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I. OtAPNtn

A. T herm al C onductivity  of G raphite  • J .  E. Hove, W. P. E atherly

A# i t  well known, the th e rm a l conductivity of p o ly c ry s ta llin e  graphite at 
low te m p e ra tu re s  show s nearly  a T* te m p e ra tu re  dependence w hile the specific  
heat v a rie s  as  T*. I t one employs the u su a l re la tion  fo r a la ttic e  heat con
d u c to r (kCCCvX ), g raph ite  becom es an anom alous case  since  a t low tem p e ra tu re s  
the re laxation  path , X , and the phonon group velocity, v, a r e  n early  te m 
p e ra tu re  independent, and the th e rm a l conductivity , k, should have the sam e 
tem p e ra tu re  dependence as the specific  h ea t, C. T h u  conclusion  adm ittedly 
a ssu m es that the th e rm a l w aves decay  by boundary sca tte rin g ; but any other 
type of sc a tte r in g  im p o rtan t a t low te m p e ra tu re , such as th a t due to defects or 
m osaic  b o u ndaries, would be expected to  d e c rea se  the dependence of k on te m 
p e ra tu re . In o rd e r  to  in te rp re t the e ffe c ts  of rad iation  dam age on the th e rm a l 
conductivity, it is  of g rea t im portance to  understand  the fundam ental p ro p e rtie s  
of the u n irrad ia ted  m a te r ia l;  and thus the cause  of th is anom aly  in  g raphite  is 
a  sub ject of som e in te re s t .

The only pub lished  se rio u s  a ttem p t to  explain th is  anom aly  has been m ade 
by P. G. K lem ens,* whose work seem s open to some c r i t ic is m  and w ill be 
d iscu ssed  la te r .  It i s  the p re sen t feeling  of th is  lab o ra to ry  th a t the  explanation 
lie s  in the p re sen c e  of ungraphitiaed carbonaceous m a te r ia l w hich fo rm s the 
bond between g rap h ite  p a r tic le s ; and the following an a ly sis  is  ten tatively  advanced, 

pending fu rth e r ex p erim en ta l w ork on " s in g le "  c ry s ta ls .

If one a ssu m e s  the ungraphitlzed  reg io n  to have e sse n tia lly  d iam ond-like 
te trav a len t bonding, th is  region is  th ree -d im en sio n a l in n a tu re , as  opposed to 
the tw o-dim ensional c h a ra c te r  of the g rap h ite  p a rtic le s . At low te m p e ra tu res  
w here the p redom inan t therm al w aves have w aveleng ths m uch g re a te r  than the 
size  of local i r r e g u la r i t ie s  in the ungraph itiaed  region, one should fu rther be 
able to  tre a t  th is  reg io n  as an iso tro p ic  quasicontinuum . One m ay, th e re fo re , 
a ss ig n  a Debye te m p e ra tu re  to it, w hich w ill be assum ed to be of the o rd e r of 
the Debye te m p e ra tu re  of diam ond. If the su b sc rip t 2 r e f e r s  to  the two- 
d im ensional g rap h itic  reg ion , and the su b sc rip t 3 to the th re e -d im e n sio n a l nan- 

g raph itic  reg ion , the following re la tio n s  should hold:

7
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k2 ■ T C2V2X2! kJ ■ T C1vJ X31 . . .(1)

w here t i c  sym bols  a rc  the s am e  s s  those used p rev ious ly . Since the two medium* 

a re  in s c r i e s ,  the total th e r m a l  conductivity is

¥  * 7 ^ *
( 1  - «  ) 

k 3
. . .U)

where a  is  the frac tion  of the volum e of the sp ec im en  which is g raphite , and s 
is the effective fraction of the  g raph itic  ( tw o-d im ensiona l)  region which is 
a ligned p a ra l le l  to the te m p e ra tu re  gradient (i. e . , p a ra l le l  to the heat flow).
A f ra c t io n  analogous to s fo r  the non-graphitic  reg ion  would be unity, s ince  this 
region h a s  been assum ed  th ree -d im en s io n a lly  Iso tro p ic .  It can be im m edia te ly  
seen th a t  the express ion  (Eq. (2 ))is  qualitatively what is desired , s ince C^d
and C» <*t \  The value of k a t  low te m p e ra tu re s 'w i l l  be governed by the non-

