lace v e l o c i t y  a t  t h e  f i l t e r  of 3 . 8  cm/sec. A t  t h i s  flow, t h e  

* The aerosol  ho lders  and membrane f i l t e r s  were produced by 
Nuclepore Corporation, Pleasanton,  C a l i f o r n i a  and obta ined  from 
them o r  Bio-Rad Labora tor ies ,  Richmond, C a l i f o r n i a .  

** Trademark of  E .  I .  du Pont de  Nemours Company, Tnc. 



t o t a l  e f f i c i e n c y  f o r  p a r t i c l e  c o l l e c t i o n  by t h e  processes  o f  i m -  

pac t ion ,  d i f f u s i o n ,  and i n t e r c e p t i o n ,  ca l cu la t ed  according t o  

Spurny, i s  100% f o r  a l l  p a r t i c l e s  wi th  diameters  of  0.001 pni 

( t h e  diameter  of  gas  molecules) a r e  l a r g e r .  

These membranes a r e  p a r t i c u l a r l y  s u i t e d  f o r  t h e  p a r t i c l e  

s t u d i e s  descr ibed  he re  f o r  two reasons :  ( I )  The low ash weight 

(one-third t h a t  o f  t y p i c a l  c e l l u l o s e  membranes) minimize both 

induced r a d i o a c t i v i t y  during neutron i r r a d i a t i o n  and spur ious  

r e s u l t s  dur ing  e l e c t r o n  microprobe ana lyses .  (2)  The s e n s i t i v i t y  

of  polycarbonate  t o  f i s s i o n  fragment i r r a d i a t i o n  makes t h i s  mem- 

brane use fu l  a s  an i n d i c a t o r  of t rapped  p a r t i c l e s  t h a t  con ta in  

f i s s i o n a b l e  m a t e r i a l .  

Arrangement of t h e  a i r  sampling system i s  shown i n  Figure 1. 

A s  p a r t i c l e s  accumulate on t h e  membrane f i l t e r s ,  membrane 

po ros i ty  and a i r  flow a r e  reduced. To determine t h e  f r a c t i o n  of 

t h e  exhaust sampled, i n t e g r a t e d  a i r  flow i s  measured wi th  a  d r y  

type  t e s t  meter'*- i n  s e r i e s  with t h e  diaphragm pump. When n i t rogen  

d iox ide  is  p re sen t ,  exhaust gas  i s  passed through two gas dry ing  

towers between t h e  f i l t e r  and t h e  pump. The f i r s t  tower con ta ins  

i n d i c a t i n g  Dr i e r i t e** to remove  moisture from t h e  a i r  and save  t h e  

~ s c a r i t e *  i n  t h e  second tower. The s e l f  - i n d i c a t i n g  Ascari te ,  

i n  t u rn , abso rbs  n i t r o g e n  d iox ide  t o  p r o t e c t  t h e  pump and t h e  d ry  

* Manufactured by t h e  American Meter Div is ion  of S inger .  

**  Trademark of  W .  S. Hammond D r i e r i t e  Company. 

i- Trademark of Arthur H. Th0ma.s Company. 



t e s t  meter.  A small  flowmeter i s  mounted on t h e  exhaust s i d e  of  

t h e  d r y  t e s t  meter t o  g i v e  an i n d i c a t i o n  of  t h e  ins tan taneous  

flow r a t e  through t h e  system. A i r  from t h e  meter i s  f e d  back 

i n t o  t h e  exhaust system t o  prevent  i ts  r e l e a s e  t o  t h e  s e r v i c e  a r e a .  

F i l m  Prepara t ion  

Figure 2 shows t h e  procedure f o r  conver t ing  t h e  p a r t i c l e -  

conta in ing  f i l t e r  membrane t o  a polycarbonate  f i lm .  Af t e r  a i r  

is  sampled, t h e  r a d i o a c t i v i t y  r e t a i n e d  on each f i l t e r  i s  measured 

be fo re  it i s  handled i n  t h e  l abo ra to ry .  Each f i l t e r  i s  then  d i s -  

solved i n  a 40% (v/v) s o l u t i o n  o f ,1 ,2 -d i ch lo roe thane  i n  d i ch lo ro -  

methane. The f i l t e r s  a r e  folded and each placed i n  a 1 - m L  vo lu-  

me t r i c  f l a s k .  A second c l ean ,  unused f i l t e r  i s  placed i n  t h e  same 

f l a s k  t o  g ive  s u f f i c i e n t  polycarbonate  t o  form a 50-mm square f i lm .  

Volume o f  t h e  d i ch lo re thane  s o l u t i o n  i n  t h e  f l a s k  i s  ad jus t cd  t o  

about 3/4 m L .  This  mixture is  s t i r r e d  u n t i l  t h e  polycarbonate  

f i l t e r s  d i s s o l v e .  The f l a s k s  a r e  s toppered and allowed t o  s t and  

f o r  30 minutes t o  allow t rapped  a i r  bubbles t o  r i s e  t o  t h e  s u r f a c e ;  

The c l e a r  polycarbonate  s o l u t i o n  conta in ing  t h e  p a r t i c l e s  i s  

poured onto  a c l ean ,  50-mm (two-inch) square g l a s s  p l a t e  (see 

Figure 2 ) .  One edge of a second SO-mm square g l a s s  p l a t e  i s  used 

t o  spread t h e  s o l u t i o n  evenly over t h e  s u r f a c e  of t h e  f i r s t  p l a t e .  

The sol11t.inn i s  s t i r r e d  cont inuously w i l . 1 1  t h e  second p l a t e  f o r  

about h a l f  a minute while  t h e  s o l u t i o n  th ickens .  A 50-mm square,  

1.6-mm t h i c k  a c r y l i c  support  with a 45-mm diameter  ho le  i s  placed 



on top  of  t h e  wet f i l m .  The support  and p l a t e  combinations a r e  

placed i n  covered p e t r i  d i shes  f o r  16 hours while t h e  f i l m s  

cont inue  t o  dry.  I f  t h e  f i lm  i s  allowed t o  dry too  r a p i d l y  i n  a  

moist atmosphere, water w i l l  condense on t h e  newly forming su r f ace  

t o  produce a  f r o s t e d  appearance which w i l l  i n t e r f e r e  with micro- 

s cop ic  examination of t h e  p a r t i c l e s .  

Af t e r  t h e  f i lms  have d r i e d  f o r  16 hours ,  t h e  g l a s s  p l a t e s  

a r e  removed by dipping t h e  support  and p l a t e  combinations i n  d i s -  

t i l l e d  water and prying t h e  supports  from t h e  g l a s s  with tweezers .  

(The g l a s s  p e l l e t s  may be removed soon a f t e r  a f f i x i n g  t h e  a c r y l i c  

suppor ts ,  however t h e  f i lms  w i l l  s p l i t ' a f t e r  a  few hours  i f  no t  

supported hy the g l a s s  u n t i l  thoroughly d ry . )  The suppor ts  a r e  

then allowed t o  dry  overnight  i n  a  d u s t - f r e e  atmosphere. 

