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ABSTRACT 

In order  t o  use S o l i d  S t a t e  Track Recorders (SSTR) i n  environments a t  
elevated temperatures,  i t  is necessary  t o  know t h e  thermal anneal ing  
c h a r a c t e r i s t i c s  o f  various types  o f  SSTR. For a p p l i c a t i o n s  i n  t h e  nuc lea r  
energy program, t h e  pr inc ipal  i n t e r e s t  is focused upon t h e  anneal ing  o f  
f i s s i o n  t r a c k s  i n  muscovite mica and i n  quar t z .  Data showing c o r r e l a t i o n s  
between changes i n  t r a c k  diameters  and t r a c k  d e n s i t i e s  a s  a f u n c t i o n  of 
annealing time and temperature w i l l  be presented f o r  Amersil q u a r t z  g l a s s .  
S imi lar  da ta  showing changes i n  t r a c k  l eng ths  and i n  t r a c k  d e n s i t i e s  wi l l  
be presented f o r  mica. Time-temperature regions  will be def ined where 
muscovite mica can be accura te ly  appl i ed  with negl i g i  bl e c o r r e c t i o n  f o r  
thermal anneal i ng 

' Uork performed under t h e  auspices  of  t h e  U. S. Department of  Energy. 
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5 . .  1 ! 551 5 5 .  



. . 
.i.: . 

. .  . 
I NTRODUCT IOFl 

Whereas most thermal annealing studies in solid s ta te .  track recorders (SSTR) 

have been' undertaken because of the importance of th i s  ef fect  i n  fission 
track dating,") the research reported i n  th i s  paper i s  being pursued to 
determine the conditions for  which selected SSTR can be used t o  measure- 
fission rates a t  elevated temperature such as exist  in nuclear reactors. 
Thermal annealing of unetched tracks caquses radiation damage s i t e s  to  be 
removed or modified, resulting i n  the reduction of etch ra tes  along the 
damage t r a i l s .  The reduced track etch rates cause some tracks t o  be d i f f i cu l t  
to observe and may cause some tracks t o  be reduced below the optical threshold 
for  observation. I t  is thus important to  make corrections fo r  track losses 

. due to  annealing, or  a t  the very l ea s t  t o  define a time-temperature region fo r  
which no track losses occur. Of primary interest  are tracks produced when a 
fission source t h i n  relat ive t o  the range of fission.fragments is placed i n  

direct contact w i t h  the SSTR. 

SSTR materials selected for  these studies consist of muscovite mica* from 
India, natural Brazilian quartz crys ta ls ,  and Supra 11 quartz glass produced 
by h e r s i l  carp.' The etching characteristics of these SSTR materials are 
quite djfferent. Mica and 'crystal 1 ine quartz are very anisotropic, i n  contrast 
to  quartz glass, fo r  which track and bulk etch rates are isotropic. 

EXPERIMENTAL PROCEDURES 

To obtain full- energy fission fragments incident i sotropi ca1 ly on the surfaces . .-.- . . . ,  . . .  . . ,,_. : . . _ . _ . _ . _ . . C _  _ _  . . . _ _ . .  . 

of the SSTR, t h i n  sources of Z 4 4 ~ m  or  2 5 2 C f  were placed i n  d i r e c t  contact w i t h  

the surfaces. Exposures were control led so that  t iming uncertainties were ~ 1 %  
from sample t o  sample.. For exposures to  fragments incident a t  4 5 O -  or  a t  90° to  
the SSTR surface, :the .SSTR' were. placed i n  a .vacuum chamber ..desi gned ... to.:expose , . . . 

several .s$mpl es s i m u l  taneously . 

* The mica used was India Ruby mica supplied by United Mineral Corp. 



'.. ..: . 

Exposed SSTR of quartz glass and mica were pl 'a ied between sheets of mica i n  metal 

capsules. The capsules were then inser ted  i n t 0 . a  furnace i n  which the temperature 

was cont ro l led t o  approximately + 1°C. Annealing s tud ies were f i r s t  c a r r i e d  ou t  

w i t h  the quartz .glass. The samples were f i r s t  pre-etched f o r  5 minutes i n  
/ 

49.2% HF a t  room temperature, so t h a t  pre-se lect ion o f  good samples was possible.  