3 3
graph itic  m e d ia n  and will be n ear ly  proportional to  T . On the o th e r  hand the
total spec if ic  heat will be ju s t  the  sum of and C j  (with appropria te  weighting
fac to rs ) ,  which will behave as  a t low te m p e ra tu re s .

F o r  a quantitative check, it  is n ecessa ry  to ca lcu la te  theore tica l e x 
p re s s io n s  fo r  C^, Cy  and v^, which will be functions of the Debye t e m 

p e ra tu re s  and the atomic v o lu m es . The Debye te m p e ra tu re s  will be taken  as  
8  ̂ « 1000* K, Q j  s 3000* K; th is  value of 0 ̂  approx im ate ly  that c o r re s p o n d 

ing to g raph ite  m odes with ou t-o f-p lane  p o la r isa t io n s .  With these a ssu m p tio n s ,  
Eq. (2) becom es

k .  bT J
k - 7+7

where

b 1 i x2
a = 60

6
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The values of a  and s can be e s t im a te d  from  the m agnetic  suscep tib ility  and 
the conductivity an iso tropy, re sp ec tiv e ly .  By rew riting Eq. (3) as

---------------------------4* --------------------------

~Y" * T 4 ^  * a •••(*)

it is seen  that if A  ̂ and K  ̂ a re  t e m p e ra tu re  independent, a  plot of T * /k  vs T
should be l in e a r ,  w ith  the slope de te rm in in g  and the in te rc e p t  determ ining

Xt . F igu re  1 shows such plots fo r  AGOT-KC, AWG, and SA-25 graphites 
J  2

using recen t da ta ,  and below 40 or 50* K all  types show a reasonably  l inea r  
tem pera tu re  dependence. The two c u rv e s  for AWG re p re s e n t  independent 
m easu rem en ts  of d iffe ren t sam p les ;  the s lopes  a r e  nea r ly  equal, a re su lt  which 
indicates that the  m e a n - f re e  path of the phonons inside the graphitic  p a rtic le s  
is an ex p er im en ta lly  reproducible quantity . The v a ria tio n  in the  in tercept could 
be a consequence of a varia tion  in the void space in the ungraphitized  region o r 
of a d ifferent am ount o r  d is tr ibu tion  of the ungraphitized m a te r ia l .  It is  thus 
apparent that the  p re se n t  analysis  i s  too  simplified to account co rrec t ly  on an 
absolute basis  for the effect of the ungraphitized  region. F r o m  the values of 
the slopes and in te rcep ts  of Fig. 1, the following values of the m ean-free  paths 
a re  obtained.

\ 2 ( *) X 3(8.) Approximate 
C rys ta l l i te  Size

P artic le
C lassification

AGOT -KC 6230 2590 >3000 large
AWG(I) 2280 590 >2000 medium
AWG(U) 2160 1590 >2000 medium
SA-25 935 65 ~  500 sm all

The va lues  fo r  X^ a re  seen  to be of a reasonable  m agnitude  and to d e 

c re a s e  as the p a r t ic le  and c ry s ta l l i te  s iz e s  d ecrease . In SA-25 the p a r t ic le s  
a r e  about 3000 %. in  d iam eter ;  by a s s u m in g  7 p e r  cent of the volume to be non
g r a p h i c  (obtained f ro m  the su scep tib i l i ty )  and assum ing th is  m a te r ia l  to be 
uniformly d is t r ib u te d  around sp h e r ica l  p a r t ic le s  the av e rag e  th ickness  of the 
non-graphitic  re g io n  is  found to be about 100 51 , which is  of the  o rd e r  of X  ̂ as