Film Irradiation 

To produce f i s s i o n  fragment t r a c k s  i n  t h e  polycarbonate  f i l m  

by which p a r t i c l e s  conta in ing  f i s s i o n a b l e  m a t e r i a l  can be i d e n t i -  

f i e d ,  t h e  c a s t  f i l m  i s  i r r a d i a t e d  i n  a  thermal neut ron  f luence  of 

about 9 x 1014 neutrons p e r  cm2. F i l m s  a r e  arranged f o r  i r r a d i a -  

t i o n  by s t ack ing  t h e  suppor ts  on t o p  of each o t h e r  and sandwiching 

each f i l m  between two suppor ts .  Included i n  t h e  s t a c k  a r e  blank 

f i lms  t h a t  a r e  prepared i n  t h e  same way a s  t h e  sample f i lms  from 

c l ean  unused f i l t e r s .  The assembled s t a c k  i s  wrapped with c e l l o -  

phane t ape .  Wrapped wi th  each s t ack  a r e  preweighed 25.4-mm 

diameter ,  0.25-mm t h i c k ,  Type 302 s t a i n l e s s  s t e e l  d i s k s .  The 

induced r a d i o a c t i v i t y  from 27-day ' l ~ r  i n  t h e s e  d i s k s  i s  l a t e r  



measured t o  determine t h e  thermal neutron f luence  t o  which t h e  

p a r t i c l e s  a r e  exposed. 

The packaged s t acks  a r e  i r r a d i a t e d  i n  a  th ree- inch  diameter  

ho le  i n  a  l i g h t  water-cooled, enriched uranium-fueled s tandard  

p i l e  with g r a p h i t e  r e f l e c t o r s .  Following i r r a d i a t i o n ,  t h e  

induced r a d i o a c t i v i t y  of t h e  s t a c k s  a r e  allowed t o  decay seve ra l  

days before  t h e  packaged s t a c k s  a r e  re turned  t o  t h e  labora tory .  

F i l m  Etching 

Fis s ionab le  ma te r i a l  con ten t s  and i s o t o p i c  compositions of  

p a r t i c l e s  on t h e  i r r a d i a t e d  f i l e  a r e  determined by t h e  procedure 

shown i n  Figure 3. Figure 3a shows t h e  thermal neutron i r r a d i a t i o n  

of  a  p a r t i c l e  causing t h e  f i s s i o n  6f a  nucleus and t h e  product ion 

of two f i ss ion- f ragment  t r a c k s  i n  t h e  polycarbonate  matr ix.  These 

t r a c k s  can be seen only wi th  d i f f i c u l t y  u s ing  a.n e l e c t r o n  micro- 

scope. To make t h e  t r a c k s  v i s i b l e  with an o p t i c a l  microscope , the  

polycarbonate  f i l m  i s  etched f o r  f i f t e e n  minutes i n  6N NaOH a t  

52  t o  5 5 ' ~ .  During t h i s  e tch ing  process ,  a  po r t ion  of  a l l  poly- 

carbonate  s u r f a c e s  i s  d isso lved:  t h e  o u t e r  s u r f a c e  of t h e  c a s t  

f i l m ,  t h e  s u r f a c e  around t h e  p a r t i c l e ,  and e s p e c i a l l y  t h a t  a long 

t h e  f iss ion-fragment  t r a c k s ,  a s  shown i n  Figure 3b. 

Emulsion Coat ing 

'1'0 i d e n t i f y  t h e  f i s s i o n a b l e  ma te r i a l  i n  each p a r t i c l e ,  t h e  

a lpha  p a r t i c l e  emission r a t e  i s  measured by au toradiographic  

techniques,  i . e .  coa t ing  t h e  polycarbonate  f i l m  with a  photographic 



emulsion (Figure 3c) which i s  developed a f t e r  a predetermined 

exposure time. Alpha p a r t i c l e  t r a c k s  a r e  produced in  t h e  emulsion 

a s  microscopic rows of s i l v e r  g r a i n s .  Tracks a r e  produced where- 

ever  t h e r e  i s  emulsion, no t  on ly  i n  t h e  emulsion coa t ing  t h e  

s u r f a c e  of t h e  polycarbonate  f i lm ,  but a l s o  t h a t  f i l l i n g  t h e  

f iss ion-fragment  t r a c k s  and surrounding t h e  p a r t i c l e  . (Figure 3d) . 

The emulsion used t o  coa t  i r r a d i a t e d  f i l m s  i s  Kodak Type NTB 

nuclear - t rack  emulsion (Kodak ca t a log  number 165 4425). Under 

darkroom l i g h t i n g  (No. 2 Wratten f i l t e r e d ) ,  a 4-oz j a r  of emulsion 

i s  p a r t l y  immersed i n  a water ba th  maintained a t  40°C u n t i l  t h e  

emulsion mel t s  (between 15 and 20 minutes) .  S l i g h t l y  over  h a l f  

t h e  molten emulsion i s  c a r e f u l l y  poured i n t o  an e l l i p t i c a l ,  b lack ,  

polyethylene c y l i n d e r  i n  t h e  water ba th .  The molten emulsion i s  

t e s t e d  by dipping a c l ean  g l a s s  microscope s l i d e  i n t o  it and 

examining t h e  coa t  on t h e  g l a s s  under a s a f e l i g h t  t o  determine 

whether bubbles a r e  p re sen t .  I f  p re sen t ,  t hey  a r e  scooped from 

t h e  su r f ace  of t h e  molten emulsion wi th  a po rce l a in  spoon. 

The a c r y l i c  suppor ts  with poly.carbonate f i l m s  a r e  coated 

with emulsion by holding t h e  suppor ts  v e r t i c a l l y  by one corner  and 

dipping them i n t o  t h e  c l e a r  molten emulsion f o r  about one second. 

The f i l m s  a r e  kept  v e r t i c a l  u n t i l  t h e  excess  emulsion h a s  dra ined  

o f f .  The coated f i l m s  a r e  t hen  placed h o r i z o n t a l l y  i n  a b io -  

chemical oxygen demand (BOD) incubator  maintained a t  28OC and 

about 80% r e l a t i v e  humidity u n t i l  t h e  emulsion coo l s  and g e l s  

(about 30 minutes) .  



Exposure 

To determine t h e  a lpha  p a r t i c l e  emission r a t e  f o r  each 

ae roso l  p a r t i c l e ,  t h e  polycarbonate  f i lms  a r e  s t o r e d  f o r  a de- 

termined per iod  of  t ime be fo re  being developed. Spun aluminum 

DesicooZers* conta in ing  60 grams o f  i n d i c a t i n g  Drierite a r e  used 

t o  conta in  t h e  f i lms  dur ing  t h i s  exposure of  t h e  emulsion t o  t h e  

p a r t i c l e s .  The DesicooZers a r e  s ea l ed  wi th  b lack  adhesive t a p e  

and s t o r e d  i n  a r e f r i g e r a t o r  between 4 and 5°C f o r  t h e  du ra t ion  

of t h e  exposure, u s u a l l y  about one week. 

Emulsion Processing 

A t  t h e  end of  t h e  exposure per iod ,  t h e  a l p h a - p a r t i c l e  t r a c k s  

i n  t h e  emulsion a r e  developed and a l l  subs tances  o t h e r  than  t r a c k s  

a r e  removed from t h e  emulsion. The emulsion i s  developed i n  a 

1:l s o l u t i o n  of DektoZ** developer  f o r  t h r e e  minutes a t  17OC. 5 ' 6 ' 7  

This  developer  i s  chosen because it remains unusual ly  f r e e  from 

muddiness, s ludge,  p r e c i p i t a t i o n ,  and d i s c o l o r a t i o n  throughout 

t h e  normal s o l u t i o n  l i f e .  I t  a l s o  has  a h igh  capac i ty  and uniform 

development r a t e .  

Immediately fol lowing development, t h e  f i l m  i s  r i n s e d  i n  

28% (v/v) a c e t i c  a c i d  f o r  1 0  seconds. The h igh  ac id  concent ra t ion  

i s  used t o  prevent r e t i c u l a t i o n  of -the emulsion and i t s  sepa ra t ion  

from t h e  support ing polycarbonate  f i lm .  

* Trademark of F i she r  S c i e n t i f i c  Company. 