The imperfections t h a t  were present i n  selected samples were easy t o  d i s t i n g u i s h  

from f i s s i o n  fragment t racks.  The samples were then exposed i s o t r o p i c a l l y  t o  f u l l  

energy f i s s i o n  fragments from 244Cm. Each sample was then heated f o r  a d i f f e r e n t  

t ime period a t  a p a r t i c u l a r  temperature. The heated samples, along w i t h  an 

unheated sample, were then etched f o r  5.0 minutes a t  22OC i n  t he  HF. F iss ion  

t racks were counted manually w i t h  an o p t i c a l  microscope, and t he  t r a c k  count i n  

t he  heated samples could be compared w i t h  t h a t  i n  t h e  unheated samples t o  deter -  

mine t rack l oss  due t o  annealing. The diameters o f  c i r c u l a r  t racks  were measured 

w i t h  a f i l a r  micrometer eyepiece. 

I n  the case o f  mica, selected samples were exposed t o  i s o t r o p i c a l  l y  i nc iden t  

f i s s i o n  fragments from t h i n  sources o f  244Cm o r  2 5 2 C f .  Addi t iona l  samples were 

also exposed i n  a vacuum chamber t o  normal ly i nc i den t  fragments and t o  fragments 

inc ident  a t  45". A f t e r  heating, the samples exposed t o  normal and 45O i nc iden t  

fragments (along with, an unheated con t ro l  sample) were etched from 15 t o  30 
. . 

minutes i n  49.2% HF a t  23.0 + 0.3OC. The -samples exposed i s o t r o p i c a l l y  were 

etched 90 minutes* i n  the same e tch ing  s o l u t i o n  and a t  the same temperature. 

Projected t r a c k  lengths were measured w i t h  a d i g i t i z e d  f i l a r  micrometer eyepiece. 

DISCUSSION AND INTERPRETATION OF RESULTS 

Quartz Glass 

I n  the case o f  quartz glass, t rack-etch k i n e t i c s  s i m i l a r  t o t h o s e  usedby 

Somogyi and ~ a ~ ~ ( ~ )  appl ied t o  problems i n  f i s s i o n  t r a c k  da t ing  can be 

used. I n  our .case, however, ana lys is  i s  simpler, s ince a l l  t racks  o r i g -  

inate  a t  t he  surface o f  the  SSTR. The same procedures cannot be r e a d i l y  

appl ied t o  an iso t rop ic  c r ys ta l s  such as mica and na tu ra l  quartz. 

*" 1~6;ny o f  the sa~uples vre1.e f i r s t  etched f o r  30 minutes, so tha t  t i i e  I-ange of  
,. -- . .. i : a r , ,  tt-ack,s couici 11e n;?zsu~-dJ, and then. etched fo!- ar, sdditioi-:-;l 6S 
minutes p r i o r  t o  counting . 
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"G' the bu lk  - e tch  . r a t e  f o r  the quartz glass was measured t o  be (1.17 A 0.10) 

~rn/min i n  49.2%- HF a t  22°C. The ef f ic iency,  Q, f o r  t r ack  r e g i s t r a t i o n  i n  

unheated samples f r o m  the batch used a t  i s o t r o p i c  incidence was found t o  be 

(70.4 k 1 .O)I. I t  can be r e a d i l y  shown t h a t  n = 1 - '6/<vT>, where <VT> i s  

the average t r a c k  e t ch  ra te .  If <VT> i s  modi f ied by heat ing t o  a value 

<VTn> the corresponding f r a c t i o n  f o f  t racks  counted i s  g iven by f = 1 - v ~ / < ~ T ' >  

Tracks making an angle r ec, where s i n  0, = 'G/<v~> do no t  r e g i s t e r .  For normal 

incidence, tan  e = . R  _ , where 0 i s  t he  cone angle, R the t r ack  rad ius,  1'"? - v~ )t 
and t the e tch ing  time. Solv ing f o r  R, we have R = VG [T , ) t t a n 8 .  

Since tan e = t r ack  diameter 

The same formula appl ies  f o r  the heated sample, except t h a t  cVT> becomes <VT1> 

and D becomes D ' ,  the diameter o f  the normal ly i nc i den t  t racks  i n  the heated 

sample. Since f = 1 - 'G , we can ca lcu la te '  D' from the measured f and VG, q5 
and compare i t  w i t h  the measured Dl . 

Also i f  D and D '  are measured i n  samples etched i n  t h e  sane way and i f  n has 
, . .  : .  . : a .  ; , .  i .. . . 