V h>l^A 9
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obtained above, f o r  the AGOT-KC on* should probably assum e the p a rtic le*  
to be cy lin d r ic a l  flab* with a th ickness  to d iam e te r  ta t io  of about 1;), In th t 
m anufacturing  proceaa of KC. a coke (lour I* u*ed with 60 per cent of th 

p a r t ic le a  lea*  than about 7 5 /i in slmc; if the average  pa rt ic le  length U  taken  to 
be 50fi, and 10 per cent of the final specimen volume i t  taken to be non-g raph itic ,  
the averag e  th ickness of the non-graphitic  region ia about 1000 X, which again  
is  of the s am e  o rd e r  a* X } obta ined  above. Thus, s quantitative co m p ar iso n  
of tbU  th eo ry  with experim ent s e e m s  to yield quite reasonable  re su lts  for the 
a r t l f ic s l  g raph ites .  It should be noted thst the effect of the non-graphitic  reg ion  
on the to ta l specific heat is  negligible.' If one w r i te s  C**T . then the e x p re es io n  
for y  a s  d e rived  from the p re s e n t  ana lys is  is

which (for a  •  0. 9) give y  « 2 .0 0 2  at 10* K and y  ■ 2. 02 at 100* K. Th* e x 
p e r im en ta l  re su l ts  of DeSorbo and Tyler^  show y * 2 . 0 0 £  0. OS for a t e m 
p e ra tu re  range  of IS* K to 60* K

The re s u l ts  of m e a su re m e n ts  on natural (ceylon) graphite sam ples , when 
plotted a s  in Fig. 1, show a behav io r s im ila r  to that of the  artif ica l g rap h ite s ,  
even though the amount of non-g raph itic  m a te r ia l  is  known to be very  low. If 
1 per cent of the volume is a s su m e d  non-graphitic, the resu lt is a X , of about 
7000 %. and a  X  ̂ of about 150 % .  However, co n s id e rab le  doubt ex ists  as to  the 
validity of the n a tu ra l-g rap h ite  d a ta ,  since the spec im en  used has a skewed 
o rien ta tion  a s  evidenced from  e le c tr ic a l  potential mappings. It is e 'e s r  that 

additional d a ta  on graphite with l i t t le  or no ungraphitixed m ateria l a r e  needed 
and such m easu rem en ts  a r e  now oeing planned. M easurem en ts  on s  la rge  
"■Ingle" c ry s ta l ,  of cou rse , would settle the issue .

The v a r ia t io n  of the cu rv e  in Fig. 1 from  a s t r a ig h t  line at te m p e ra tu re s  
above 50* K is presum ably cau sed  by the fa ilure  of the low -tem pera tu re  
sp ec if ic -h ea t  approxim ation (which s ta r ts  to b reak  down for graphite at ayound 
60* K) and by an in c rease  in the re la tive  Importance of non-boundary sca t te r in g  
m ech an ism s . The la t te r  will lead  to a tem pera ture-dependent re laxation length. 
By c o r re c t in g  the p resen t a n a ly s is  fo r  the specific heat varia tion It would thus 
be possib le  to obtain the ac tu a l  te m p e ra tu re  dependence of the relaxation lengths .

y •  2 *  2 a  1 0 °  T

II



I'

A c e r ta in  am biguity  ex is ts , how ever, s ince  th e re  a re  tw o re lax a tio n  paths 
(X^ and X j )  to  be consid ered . T h e re  is  probably  no su ch  am biguity in the c a s e  - 
of rad ia tion  e ffec ts , since one would no t expect the dam age to  change ap p rec iab ly  
the c h a ra c te r is t ic s  of the n o n -g rap h ltic  region. Both of th ese  p rob lem s w ill be 
considered  fro m  the tw o-m edium  view point in  the n e a r  fu tu re .