**  Trademark of Eastnian Kodak Company. 



The r in sed  emulsion i s  f i x e d  by p l ac ing  it f o r  f i v e  minutes 

i n  a  1 :3  d i l u t i o n  of Kodak r a p i d  f i x e r  concent ra te*  conta in ing  

2.8% (v/v) hardener concent ra te .  This  f i x  s o l u t i o n  d i s s o l v e s  

t h e  undeveloped s i l v e r  h a l i d e s ,  forming s a l t s  with them t h a t  a r e  

no t  on ly  so lub le  i n  t h e  f i x i n g  ba th  but  a r e  a l s o  s t a b l e  when 

d i l u t e d  duri~:g washing. The r a p i d  f i x e r  conta ins  ammonium 

t h i o s u l f a t e ,  r a t h e r  than  t h e  usua l  hypo (sodium t h i o s u l f a t e ) ,  

a s  a  f i x i n g  agent ,  because ammonium t h i o s u l f a t e  complexes t h e  

s i l v e r  more r a p i d l y  and has  a  g r e a t e r  capac i ty .  

Af te r  s i l v e r  h a l i d e s  a r e  d i s so lved ,  a l l  chemicals except  

t h e  me ta l i c  s i l v e r  a r e  washcd from the .emuls ion  us ing  a  ba tch  

process .  This  removes t h e  ammonium t h i o s u l f a t e ,  which w i l l  

r e a c t  with (1) t h e  m e t a l l i c  s i l v e r  of t h e  a lpha  p a r t i c l e  t r a c k s ,  

causing them t o  s lowly fade ,  (2) t h e  s i l v e r  t h i o s u l f a t e  complex, 

which w i l l  decompose t o  s i l v e r  s u l f i d e ,  and (3) a l l  extraneous 

elements which, i f  l e f t  i n  t h e  v i c i n i t y  of t h e  p a r t i c l e s ,  w i l l  

a f f e c t  e l e c t r o n  microprobe a n a l y s i s .  The emulsion-covered f i lm ,  

a f t e r  washing, i s  placed i n  d i s t i l l e d  water ,  and t h e  chemicals i n  

t h e  emulsion and wash water  a r e  allowed t o  approach equi l ibr ium 

f o r  two minutes. The emulsion i s  then  placed i n  a  second con- 

t a i n e r  o f  d i s t i l l e d  water while  t h e  water i n  t h e  f i r s t  con ta ine r  

i s  changed.. This  process  i s  repea ted  a  t o t a l  o f  e i g h t  t imes .  

Af te r  t h e  water wash, t h e  emulsion-coated polycarbonate  f i l m s  a r e  

placed i n  r acks  and allowed t o  d r y  i n  a  d u s t - f r e e  atmosphere. 

* Kodak Photographic Products c a t a l o g  numbers 146 4106 o r  146 41 , ,4 .  



The e n t i r e  process  i s  c a r r i e d  out i n  a  dark room where t h e  

temperature i s  maintained between 17 and 18OC. A l l  s o l u t i o n s  

and t h e  wash water a r e  s t o r e d  i n  t h e  dark room s o  t h e r e  w i l l  b e  

no temperature grad ien t  between s o l u t i o n s  during process ing .  

Track Counting 

Both t h e  f i s s i o n  fragment t r a c k s  i n  t h e  polycarbonate  f i l m  

and a lpha  p a r t i c l e  t r a c k s  i n  t h e  emulsion coa t ing  a r e  counted by 

d i r e c t  observa t ion  under a  Ze iss  photomicroscope. 

Thc f i l m  i s  prepared f o r  t r a c k  counting by p l ac ing  t h e  a c r y l i c  

support on a  50-mm square,  1.6-mm t h i c k  a c r y l i c  block. This  back- 

ing  f o r  t h e  f i l m  i s  necessary  f o r ,  dur ing  microscopic observa t ion ,  

t h e  s l i g h t  movement of a i r  caused by b rea th ing  would move t h e  t h i n ,  

unsupported polycarbonate f i l m  out  of  t h e  f o c a l  p lane  of t h e  ob- 

j e c t i v e .  The block a l s o  se rves  t o  p r o t e c t  t h e  f i l m  from damage 

by t h e  microscope o b j e c t i v e  and t o  support  it during marking and 

c u t t i n g  ope ra t ions .  

Those p a r t i c l e s  having t r a c k s  a r e  l oca t ed  u n d e r . a  Bausch 

and Lomb s t e r e o  zoom microscope us ing  t r ansmi t t ed  l i g h t  and a  

magni f ica t ion  of 105X. When found, each p a r t i c l e  with t r a c k s  i s  

c i r c l e d  with a  f e l t - t i p  marking pen conta in ing  w a t e r - r e s i s t a n t ,  

quick-drying ink. Af te r  a  p a r t i c l e  has  been marked, t h e  support  

and block holding t h e  f i l m  a r e  moved t o  t h e  photomicroscope where 

t h e  f i s s i o n  fragment and a lpha  p a r t i c l e  t r a c k s  a r e  counted us ing  

t r ansmi t t ed  l i g h t  and a  magni f ica t ion  of 1000X. Epiplan, f l a t -  

f i e l d  o b j e c t i v e s  a r e  used because they  a r e  co r r ec t ed  f o r  uncovered 



specimens and do not  r e q u i r e  cover  g l a s s e s .  The numbers of a lpha  

p a r t i c l e  t r a c k s  i n  t h e  lower and upper emulsions a r e  added t o  

g ive  t h e  t o t a l  number of a lpha  p a r t i c l e  t r a c k s  observed. 

P a r t i c l e s  and t r a c k s  a r e  photographed us ing  both Polaroid 

4- x 5-inch Land type  57 black and white  f i lm  with a  magni f ica t ion  

o f  869X and Kodak 35-mm,  high-speed, c o l o r - r e v e r s a l ,  Ektachrome* 

type  EHB f i l m  with a  magni f ica t ion  of  .256X. Three Polaro id  p i c t u r e s  

of t r a c k s  from a  s i n g l e  p a r t i c l e  - one with t h e  f o c a l  p lane  i n  

t h e  lower emulsion, one i n  t h e  polycarbonate  f i lm,  and one i n  t h e  

upper emulsion - a r e  given i n  Table 4 .  

I d e n t i f i c a t i o n  o f  F i s s i o n a b l e  M a t e r i a l s  

Table 1 g ives  t h e  t h e o r e t i c a l  r a t i o s  of  a l p h a - p a r t i c l e  t o  

f i ss ion- f ragment  t r a c k s  which would be produced from p a r t i c l e s  

i r r a d i a t e d  with a  f l uence  of  8.64 x l o i 4  thermal neutrons/cm2 when 

t h e r e  is  a  seven-day i n t e r v a l  between f i l m  c a s t i n g  and e t ch ing  and 

dur ing  exposure t o  nuc lea r - t r ack  emulsion. (A d e s c r i p t i o n  of t h e  

c a l c u l a t i o n  of t h e s e  r a t i o s  i s  contained i n  t h e  Appendix.) The 

s t i p u l a t i o n  t h a t  e tch ing  fo l low f i lm  c a s t i n g  by seven days i s  

included because spontaneous f i s s i o n s  w i l l  add t o  t h e  number of  

f i s s i o n  fragment t r a c k s  during t h i s  per iod .  

This  i d e n t i f i c a t i o n  procedure can be  used t o  d i s t i n g u i s h  

part ic le-bound p l ~ ~ t o n i u m  from uranium. Table 1 shows t h a t ,  of 

t h e  s i x  i s o t o p i c  mixtures  of  uranium, only  t h e  h igh ly  enriched 

* Trademark of Eastman Kodak Company. 



uranium mixture w i l l  g ive  a number of f i s s i o n  fragment t r a c k s  

comparable t o  t h a t  of t h e  plutonium mixtures .  Even i f  t h e r e  

should be enough uranium . to  produce f i s s i o n  fragment t r a c k s ,  

mixtures  of t h e s e  i so topes  would not  produce a lpha  p a r t i c l e  t r a c k s .  