2.  .. s,,, #..< . .  ' ' >. . .  . . _  .. 1 . . ' . .  - :  . * .  

been measured one .;an r e a d i l y ,  show t h a t .  f ='%, where r' = n 
1 +v 

The experimental r e s u l t s  and the ca lcu la ted  values o f  <VTqVG and o f  D o r  D' 
and o f  f are a l l  shown i n  Table I. Most o f  the r e s u l t s  demonstrate the 
correctness o f  the model, w i t h i n  the l i m i t s  o f  the accuracy o f  the measure- 

ments. The t r a c k  r e g i s t r a t i o n  e f f i c i e n c i e s .  i n  -quartz glass as a func t ion  o f  

heating time- f o r  various annealing temperatures are shown i n  Figure 1. 

h 
L. I n d i a  Ruby t.:uscovite !.iicz 

s jKC2  +,-v ., oL'l, , e t c h  k i i - i c t i c s  21.s g:*c;tly ccn;pl ica ted by ai;isotropies i n  the  

bu lk  c tch  and t r a c k  e t c h  rates  fa r  c r y s t a l l i n e  SSTR such as mica, the 



method used f o r  quartz glass does no t  apply. Therefore, an empi r ica l  

approach has been developed t.0 determine the time-temperature reg ion  i n  

which no annealing co r rec t ions  are  needed f o r  f i s s i o n  t r a c k  r e g i s t r a t i o n  

when mica SSTR a re  exposed t o  i s o t r o p i c a l l y  i n c i d e n t  f u l l  energy fragments. 

Fission fragments inc iden t  normal ly  t o  the cleavage planes i n  mica produce 

diamond shaped e t ch  p i t s  when etched i n  HF, i n d i c a t i n g  t h a t  the bu l k  etch. 

r a t e  p a r a l l e l  t o  the cleavage planes i s  h i g h l y  an iso t rop ic .  The bu l k  e t c h  

r a t e  perpendicular t o  these planes i s  e s s e n t i a l l y  zero. Since charge p ickup 

causes the r a t e  o f  energy l o s s  i n  f i s s i o n  fragments t o  decrease when the 

fragments slow down, i t  i s  expected t h a t  the damage s i t e  dens i ty  w i l l  be 

l e a s t  a t  the ends o f  the t racks.  Thus, the t racks  w i l l  anneal o u t  f i r s t  

a t  the end and tend t o  sh r ink  i n  etchable l eng th  as the  annealing proceeds. 

The empir ical  method selected was t o  r e l a t e  the l eng th  o f  selected t racks  t o  

the r e g i s t r a t i o n  e f f i c i e n c y  f o r  i s o t r o p i c  incidence. One method cons is ted o f  

measuring the pro jec ted leng th  o f  45' i nc i den t  f i s s i o n  fragment t racks  i n g  

samples which had the same annealing h i s t o r y  as samples exposed i s o t r o p i c a l l y .  

The samples exposed a t  45' were etched i n  49.2% HF a t  22.7'C f o r  per iods from 

15-30 minutes. Another method consisted o f  e t ch ing  the sample exposed i s o t r o p -  

i c a l l y  f o r  30 minutes, and then measuring the l e n g t h  d i s t r i b u t i o n  o f  " f l a t "  

tracks; the sample was then etched an add i t i ona l  60 minutes before the t r acks  

were counted. For both cases, the average p ro j ec ted  t rack- length ,  < lo>,  i n  an 

unannealed sample and the average p ro jec ted  t r a c k  length,  <a>, i n  an annealed 

. sample etched i n  the same way can be- used t o  ca l cu la te ,  the r a t i o  <n>,/<eo>. One 
' r 

can a lso count the t racks No i n  the undnnealed sample and N i n  the  annealed 

sample t o  determine N/No. 

A p l o t  o f  N/No vs. <o/<eo> f o r  g iven e tch ing  cond i t i ons  y i e l d s  the des i red  

empir ical  r e l a t i o n  which can.be used t o  ob ta i n  anneal ing cor rect ions.  . For  

mica, such curves are shown i n  F igure 2. Note t h a t  these curves are 

composites obtained from d i f f e r e n t  t ime-temperature h i s t o r i es ,  r a t h e r  than 

a s ino le  isothermal anneal i n g  experiment. Such p l o t s  therefore.  support 

tii? c o n t e ~ ~ t i o ~ l  f l ~ i  ti12 I-egi s t r a i i o ~ l  e f f  i c i sncy  i s  sil;i?ly ; cje;;;;~ t:'f c 

funct ion o f  t r ack  s i z e  or t r a c k  s i ze  d i s t r i b u t i o n .  I t  i s  c lea r  t h a t  no 

annealSng coi-1-sction i s  reqir i red f ~ r  " f l a t "  tr;cks :;I ti;e recjio;; i/ 2 0.3. <Eo> 
No correct ions have been made f o r  the c o n t r i b u t i o n  t o  t r ack  lengths due t o  

the bu lk  e t ch  ra te .  
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O f  f u r t he r  i n t e r e s t  i s  the r e l a t i o n s h i p  between < e > / < k  > and annealing t ime 
0 - 

f o r  each annealing temperature. These curves are shown i n  F.igures 3 and 4. 