As m entioned  p rev iously , an  a r t ic le  by P . G. K lem ens* appeared  re c en tly  
in which an  a ttem p t w as made to  ex p la in  the anom alous tem p e ra tu re  dependence 
of the th e rm a l conductivity as an  in tr in s ic  p ro p erty  of the  g raph ite  caused  by its  
ex trem e  an iso tro p y . B riefly , K lem ens a ssu m es that the th e rm a l w aves a r e  
s tr ic t ly  longitudinal and tra n s v e rse  (in co n trad ic tion  to  the w ork of J . K rum hansl)*  
and then by a  sem i-q u an tita tiv e  a n a ly s is  concludes th a t the sp ec ific -h ea t co n 
tribu tion  of the longitudinal w aves w ill show a  dependence a t a h igher te m 
p e ra tu re  than  th a t of the t r a n s v e r s e . Although the longitudinal waves w ill no t 
con tribu te  ap p rec iab ly  to  the sp ec ific  heat because of th e ir  high Debye te m 
p e ra tu re , i t  is  a rgued  that they w ill be im portan t fo r the th e rm a l conductiv ity  
because the effective re laxation  length  for the longitudinal m odes w ill be the 
long c ry s ta l l i te  d im ension  w hile th a t fo r the tra n s v e rse  m odes w ill be the sm a ll 
d im ension . S ince, fu r th e rm o re , the longitudinal g roup velocity  w ill be h ig h e r, 
the to ta l h e a t conductiv ity  w ill be w eighted m uch m o re  heavily  tow ard the lo n g 
itudinal m ode than  w ill the spec ific  heat; and if the longitudinal specific  heat 
v a r ie s  as T*, the to ta l h ea t conductiv ity  w ill tend tow ard a dependence a lso .
A d istu rb ing  fac to r about th is  r e s u l t  is  that it does not ap p ea r to check q u an ti
ta tive ly  the  ex isting  ex p erim en ta l da ta . It effectively  t r i e s  to  fit the m e a s u re 
m ents by an ex p ress io n  of the fo rm  (AT^ + BT^), w hich would tend to  a c t like  .

a t low er te m p e ra tu re s  u n less  B /A  w ere  g re a t enough over the te m p e ra tu re  
range co n sid e red  (say 15 to  50" K) to  m ask  th is effect. The re su lt, a f te r  fitting  
the SA-Z5 d a ta  and giving th is  an a ly s is  the benefit of e v e ry  possib le doubt, is  
that th e  r a t io  of the c ry s ta ll i te  d im ensions m ust be a t le a s t  20:1. This ra t io  is  
known to be c lo se  to  2:1 fo r  SA -25. F ro m  a th e o re tic a l standpoint the d iv is io n  
of the g rap h ite  m odes into longitudinal and tra n s v e rse  com ponents is m uch m o re  
a r tif ic ia l than  the d iv ision  in to  in -p lan e  and ou t-o f-p lane  com ponents, and 
fu r th e rm o re  th e re  is som e doubt a s  to  w hether the fo rm e r  is  even p o ssib le . A 
fu r th e r  in v estig a tio n  of th is  point by g ro u p -th eo re tic a l m ethods is p re sen tly  
being undertaken .

12 hii-n
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B. T h erm a l C onductivity  of B ro m -G rap h ite  R esidue Com pounds - A. Smith,

V. M artin

The th e rm a l conductivity and the e le c tr ic a l  re s is tiv ity  of sev e ra l b ro m - 
g raph ite  re s id u e  com pounds have been m e asu re d  between 10* and 300* K. The 
m easu rem en ts  w e re  made on a " se lf-h e a tin g "  m ethod a p p a ra tu s  used  p rev iously  
in th is la b o ra to ry .^  The sam ples w e re  p re p a red  for us by G. Hennig^ at the 

Argonne N ational L ab ora to ry .