The h igh ly  enriched uranium mixture w i l l  g ive  an average of  on ly  

one a lpha  p a r t i c l e  t r a c k  wi th  every 1372 f i s s i o n  fragment t r a c k s .  

This  procedure may b e  used not  on ly  t o  i d e n t i f y  plutonium, 

but  a l s o  t o  i d e n t i f y  t h e  plutonium i s o t o p i c  composition i n  a 

p a r t i c l e .  For example, a p a r t i c l e  having 10 f i s s i o n  fragment 

t r a c k s  would a l s o  have 5 a lpha  p a r t i c l e  t r a c k s  i f  t h e  mixture 

were low- i r r ad ia t ion  .plutonium, 640 a lpha  p a r t i c l e  t r a c k s  i f  it 

were h i g h - i r r a d i a t i o n  plutonium, and 5080 a lpha  p a r t i c l e  t r a c k s  

i f  it were hea t  source plutonium. A r a t i o  a s  high a s  5080 would 

appear t o  emit on ly  alpha p a r t i c l e  t r a c k s  un le s s  t h e  t r a c k  count 

were ve ry  high. 

Table 1 inc ludes  ( i n  a d d i t i o n  t o  U and Pu t r a c k  da t a )  a 

number of curium and ca l i forn ium nuc l ides  which could mimic t h e  

plutonium mixtures .  The f igures  cont.a.ined i n  this t a b l e  a l s o  

i n d i c a t e  t h a t  spontaneous f i s s i o n  should always be considered 

i f  nuc l ides  o t h e r  than  those  of plutonium and uranium a r e  sus-  

pec ted .  In  t h i s  case ,  t h e  polycarbonate  f i l m  should be  allowed 

t o  s tand  seve ra l  weeks a f t e r  c a s t i n g  and then  be etched both be- 

f o r e  and a f t e r  thermal neutron i r r a d i a t i o n .  Under t h e s e  condi t ions ,  

t r a c k s  due t o  spontaneous f i s s i o n i n g  w i l l  appear i n  u n i r r a d i a t e d  

f i lms .  



Measurement o f  P lu ton ium and Uranium Ra t i os  

To demonstrate t h e  e f f e c t i v e n e s s  of  t h i s  i d e n t i f i c a t i o n  

method i n  d i s t i n g u i s h i n g  between plutonium and uranium, samples 

of p a r t i c l e s  were obtained from two sources of known nuc l ide  

mixtures :  one of l ow- i r r ad ia t ion  plutonium and one of h i g h l y  

enriched uranium. Polycarbonate f i l m s  were prepared conta in ing  

p a r t i c l e s  from e i t h e r  one o r  t h e  o t h e r  source.  The f i l m s  were 

- i r r a d i a t e d  and coated with emulsion, emulsion was exposed and 

developed us ing  t h i s  procedure. The number of  a lpha  p a r t i c l c  

and f i s s i o n  fragment t r a c k s  with each p a r t i c l e  were counted. 

The d a t a  from 315 p a r t i c l e s  conta in ing  low- i r r ad ia t ion  plu-  

tonium are given i n  Table 2 and those  from 350 p a r t i c l e s  conta in ing  

h i g h l y  enriched uranium a r e  given i n  Table 3 .  The d a t a  were 

ranked according t o  t h e  number of observed f i s s i o n  fragment t r a c k s  

pe r  p a r t i c l e  t o  determine whether t h e  number of  t r a c k s  inf luenced  

t h e  measured r a t i o s .  The mean and s tandard  dev ia t ion  of t h e  

r a t i o s  i n  each t r a c k  i n t e r n a l  a r e  a l s o  given. 

From Table5 2 and 3 rhe mean r a t i o  (alpha t o  f i s s i o n  fragment 

t racks)  f o r  low- i r rad ia t ion  plutonium i s  9 . 1  x l o - '  while  t h a t  f o r  

h igh ly  enriched uranium i s  1 .8  x Thus, 2 3 9 ~ ~  can c l e a r l y  

be d i s t i ngu i shed  from 2 3  5~ us ing  thi s  procedure i f  t h e r e  i s  a  

s u f f i c i e n t  number of  t r a c k s .  However, t h e s e  r a t i o s  a r e  1.7 and 

2.5 t imes t h e  t h e o r e t i c a l  r a t i o s  given i n  Table 1. I n  t h e  case  of  

h igh ly  enriched uranium, a l l  a lpha  p a r t i c l e  t r a c k s  were observed 

a s  s i n g l e  t r a c k s  only ,  some of  which may have been due t o  background 



r a d i a t i o n ;  t h i s  would expla in  t h e  h igher  mean r a t i o  f o r  uranium. 

With plutonium, t h e  h igher  observed r a t i o s  a r e  probably due t o  

t h e  geometry of t h e  media i n  which t h e  t r a c k s  a r e  formed. The 

polycarbonate f i l m  i n  which t h e  p a r t i c l e s  a r e  embedded i s  t h i n  

enough f o r  a lpha  p a r t i c l e  t r a c k s  t o  be recorded i n  t h e  emulsion 

on both s ides .  Thus,some of t h e  f i s s i o n  fragments emi t ted  i n  t h e  

v e r t i c a l  d i r e c t i o n  produce s h o r t  t r a c k s  o r  no t r a c k s .  Likewise, 

some of  t h e  a lpha  p a r t i c l e s  emit ted i n  t h e  ho r i zon ta l  d i r e c t i o n  
0 

do not  reach t h e  emulsion and g ive  no t r a c k s ,  If t h e  th i ckness  

of t h e  polycarbonate  f i l m  i s  l e s s  t han  2RaRf/ (Ra + Rf) % 2Ra/3, 

where Ra i s  t h e  range of  t h e  a lpha  p a r t i c l e s  and Rf i s  t h e  range 

of  t h e  f i s s i o n  fragments,  then  the .observed  r a t i o  w i l l  b e  h ighe r  

than  t h e  t h e o r e t i c a l  r a t i o .  

Data i n  Table 2  a r e  a l s o  p l o t t e d  i n  Figure 6 where t h e  c i r c l e s  

r ep re sen t  t h e  mean a lpha  p a r t i c l e  t o  f i s s i o n  fragment r a t i o s  i n  

each t r a c k  i n t e r v a l ;  t h e  ba r s ,  t h e  s tandard  dev ia t ion ;  and t h e  

numbers above t h e  ba r s ,  t h e  number of  p a r t i c l e s  observed. In t h i s  

f i g u r e  t.here appears t o  be somc i n f l u e ~ ~ c e  ul: the number of t r a c k s  
. . 

counted on t h e  observed r a t i o .  This  apparent  i n f luence  i s  probably 

due t o  t h e  inc reas ing  d i f f i c u l t y  i n  counting f i s s i o n  fragment 

t r a c k s  wi th  inc reas ing  numbers. 