Note the l a rge  change i n  CE>/CE > f o r  shor t  annealing t imes (<8 hours) 
0 

between 460" and 500°C. Th is  suggests a h igh dens i t y  o f  s ta tes  (we1 1 depths) 

i n  the reg ion  kT = 7 x 10'2ev. I nves t i ga t i ons  a re  underway t o  see i f  a more 

basic model f o r  annealing based on quantum s t a t i s t i c s  can be developed, b u t  . . 

there are many compl icat ing f ac to r s .  . 

3. Quartz Crys ta ls  

Experiments on the thermal annealing o f  f i s s i o n  fragment t racks  i n  na tu ra l  

B raz i l i an  quar tz  c r y s t a l s  are i n  progress. Crys ta ls  c u t  and po l ished on the 

100 plane appear t o  g ive the best  t r a c k  r e g i s t r a t i o n  cha rac te r i s t i c s .  F u l l  

energy.fragments inc iden t  i s o t r o p i c a l l y  and normal ly  on t h i s  surface are 

being used t o  produce the t racks.  I t  appear t h a t  the' maximum etched leng th  

i n  the 100 plane f o r  normal ly i n c i d e n t  fragments may prove t o  g i ve  a good 

thermal anneal ing co r rec t i on  t o  the  r e g i s t r a t i o n  e f f i c i e n c y  f o r  the fragments 

inc ident  i s o t r o p i c a l l y ,  bu t  t h i s  needs t o  be confirmed through f u r t h e r  s tud ies.  

CONCLUSIONS 

The use d f  t r a c k  e t ch  k i n e t i c s  appears t o  g i ve  a r e l i a b l e  approach t o  apply 

thermal.annealing cor rect ions t o  f i s s i o n  t r a c k  dens i t i es  f o r  i s o t r o p i c  incidence 

i n  the case o f  isotropic-amorphous ma te r i a l s  l i k e  quar tz  glass. I n  the case of 

c r y s t a l l i n e  an iso t rop ic  mate r ia l s  such as.muscovite, an emp i r i ca l  r e l a t i o n s h i p  

has been estab l ished t o  determine time-temperature regions f o r  which no thermal 

anneal i ng  co r rec t ions  are needed. . . 8 .- 

Annealing observations i n  these t o t a l l y  d i f f e r e n t  SSTR media support a geometric 

model of r e g i s t r a t i o n  e f f i c i ency ,  namely t h a t  SSTR r e g i s t r a t i o n  e f f i c iency  i s  a 

- geometric f unc t i on  of- t r ack  'characteri .st. i .cs and i s  independent o f  the manner i n  

which these g iven cha rac te r i s t i c s  have been produced. .S tud ies  s i m i l a r  t o  those 

.-r. 
pursued here, but i n  which f i s s i o n  fragment sources t h i c k  r e l a t i v e  t o  the range 

o f  the fragments are  used, may prove o f  value t o  those i n te res ted  i n  thermal 
. r .  . .  . annealing co r rec t ions  appl ied t o  f i s s i o n  t r ack  da t ing .  

I n  tet-[its o f  SSTR observatiorls i n  r icc iear reactors ,  t t te  nex t  issue t o  be addressed 

coiisei-iis o.<ei-a: ; app-i ;lesbi li ty iii t i i g t i  90i+el. er;vi ~sol;;;\~;;ts. Eesides ;;:;;csl i n g  , 
tht-e@ addi t iona l  e f f e c t s  a lso produce 1 i l l l i t a t i ons  i n  SSTR a p p l i c a b i l i t y  for  h igh 

power reactors, namely (1  ) r a d i a t i o n  darnage, (2)  background t r ack  product ion,  and 



., ..: . 
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( 3 )  t rack  p i le -up a t .  . high . t rack  dens i ty .  A l l  o f  these d i f f e r e n t  e f f e c t s  can a c t  

i n  consort, r a the r  than .independently, t o  def ine the actua l  h igh power-high 

f luence l i m i t a t i o n  o f  a g iven SSTR mate r ia l .  Studies o f  such i n t e r a c t i v e  e f f e c t s  

are cu r ren t l y  i n  progress. 
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TABLE I 

Thermal annealing data of f i s s i o n  fragment t racks  i n  Supra I 1  (Amers i l )  quar tz  glass, 
and calculated values of the  r e g i s t r a t i o n  e f f i c iency  f, t r ack  diameter <D>, and 

' Qt>/Vg from track e t ch  k i n e t i c s  model. The value o f  n used i n  the c a l c u l a t i o n  was 
0.739 + .049. 