The th e rm a l conductivity  cu rv es  of fo u r of these  sam p les  a re  shown in 
F ig . 2, w hich a lso  includes cu rves for an u n trea ted  sam ple and fo r two n eu tron - 
ir ra d ia te d  sam p les . It can be seen  tha t the slope of the c u rv e s  d e c re a se s  as 

the absolute m agnitude d e c re a se s . In fac t th e  m axim um  slope changes from  
2. 6 for the u n trea ted  sam ples to 2. 0 (o r  the 1.16 atom p e r  cen t sam ple. A 
slope ju st o v e r 2. 0 is  a lso  noted fo r the 12. 5 m w d/ct n e u tro n - ir ra d ia te d  sam ple. 
On th is  plot the slope gives the pow er of the  tem p e ra tu re  dependence. Since 
the sam ples w ere not m easu red  before tre a tm e n t, th e re  is  a s c a t te r  of the o rd e r  

of 10 per cent in  th e  ab so lu te  m agnitude of the change produced by trea tm en t.
The re la tiv e  values fo r  a  g iven  sam ple a s  a  function of te m p e ra tu re  a r e  much 
m o re  a cc u ra te . T he cu rv es  in F ig . 2 w e re  no rm alized  a t 10* K  in  o rd e r  that 
they  would not c ro s s .

The e le c tr ic a l  re s is t iv ity  of the sam e  sam ples is  given in  F ig . 3. The 
re su lts  show the sam e  trend  of reduced  te m p e ra tu re  dependence w ith b rom - 
ination  ob serv ed  by Hennig above 78* K. One s trik in g  fac t is the tendency of 
th ese  cu rves to  be qu ite  fla t a t the low est te m p e ra tu re s . No explanation  is 

offered for th is  re s u lt .  The e le c tr ic a l re s is t iv i t ie s  of the 30 b rom inated  sam ples 
w ere  a lso  m e a su re d  a t room  te m p e ra tu re  and ag ree  w ith the r e s u l ts  obtained by 
Hennig.

The th e rm a l conductiv ity  of the b ro m -g ra p h ite s  w as m e a su re d  to te s t  the 
p o ssib ility  th a t the th e rm a l conductivity  of neu tron  ir ra d ia te d  sam p les  is 
lim ited  by the s c a tte r in g  of th e rm al w aves by e lec tro n s . In the  b ro m -g ra p h ite s  

the sca tte rin g  by the added im purity  a tom s o r  ions should be m uch le ss  than 
the  sc a tte r in g  by d e fe c ts  resu lting  from  neu tro n  irrad ia tio n  of g raph ite  sam p les .

. The brom ine atom s a re  believed to  be lo ca ted  at fau lts and boundaries which 

a r e  a lread y  good s c a t te r e r s ,^  and thus su ch  atom s should not d e c re a se  the
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m ean -free  path. On the  basis  of H a ll-co effic ien t and m ag n e tic -su scep tib ility  
m easu rem en ts  a c o r re la tio n  of equ ivalen t change in e lec tro n  concen tra tion  
caused  by b ro m in atio n  and tha t caused  by neu tron  irra d ia tio n  h a s  been derived .^  
F o r  the units u sed  h e re  the c o rre la tio n  fac to r is 1 atom  p e r  cen t B r equivalent 
to  20 m w d/ct in  a H anford te s t  hole. It c a n  be shown that on the b asis  of the 
c u rv es  in Fig. 2 the change in th e rm a l conductiv ity  caused  by brom ination is 
a t m ost one th ird  of th a t caused by the equ ivalen t neu tron  ir ra d ia tio n . This 
re s u lt  is  in te rp re te d  to  m ean tha t the th e rm a l conductivity of n e u tro n -ir ra d ia te d  
sam p les  is not l im ited  by e lec tro n  s c a tte r in g . The n eu tron -induced  changes 
m u st then be due to  the im perfec tions cau sed  by the ir ra d ia tio n .

The question  of w hether the th e rm a l conductivity of the b ro m -g ra p h ite s  is 
lim ited  by e le c tro n  sca tte rin g  is not se ttle d . To te s t  th is  po in t, how ever, s im i
la r  m easu rem en ts  w ill be made on b isu lfa te -g rap h ite  com pounds. An equ iv
alence with the b ro m -g ra p h ite s  should be obtained if  e le c tro n  sc a tte r in g  i s ' 
im portan t, and if not the re su lts  should d iffe r  since the b isu lfa te  rad ica l is 

. la rg e r  than the b ro m in e  atom .