Q u a n t i t a t i v e  Radiographic A n a l y s i s  

Alpha p a r t i c l e  and f i s s i o n  fragment t r a c k  counts  w i l l  provide 

not  on ly  a  r a t i o  from which t h e  fissionah1.e ma te r i a l  c a r r i e d  on 

t h e  p a r t i c l e s  can b e  i d e n t i f i e d ,  hut a l s o  an e s t ima te  of  t h e  



q u a n t i t y  of t h e  r a d i o a c t i v e  nuc l ides  p re sen t .  One femtocurie  

(fCi)  of 2 3 9 ~ ~  w i l l  produce about 22 a lpha  p a r t i c l e s  i n  a  week and, 

when i r r a d i a t e d  with a  f l uence  of  8.64 x l o 1  thermal neutrons/cm2, 

w i l l  produce about 40 f i s s i o n  fragments.  In  a  mixture of low- 

i r r a d i a t i o n  plutonium, t h e  number of  f i s s i o n  fragments produced 

w i l l  be increased  t o  53 with between 28 and 33 a lpha  p a r t i c l e s  

depending on t h e  age of t h e  mixture.  Only about h a l f  of t h e s e  

p a r t i c l e s  w i l l  produce t r a c k s ,  y e t  t h i s  rad iographic  technique  i s  

much more s e n s i t i v e  than  e l e c t r o n  microprobe a n a l y s i s ,  which i s  

no t  s e n s i t i v e  t o  l e s s  than  10 f c i l .  

Pa r t i c l e  Isola t ion 

Af ter  a  p a r t i c l e  has  been' i d e n t i f i e d  and photographed and 

t h e  t r a c k s  a r e  counted, t h e  p a r t i c l e  i s  excised from t h e  f i l m  i n  

a  polycarbonate  square.  For t h i s ,  t h e  support  and block hold ing  

t h e  f i l m  a r e  r e tu rned  t o  t h e  s t e r e o  microscope. In  t r a n s m i t t e d  

i l l u m i n a t i o l ~  and a t  a  magni f ica t ion  o f  105X, two p a r a l l e l  c u t s  

a r e  made through t h e  emulsion-coated f i l m  on e i t h e r  s i d e  o f  t h e  

p a r t i c l e  us ing  an u l t r a  microlance.  The f i l m  i s  then  r o t a t e d  

through 90' and two more c u t s  made forming a  square ( s ee  F igure  5a ) .  

The c u t  squa.re i s  then  p ~ o b e d  i n  one corner  by a  15-mm long, 

e l e c t r o l y t i c a l l y  sharpened, tungs ten  needle  (made by p l ac ing  a  

p a i r  of 0.52-mm diameter  t ungs t en  wires  i n  a  3N NaOH s o l u t i o n  and 

applying a  60-Hz, 10-vol t  p o t e n t i a l  between them f o r  10 t o  15 

minutes) .  With t h i s  needle ,  t h e  c u t  square  con ta in ing  t h e  p a r t i c l e  

i s  l i f t e d  from t h e  f i l m  and placed on a  g l a s s  microscope s l i d e  



( see  F igure  5b, Sc, and 5d) .  The polycarbonate  square i s  f r e e d  

from t h e  needle  by r o t a t i n g  it so  t h e  corner  of  t h e  square oppos i t e  

t h a t  s tuck  by t h e  needle  s t r i k e s  t h e  s l i d e  causing t h e  square t o  

r o t a t e  and f a l l .  

The emulsion l a y e r s  a r e  t hen  removed from t h e  polycarbonate  

square by p lac ing  a cover g l a s s  on t o p  of  t h e  square.  (For t h i s  

ope ra t ion ,  t h e  magni f ica t ion  i s  reduced t o  between 15X and 70X.) 

Water is  introduced between t h e  cover g l a s s  and s l i d e  us ing  a 

g l a s s  microbrush made from a 20-pL g l a s s  d isposable  p i p e t .  A 

very  f i n e  tungs ten  wire  i s  doubled and threaded through t h e  lumen 

forming a loop a t  one end. A small amount o f  qua r t z  wool i s  

placed through t h i s  loop, which i s  then  drawn i n t o  t h e  end of t h e  

p i p e t .  The g l a s s  f i b e r s  a r e  then  cu t  o f f  about 2 mrn from t h e  

end of t h e  p i p e t .  

The jr~icrobrush i s  dipped i n  water  u n t i l  t h e  water r i s e s  t o  

t h e  d e s i r e d  l e v e l  i n  t h e  lumen. The g l a s s  f i b e r s  a r e  then  touched 

t o  t h e  edge of t h e  cover g l a s s  t o  al low t h e  water  t o  flow from 

t h e  brush t o  between t h e  s l i d e  and t h e  cover  g 1 a . s ~ .  

The emulsion i s  then  removed by g e n t l y  moving t h e  cover g l a s s  

a few mm from s i d e  t o  s i d e  (see Figure 5e) ; t h i s  r o l l s  t h e  swollen 

emulsion o f f  t h e  polycarbonate  f i l m .  The emulsion is removed 

from t h e  su r f ace  of  t h e  f i l m ,  but  no t  from t h e  f i s s i o n  fragment 

t r a c k s  themselves,  ( see  F igure  3e and 3 f ) .  The cover  g l a s s  i s  

c a r e f u l l y  l i f t e d  from t h e  g l a s s  microscope s l i d e ,  t a k i n g  c a r e  not  

t o  loose  t h e  polyca.rbonate square conta in ing  t h e  p a r t i c l e .  



Pa r t i c l e  Mounting 

To mount a  p a r t i c l e ,  t h e  polycarbonate  square i s  placed i n  

a s e l e c t e d  g r i d  l oca t ion  on a  bery l l ium sample mounting block* 

(Figure 5 f ) .  These sample mounting blocks a r e  25 mm i n  diameter  

and 13  mm t h i c k  and f i t  t h e  s tandard  e l e c t r o n  microprobe sample 

ho lde r s ,  which g r i p  t h e  s i d e s  and provide t h e  necessary  e l e c t r i c a l  

con tac t .  The t o p  su r f ace  of t h e  block i s  h igh ly  pol i shed  and 

conta ins  a  g r i d  network of 1-mm squares  i n sc r ibed  on t h e  su r f ace .  

The squares  a r e  numbered i n  mi r ro r  image fash ion  both v e r t i c a l l y  

and h o r i z o n t a l l y  through t h e  c e n t e r .  

With coax ia l  ( r e f l e c t e d  l i g h t )  i l l umina t ion  and 15X magnif i -  

. c a t i o n  under a  s t e r e o  microscope, t h e  polycarbonate  squares  a r e  

moved from t h e  microscope s l i d e  t o  t h e  bery l l ium block a s  pre-  

v ious ly  done, us ing  an e l e c t r o l y t i c a l l y  sharpened, t ungs t en  

needle .  The polycarbonate  square i s  then  d isso lved  and washed 

back from t h e  p a r t i c l e  us ing  d ich loroe thane;  leav ing  t h e  p a r t i c l e  

u s u a l l y  connected t o  t h e  main body of polycarbonate  by a  t h i n  

isthmus of p l a s t i c .  This  connect ion does not  s e r i o u s l y  e f f e c t  

t h e  microprobe a n a l y s i s  and a i d s  i n  l a t e r  l o c a t i n g  t h e  p a r t i c l e s  

and hold ing  them on t h e  beryl l ium block.  A second g l a s s  microbrush 

i s  r i n s e d  i n  d ich loroe thane  t o  remove any fo re ign  m a t e r i a l  and 

f i l l e d  by immersing t h e  b r i s t l e d  end i n  a  second beaker of  d i -  

chloroethane.  Under a  s t e r e o  microscope wi th  coax ia l  i l l umina t ion  

* Walter C .  McCrone Associates ,  Tnc. c a t a l o g  number XIII-403-3. 



and 105X magni f ica t ion ,  d ich loroe thane  from t h e  brush i s  dispensed 

on t h e  beryl l ium block j u s t  i n  f r o n t  of  t h e  polycarbonate  square 

u n t i l  t h e  square i s  engulfed i n  t h e  s o l u t i o n .  The microbrush i s  

then  used t o  push t h e  s o l u t i o n  back from t h e  p a r t i c l e .  Ge la t in  

r e p l i c a s  of t h e  f i s s i o n  fragment t r a c k s  remained wi th  t h e  p a r t i c l e s .  