Anneal i ng Anneal i ng 
Temp. O C  Time ( h )  JJ- - f f Calc. cD>(vm) cD>Cal c  (vm) 'Vt>/V9 



TABLE I 1  
THERMAL ANNEAL FNG DATA FOR MUSCOVITE MICA - 

Heating 
Temperature ("C) Time (h rs )  .: 2 > pni < R> / < ,@-' - ? N 

'0. N/ NO 

402* 0 5.565 5 .06 0.99 t .02 231 3 1.00 + .03 
I I 0.5 5.06 t .10 0.90 2 .02 
I 1  1 .O 4.83 * .10 0.86 2 .02 2328 1 .OO 2. .03 
II 2.0 4.94 2 .10 0.88 2 .02 2256 0.97. *' .03 
11 4.4 2329 1.00 2 .03 
I 1  8.1 4.59 2 .10 0.82 + .02 2373 1.02 + .03 
11 25.5 4.40 + .09 0.78 2 .02 2337 1.01 2 .03 
11 . 95.0 3.91 2 .09 0.70 2 .02 231 8 1.00 + .03 

459 0 10.05 + .22 1.01 + .03 2234 1.05 5 .04 
I 1  0.5 7.26 2 .16 0.73 5 .02 
I t  1 .O 7.08 + .16 0.71 5 .02 21 28 0.99 5 .04 
11 2.0 7.13 5 .16 0.72 2 .02 2067 0.97 2 .04 
I 1  4.0 . 7.12 + .16 0.72 2 .02 
11 8.0 6.87 + :15 0.69 * .02 
I 1  16.2 6.10 + .13 0.61 + .02 

' I 1  32.0 5.32 5 .12 0.53 + .02 
I 1  64.0 4.14 + .09 0.42 + .01 
I I 146.0 4.06 + .09 0.41 2 .01 21 23 0.99 5 .04 

600 0 10.04 + .22 1.00 + .03 
11 0.6 2.85 + .06 0.28 + .O1 
11 1.2 2.63 2 .05 0.26 + .01 
11 2.4 . 2.26 5 .04 0.23 t .01 
I I 5.0 2.11 2 .04 0.21 t .01 
I I  7. S 1.77 5 .03 0.145 i .004 

* For t i le  data a t  402", .I.' i s  the average p ro jec ted  length  f o r  40 t racks  i r i c id?r , t  
a t  45' wi th  the  mica surface. Etch ing i s  f o r  15 minutes i n  49% HF a t  (23 t ,3)"C 
For a1 1 other anneal ing temperatures < e >  i s  the  average leng th  of "iiiit" t r a c k s  
etched f o r  30 111illutes a t  tI1e salile teii iperature. Conlparisons o f  the  two methods a t  
501°C f o r  neasuring c 2 . r / \ i u >  f o r  values above 0.7 show t h a t  they are  t he  ssse 
w i t h i n  l i m i t s  o f  e r r o r .  

O ~ h c  value o f  No used f o r  each set o f  data  was the average value o f  N f o r  the  sub- 
c o t  i n d i r a t j n n  n n  t r a r L  In<< 





FIGURE 2. . Rat io  cef track dens i t i es  i n  r t ica  f o r  given exposure to  f u l l  energy 
f l s s i o n  fragments inc ident  i r o t r o p i c a l l y  as a function o f  <ta/rtor 
f o r  " f l a t u  tracks.  The value o f  No I s  theaverage of  t rack  . . densi t ies  for  data a t  a given tenperrture fo r  the region over which 
the curve I s  hor izonta l .  No correct ions are needed for <f>/<fo> > 0.3. 



FIGURE 3. a r , / < c , >  f o r  " f l a t "  tracks i n  mica exposed to  f u l l  energy f l ss lon  
fragments Inc ident  isot ropica l ly ,as  a functlon o f  heat ing tlmc f o r  
temperatures'of 402, 459, 501, and 600°C. The data shows the t r a c t  
annealing character is t lcs  for  the f i r s t  I. 8 hours of  heat ina.  
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FIGURE 4.  The same and a d d i t i o n a l  data f o r  ce>/<e,> as i n  F igure  3,  except  
t h a t  the absclssa i s  the en of the h e a t l n g ' t t m e  expressed i n  minutes. 
The heat ing  time i n  hours I s  shown a t  var ious potnts  on the abscissa. 