C. F ield  D ependence of the Hall C oeffic ien t and M agneto R es is ta n ce  of 
Irrad ia ted  G rap h ite  -  J . D. M cC lelland

The field  dependence of the H all co effic ien t and the m a g n e to 're s is tiv ity  
have been d e te rm in e d  a t fields ranging from  5 to 15 k ilogauss fo r a s e r ie s  of 
ir ra d ia te d  a r t i f ic ia l  g rap h ite  sam ples w ith exposures up to  12 m w d /c t (Hanford 
W orks cooled B te s t  ho le  equivalent). F ig u re  4 shows the v a r ia tio n  of the H all 
potential in m illiv o lts  a s  a function of fie ld . In a ll c ase s  the H all potential is  
seen  to in c re a se  l in e a r ly  with the field  and ex trapo la te  to  a e r o  a t z e ro  field  as 
expected. The m a g n e to -re s is tiv ity  co effic ien t on the o th er hand changes its  
behavior with e x p o su re . The re la tio n  w hich defines the m a g n e to -re s is tiv ity  
coefficient U

w here R is the re s is ta n c e  of the sam ple  a t  z e ro  field, A R  the change in r e 
sis tan ce  due to the  applied  m agnetic  f ie ld  H, A is the m a g n e to -re s is tiv ity  co -

A R •efficien t, and y is  a  constan t. By p lo tting  — as a function of field  s treng th  
on a  log-log p lo t a s  shown in Fig. 5, i t  is  p o ssib le  to d e te rm in e  the exponent
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y (or the v a rio u s  sam p les . F ig u re  6 show s the v a ria tio n  of th is  exponent with 
exposure. A p re c is io n  of 1  0. 002 is  a ss ig n ed  to  th ese  v a lu e s . The value for 
the exponent ap p aren tly  in c re a se s  l in e a r ly  with exposure , s ta r t in g  a t about 

1.77 fo r the v irg in  m a te r ia l and a tta in in g  a  value of 1. 88 fo r the 12. 6 mwd 
sam ple.

D. C yclotron I r ra d ia tio n  of G raph ite  - W. S. G ilb e rt, D. L. C lark ,
J. H. P e p p e r

Nine c y c lo tro n  irrad ia tio n s  of g raph ite  ta rg e ts  a t te m p e ra tu re s  of -170*, 
25*, and 4150* C have been m ade d u rin g  this period. T h ese  have been d ire c ted  
a t elucidating th e  n a tu re  of the p ro c e s s e s  responsib le  fo r annealing  of rad ia tio n  
dam age in the lo w -te m p e ra tu re  reg io n  and to de term ine  if th e  ra te  of this 
annealing is a ffec ted  by the p re sen ce  of the damaging ra d ia tio n . T a rg e ts  from  
six  of the runs a r e  in  Downey undergoing m easu rem en ts  of th e rm a l conductivity , 
th e rm o e lec tr ic  p ow er, e le c tr ic a l r e s is t iv i ty  as a function of tem p e ra tu re , and 
a lso  of s to re d  en e rg y  as a  function of lo w -tem p era tu re  annea ling . In the r e 
m aining th ree  of the ru n s , in -p lace  m easu rem en ts  of th e rm o e le c tr ic  power (Q) 
and e le c tr ic a l re s is t iv i ty  (p )w e re  m ade a t in te rva ls  du ring  ir ra d ia tio n  with 
10 Mev p ro to n s . T hese  runs w ere the following:

Run
Designation

Irrad ia tio n
T em p era tu re

• c
T arg e t T hickness 

(inches)

M axim um
Exposure

(fx a h /c m 2 )

C-365* -170 0 .0 1 0 40
C-375 -170 0. 004 14

C-368 25 0. 005 18.1

Q
♦Run C-365 w as re p o rte d  in NAA-SR-909 in a p re lim in a ry  fo rm .