Some a lpha  p a r t i c l e  t r a c k s  from t h e  p a r t i c l e s  i n t e r s e c t  wi th  t h e  

f i s s i o n  fragment t r a c k s  causing a  few s i l v e r  h a l i d e  c r y s t a l s  i n  

t h e  g e l a t i n  r e p l i c a s  t o  develop. These small s i l v e r  g r a i n s  r e -  

main wi th  t h e  p a r t i c l e s  t o  cause spur ious  s i l v e r  a n a l y s i s  on t h e  

e l e c t r o n  microprobe. 

The beryl l ium block i s  r e tu rned  t o  t h e  photomicroscope where, 

us ing  r e f l e c t e d  l i g h t ,  a  second Polaro id  p i c t u r e  of  each p a r t i c l e  8 

i s  made a t  a  magni f ica t ion  of 556X t o  i d e n t i f y  t h e  p a r t i c l e s  a f t e r  

t h e  g e l a t i n  has been removed. 

'I'he g e l a t i n  wi th  each p a r t i c l e  i s  oxid ized  by exposure t o  

an oxygen plasma f o r  t h r e e  hours i n  a  low-temperature asher .*  In  

t h i s  a s h e r  a  gas plasma i s  generated i n  oxygen us ing  t h e  energy 

of el er . t . rnns in t h e  g a s .  Power i s  suppl ied  t o  o loc t rons  a t  

13.56 MHz by a  radio-frequency.(RF) gene ra to r .  Normal ashing 

techniques  r e q u i r e  thermal energy t o  break down molecular  oxygen 

t o  t h e  atomic form, which then  i n i t i a t e s  ox ida t ion .  Since t h e  

energy t o  do t h i s  with a  low-temperature a she r  i s  provided through 

t h e  e l e c t r o n s  i n s t e a d  of hea t  energy, t h e  g e l a t i n  can be oxid ized  

.with atomic oxygen without t h e  usua l  requirement of  h e a t .  The 

- - 

* Manufactured by I n t e r n a t i o n a l  Plasma Corporat ion,  

- 19 - 



only  hea t  generated i s  t h a t  r e s u l t i n g  from t h e  exothermic ox ida t ion  

r e a c t i o n  i t s e l f .  Consequently, high temperature degradat ion,  

v o l a t i l i z a t i o n ,  o r  fus ion  of t h e  inorganic  c o n s t i t u e n t s  of  t h e  

p a r t i c l e s  a r e  e l imina ted .  (While t h e  g e l a t i n  ox id i zes  r e a d i l y  

under t h e s e  condi t ions ,  t h e  polycarbonate  i s  se l f - ex t ingu i sh ing  

and does no t  burn.)  

The beryl l ium sample blocks,  each conta in ing  40 t o  60 p a r t i -  

c l e s  with t h e  polycarbonate  d i sp l aced  t o  one s i d e ,  a r e  placed i n  

a qua r t z  r e a c t o r  chamber.. The chamber i s  sea l ed  and evacuated t o  

a p re s su re  of about 0.5 t o r r  with a two-stage, high-vacuum, a i r  

pump* having a f r e e  a i r  pumping capac i ty  of 500 l i t e r s  p e r  minute. 

(VersiZube** F-50, oxygen compatib1.e l u b r i c a n t  i s  used i n s t e a d  of 

normal vacuum pump o i l  and s i l i c o n e  rubber  tub ing  i s  used f o r  a l l  

f l e x i b l e  connect ions due t o  t h e  high oxygen concent ra t ion . )  The 

W genera tor  i s  turned  on and t h e  impedance matching network 

c o n t r o l s  ad jus t ed  u n t i l  a plasma is  i g n i t e d  and sus t a ined .  Oxygen 

i s  b led  i n t o  t h e  chambers al lowing t h e  p re s su re  t o  s lowly i n c r e a s e  

t o  about 5 t o r r .  The g e l a t i n  i s  oxid ized  f o r  3 h r  wi th  a sus ta ined .  

plasma a t  a p re s su re  of 5 t o r r  and 450 wa t t s  power. 

F igure  7 i l l u s t r a t e s  t h e  l a s t  t h r e e  s t ages  i n  t h e  p repa ra t ion  of 

one p a r t i c l e .  The t o p  p i c t u r e  i s  t h e  p a r t i c l e  i n  t h e  polycarbonate  

f i l m  wi th  emulsion s t r i p p e d  o f f .  The middle p i c t u r e  i s  t h e  same 

* Welch s e r i e s  1397 Duo-Seal pump. 

** Trademark of  General E l e c t r i c  f o r  s i l i c o n e  f l u i d  wi th  a v i s c o s i t y  
of  50 c e n t i s t o k e s  a t  1 0 0 ' ~ .  



p a r t i c l e  with t h e  polycarbonate  removed showing t h e  g e l a t i n  

r e p l i c a s  of t h e  f iss ion-fragment  t r a c k s .  The bottom p i c t u r e  i s  

a  scanning e l e c t r o n  micrograph of  t h e  p a r t i c l e  a f t e r  ox ida t ion  

of t h e  g e l a t i n .  In  t h i s  p i c t u r e ,  t r a c e s  of  t h e  g e l a t i n  r e p l i c a s  

and s i l v e r  g r a i n s  can be seen. Here, what had appeared t o  be a  

s i n g l e  p a r t i c l e  i s  a c t u a l l y  a  conglomerat.ion of  a t  l e a s t  f i v e  and 

poss ib ly  t e n  sma l l e r  p a r t i c l e s .  

P a r t i c l e  S i z ing  

To maintain con t ro l  of p a r t i c l e s  a f t e r  t h e  g e l a t i n  t r a c k  

r e p l i c a s  a r e  oxid ized ,  t h e  bery l l ium sample block is  r e tu rned  t o  

t h e  photomicroscope where each p a r t i c l e  i s  loca t ed  and photographed 

again under r e f l e c t e d  l i g h t  us ing  Polaro id  f i l m  and a  magni f ica t ion  

of 556X. Occasional ly,  r e f e rence  i s  made t o  previous photographs 

t o  e s t a b l i s h  t h e  exac t  l o c a t i o n  of  a  p a r t i c l e .  A s  each Polaro id  

f i l m  i s  developed, it was marked with t h e  p a r t i c l e  i d e n t i f i c a t i o n  

number,. l o c a t i o n  on t h e  block,  and magni f ica t ion  used. An arrow 

is  marked on t h e  f i l m  poin t ing  t o  t h e  p a r t i c l e ,  so  t h e r e  w i l l  be  

no mistake i n  what is  intende'cl f o r  a n a l y s i , ~ .  

The s i z e  of each p a r t i c l e  i s  est imated from i t s  t h i r d  Polaro id  

p i c t u r e .  Eyepiece g r a t i c u l e s  a r e  not  used because photographs' 

wi th  known magni f ica t ions  were a v a i l a b l e  f o r  each p a r t i c l e .  An 

average of  t h e  sma l l e s t  and l a r g e s t  dimensions of  t h e  photographed 

p a r t i c l e  a r e  measured i n  pm and d iv ided  by t h e  magni f ica t ion .  The 

dimensions a r e  not  measured u n t i l  a f t e r  ox ida t ion  when t h e  com- 

p l e t e l y  denuded p a r t i c l e s  can be photographed. 



Elemental Analysis 

To determine elemental  composition of  t h e  p a r t i c l e s ,  t h e  

p a r t i c l e s  a r e  analyzed on a Cameca MS46 e l e c t r o n  microprobe, 

equipped with f o u r  c r y s t a l ,  wave-length-dispersive spec t rometers  

( take-of f  angle ,  18') and an EDAX 701/MICROEDIT* energy-d ispers ive  

ana lyzer .  X-ray i n t e n s i t i e s  r e s u l t i n g  from t h e  e l e c t r o n  bombard- 

ment of  t h e  p a r t i c l e s  and p a r t i c l e  s i z e s  and shapes a r e  es t imated .  

These e s t ima te s ,  a long with es t imated  average d e n s i t i e s ,  a r e  used 

i n  t h e  FRAME program8 a s  modified f o r  p a r t i c l e s  work by ~ r m s t r o n g ~  

on a UNIVAC** 1110 computer. This  c a l c u l a t i o n  g ives  t h e  p a r t i c l e  

composition i n  both element and oxide weight pe rcen t s  and atomic. 

p ropor t ions  based on 24 f o r  oxygen.atoms. 

* Trademark of  EDAX I n t e r n a t i o n a l ,  Inc.  

** Trademark of  Sper ry  Rand Corporat ion.  



APPENDIX 

Track R a t i o  C a l c u l a t i o n s  

To eva lua t e  t h e  p o s s i b i l i t y  of determining t h e  n a t u r e  of  

f i s s i o n a b l e  m a t e r i a l  i n  p a r t i c l e s  by rad iographic  methods, t h e  

t h e o r e t i c a l  r a t i o  of  a lpha  p a r t i c l e  t o  f i s s i o n  fragment t r a c k s ,  

.which would be produced by a  number of  nuc l ides  and nuc l ide  com- 

b i n a t i o n s ,  were ca l cu la t ed  f o r  a  s p e c i f i e d  s e t  o f  cond i t i ons  

encountered i n  r o u t i n e  l abo ra to ry  procedures.  

Twenty-four nuc l ides  were sel.ect.ed on t h e  b a s i s  of  t h e i r  

thermal neutron c r o s s  s ec t ions ,  t h e i r  h a l f - l i v e s  f o r  spontaneous 

f i s s i o n ,  and t h e i r  presence i n  t y p i c a l  nuc l ide  mixtures .  These 

nuc l ides  a r e  l i s t e d  i n  Table 4 along wi th  t h e i r  2200 m/sec thermal 

neutron c r o s s  s e c t i o n s  i n  cm2 from  enj jam in" and Stehn, 

e t  al:" and t h e i r  percent  a lpha  decay and h a l f - l i v e s  f o r  a lpha  

decay and spontaneous f i s s i o n  i n  days from Lederer.  1 2  

. Uranium and plutonium a r e  r a r e l y  found a s  s i n g l e  nuc l ides .  

Consequently, def ined  nuc l ide  mixtures  of t h e  elements were 

used.  These inc lude  s i x  d i f f e r e n t  mixtures  of f o u r  uranium 

i so topes  a s  def ined  by Blumkin and Von ~ a l l e ' ~ :  n a t u r a l  uranium 

and deple ted  uranium from sepa ra t ion  cascade t a i l s  conta in ing  

over  99% 2 3 8 ~  bu t  with 0.72% and 0.25% 2 3 5 ~  r e s p e c t i v e l y ;  h i g h l y  

enriched uranium conta in ing  90% 2 3 5 ~ ;  and power r e a c t o r  f u e l ,  low- 

burnup uranium from power r e a c t o r s  a s  t h e  Yankee Reactor,  and 

high-burnup uranium from power r e a c t o r s  a s  t h e  Fo r t  Calhoun Reactor 

with 4.0%, 2 . 5 3 ,  and 0.9% ' 3 5 ~  r e s p e c t i v e l y .  Table 5 g ives  t h e  



percentages of each nuclide used in the different mixtures. The 

minor uranium isotope ( 2  4~ and 'u) concentrat ions relative to 

the 2 3 5 ~  content in power reactor fuel and depleted uranium mix- 

tures from separation cascades are altered by the isotopic com- 

position of the feed uranium, the relative quantities of the feeds 

when more than one kind is used, and the magnitude of a partially 

enriched side withdrawal,-if any. Therefore, the values were 

arbitrarily chosen as fairly representative of these two classes 

of uranium. Irradiation of uranium in a nuclear reactor results 

in the production of 2 3 6 ~  and a reduction in both 2 3 4 ~ .  and 5 ~ ,  

although the quantity of 2 3 4 ~  rel.a.ti.ve to that of 2 3  5 1 ~  will be 

increased as seen in the composition of low- and high-burnup 

uranium. Enriching uranium for use in nuclear power reactors by 

recycling reactor tails uranium as feed to separation cascades 

will introduce 2 3 6 ~  into the cascade which otherwise would not be 

present. For the calculation of the 'U in power reactor fuel, 

highly enriched uranium, and depleted uranium, cascade feeds were 

assumed to consist of low-burnup uranium and natural uranium with 

low-burnup uranium providing one-half of the total 5~ input. 

Three different mixtures of seven plutonium isotopes as 

defined by ~ e a l ~ ' ~  were used: low-irradiation plutonium with a 

composition reasonably representative of plutonium used in weapons, 

high-irradiation plutonium typical of plutonium recycle in light 

water reactors, and heat source plutonium. 1 5  



The maximum number of  f i s s i o n  fragment t r a c k s  which can be 

produced pe r  atom f o r  a p a r t i c u l a r  nuc l ide  is  equal  t o  210, where 

I i s  t h e  thermal neutron f luence  i n  neutrons/cm2 and a i s  t h e  

thermal neutron c ros s - sec t iona l  a r e a  p e r  t a r g e t  atom of  t h e  

nuc l ide  i n  cm2/atom. This  assumes t h a t  t h e r e  w i l l  be two f i s s i o n  

fragments per  f i s s i o n .  This  r e l a t i o n s h i p  was used t o  c a l c u l a t e  

t h e  maximum number of  f i s s i o n  fragment t r a c k s ,  Tf, which could 

r e s u l t  from i r r a d i a t i n g  10" atoms wi th  a f l uence  of 8.64 x 1014 

thermal neutrons/cm2. A t a r g e t  s i z e  of 10" atoms was chosen 

because a sphere of plutonium dioxide  0.9 pm i n  diameter  would 

con ta in  10" atoms o f  plutonium. 8.64 x 1014 neutrons/cm2 was 

s e l e c t e d  a s  t h e  f luence ,  because t h i s  was approximately t h e  f luence  

t o  which t h e  polycarbonate  f i l m s  were exposed. I f  a i s  expressed 

i n  barns/atom, then  

T = 2(8.64 x l o i 4  n/cm2) (10" atoms) (d barns/atom) 
f 

For nuc l ide  mixtures ,  t h e  sum of  t h e  c o n t r i b u t i o n s  of each i t h  

nuc l ide  was used 
L 

Where a nuc l ide  decayed by spontaneous f i s s i o n ,  t h e  c o n t r i -  

bu t ion  of  t h i s  process  was c a l c u l a t e d  on t h e  b a s i s  of t h e  number 

of f i s s i o n  fragment t r a c k s  produced by 10" atoms dur ing  a seven- 

day pe r iod  o r  



- 2 ( 1 0 ' ~ . a t o n i s ) ( 7  days) I n 2  9.7 x 10" 
Tf - 

- . - 
T (SF) days 4 Tt (SF) 

The same reasoning was used t o  c a l c u l a t e  t h e  maximum number 

o f  a lpha  p a r t i c l e  t r a c k s  which would be produced i n  seven days 

from 10" atoms from t h e  r e l a t i o n s h i p  

T = 
~ ( 1 0 " -  -aT-oms)-(, day-s). l n  2 - 4.85 x 101° F - 

a . T (a) days 
4 T+ (a)  

where F = t h e  f r a c t i o n  of t h e  nuc.lide which decays by a lpha  

p a r t i c l e  emission. When i s o t o p i c  mixtures  were involved, t h e  

r e l a t i o n s h i p  became 

The i s o t o p i c  mixtures  of  plutonium con ta in  2 4 1 ~ ~ .  Only 

0.0023% of t h i s  n u c l i d e  decays by a lpha  emission t o  2 3 7 ~ .  The 

remainder decays by b e t a  emission to 2 4 ' A m ,  which has a 433-year 

h a l f - l i f e .  The amount of t h i s  americium nuc l ide  i n  a mixture w i l l  

r each  a maximum o f  0.887 of  t h e  i n i t i a l  2 4 1 ~ ~  atom percent  i n  

74.6 years .  241Am w i l l  add a d d i t i o n a l  a lpha  t r a c k s  t o  those  from 

plutonium. Thus, two c a l c u l a t i o n s  were made f o r  each plutonium 

mixture:  one f o r  f r e s h l y  p u r i f i e d  plutonium and one f o r  75-year 

o ld  plutonium conta in ing  t h e  maxi.mum 2 4 1 ~ m  a c t i v i t y .  In two of  

t h e  t h r e e  mixtures ,  t h i s  caused an inc rease  i n  a lpha  p a r t i c l e  t o  

f i s s i o n  fragment r a t i o s .  However, wi th  hea t -source  plutonium, 

t h e  decrease  i n  2 3 e ~ u  a c t i v i t y  was no t  compensated f o r  by t h e  

inc rease  i n  241Am a c t i v i t y .  



The alpha particle to fission fragment track ratios, Ta/Tf, 

were calculated. The nuclides were then arranged in order of 

increasing ratios and listed in Table 1. 
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TABLE 1 

T h e o r e t i c a l  Number o f  F i s s i o n  and Alpha Tracks  from 
10' '  Atoms and t h e  R a t i o  o f  Alpha t o  F i s s i o n  Tracks 

Nuclides 
F i s s i o n  Tracks Alpha Tracks 
p e r 1 0 ' ~ A t o r n s  p e r 1 0 ' ~ A t o r n s  

Power Reactor Fuel 3.99 X l o 2  2.14 x lo- '  
(4% 235u)  

1 . n ~  Burn-Up Uranium 2.50 x l o 2  1.50 x l o - '  
(2.5% 2 3  5u) 

Highly Enriched Uranium 8.98 x l o 3  6.54 
(90% 2 3 5 ~ )  

Natural  Uranium 7.18 X 10' 5.74 x l o - z  
(99% 38u) 

Depleted Uranium 2.49 x 10' 3.60 x lo- '  
(%loo% 23Bu) 

High Burn-Up Uranium 8.8.8 x 10' 1.44 x l o - '  
(1% 2 3 5 ~ )  

2 4 7 ~ m  1.25' X l o 3  8.10 

Low-Irradiation Pu 1.20 x l o 4  (6.48-7.52) 
(94% 2 3 y ~ )  x l o 3  

"+'ern (SF) <6.64 8.10 

'cf 8.30 x l o 4  1.48 x 10' 

2 4 8 ~ m  (SF) 5.78 x 10' 3.37 x l o 2  

High-Irradiation Pu 8.02 x l o 3  (5.13-9.31) 
(40% 2 3 9 ~ )  x l o 4  

9 ~ f  2.88 x l o 4  3.79 x 10' 

rsr~i' (SF) 3 . i 3  x l o b  5.02 x l o "  

Heat Source Plutonium 2.40 X l o 3  (1.22-l.O<) 
(80% 2 3 8 ~ u )  x 10 

'Ocf (SF) 1.56 x l o 4  1.02 x l o 7  

2 4  6 ~ f  (SF) 1.56 x 10' 2.76 x l o 4  
241Am 5.43 X 10' 3.07 X 10' 

2 4 4 ~ m  (SF) 2.03 2: 10' 7.34 x l o 6  

R a t i o  of 
Alpha t o  
F i s s i o n  Tracks 



TABLE 2 

Analyses of Particles Containing 2 3 y ~ ~  

~ & b e r  Total Total 
Fission o f  Fission Alpha 
Tracks Par t i c  Zes Tracks Tracks 

3-4 

5 -9 

10-14 

15-19 

20-24 

25-29 

30-34 

35-39 

40-44 

45-49 

50-54 

55-59 

60-64 

65-69 

80-84 

85-89; 

90-94 

100-104 

To ta l  

Ratio 
Alpha t o  
Fission 
Tracks 

Standard 
Deviation 



TABLE 3 

Analyses o f  P a r t i c l e s  Conta in ing 235U 

Nwnber Total Total 
Fission o f  Fission Alpha 
P a c  ks Partic Zes Tracks Tracks 

Tota l  

Ratio 
Alpha t o  
Fission 
Trac ks 



TABLE 4 

Thermal Cross Sect ions ,  Alpha Decay, and H a l f - L i v e s  f o r  
A1 pha Decay and Spontaneous F i s s i o n  f o r  Se lected  Nucl i d e s  

0 2  2 o o Alpha T+ (a), 
Nuclide 1g24'cmz Decay, % days 

(SF), 
days 



TABLE 5 

Atom Percents i n  Six Typical  Mixtures o f  Uranium 

Power Low- High- Highly 
NaturaZ Reactor Burnup Burnup W c h e d  Depleted 

Nuclide Uranium Fuel Uranium Uranium Uraniwn Uranium 

TABLE 6 

Atom Percents i n  Three Typical  Mixtures o f  Plutonium 

Low- High- Heat 
Irradiution Irradiat ion Source 

Nuc Zide PZutonium PZutonium PZutonium 



FIGURE 1 . Arrangement of Sampl e Col 1 ection Equi prnent 
A1 pha Counter 





mn- After Development 

1 U J e. Particle 
After Etching 

- v 
Cut from Film Emulslon Stripped 

f. Particle 

pol car binate Removed 

a y -  ,* ,.-.- - 7  

~2, - w-~~!--& '::T --\,.: A?&,-r ~ ,, 
FIGURE 3. Graphic Representation of the ~orma6ion of Fission Fragment 

Tracks, A1 pha Particle Tracks, and Gelatin Rep1 icas 



NTB Emul sion Be1 ow Two Two Particles Bearing NTB Emul sion Above two 
Particles Bearing 2 3 9 ~ "  2 3 9 P ~  in Polycarbonate Particles Bearing Z 3 9 ~ ~  

FIGURE 4. A1 pha Particle and Fission Fragment Tracks in 
Photographic Emul sion and Pol ycarbonate 



Polycarbonate Square 
on Glass Square 

Motion of  Cover Glass 

f. 

Bervl llum 
sample Block 

Removal of Polycarbonate from 
Particle on Baryllfum Block 

FIGURE 5. Procedure for Mountlng P a r t i c l e  for Fissionable 
Material Identification 



Number of Fission Tracks per Purticle 

FIGURE 6.  Effect o f  the Number o f  Fission Fragment Tracks on the 
Ratio o f  F i  ssion Fragment Tracks t o  A1 pha P a r t i c l e  Tracks 



ParltfeTe No. 364 i n  -Part icle No. 364 with k r % i c l e  No. 3-64 with: 
Pol ycarbonate Polycarbonate Removed Emu1 sien Oxtdized 

FrGURE 7. Plutonium-Bearbg Par t ic le  i n  Last Stages o f  Mounting 