The c u rv e s  obtained for the p ro p e r tie s  as a function of te m p e ra tu re  a f te r
various ir ra d ia t io n s  a t 25* C (C-36B) a r e  shown in F ig s. 7 and 8. The data
com pare favorab ly  with re su lts  obtained in  an  e a r l ie r  s im ila r  ru n  (C -363) r e 

ft
ported  p rev iously

In F ig s . 9 and 10 the va lues of Q and p m easu red  a t -190* C a re  com pared  
for irrad ia tio n s  m ad e  at 25* C and a t -170* C and fo r subsequen t annealing at 
room  te m p e ra tu re  of one of the -170* C sam p les . It is  s e e n  th a t fa ir  ag reem en t

b is - i? " '
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betw een the two - 170* C sam ples Is obtained, and that the sam ple  annea led  to 
room  tem p era tu re  re a ch e s  approxim ately  the value achieved by th e  25* C 
ir ra d ia te d  sam p les . The m axim um  atta ined  by the th e rm o e lec tr ic  pow er is 
sign ifican tly  d iffe ren t fo r  th'e two d ifferen t te m p e ra tu re s  of irra d ia tio n .

E. A sym ptotic Aging E x p erim en ts  - R, L. C a r te r

The m easu rem en ts  of the re le a se  of s to re d  energy  during  q u a s i- iso th e rm a l 
annealing  in a constan t te m p e ra tu re  oven a t te m p e ra tu re s  from  100 to  300* C 
re p o rte d  previously*®* * * have been continued. In the fo rm er re p o r ts  the anneal
ing w as desc rib ed  in te rm s  of a predom inant annealing  p ro cess  of the  th ird  
o rd e r . In addition, two p ro c e sse s  of the  f i r s t  o rd e r  w ere invoked to  account 
fo r the  rem ain ing  en e rg y  re le a s e . The th ird  o rd e r  p ro cess  is adequate  to 
account for the c h a ra c te r is t ic  long ta il in the S ykes ' annealing cu rv e  w hich has 
led  in the past to  po stu la tio n  of annealing p ro c e s s e s  of even h ig h e r o r d e r . ^
In addition to  the in heren t im probab ility  of a  p ro c e s s  of the th ird  o rd e r  the m ost 
d is tu rb in g  fea tu re  of the re s u lts  of the e a r l i e r  an a ly ses  was the la rg e  fluctuation 
w ith  deg ree  of i r ra d ia tio n  in calculated  v a lu e s  of the coeffic ien t i/exp (-A /kT ) 
in  the ra te  equation

> 4 r  = [ *exp ( -A A T )]  n \

The data have been re -exam ined  in the light of the assu m p tio n  of s im u l
tan eo u s p ro c e sses  of the  f i r s t  o rd e r. The ex p erim en ta l data obtained during 
e a c h  individual run  w e re  divided into two reg io n s : those obtained d u rin g  the 
e a r ly  p a rt of the run, w hen the te m p e ra tu re  d ivergence  is  la rg e , and those 
ob tained  during  the l a t te r  p a r t, when the sam p le  tem p e ra tu re  is  approach ing  
oven tem p e ra tu re . In th e  la tte r  region when

A. T 
k  T  -T

the  d a ta  m ay be re g a rd ed  as  iso th erm al. The ra te  of re le a se  of en e rg y  m ay be 
d e sc r ib e d  as

- L ' = = Z j  [ exp  (-A i /k T Q) ]  Lj ,

19I3
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w h ere  L is the total s to re d  energy; L. is  the am ount of energy " s to re d "  in 
p ro c e s s  "i"; L' and L^' a r e  th e ir  tim e d e r iv a t iv e s ;  i/. is the ra te  fa c to r  of 
p ro c e s s  "i"; is the ac tiv a tio n  energy of p ro c e ss  "l"; and Tq is the final 
te m p e ra tu re  which the spec im en  te m p e ra tu re  T, is  approaching.

The values of £»n(-L') in the iso th e rm a l region have been plotted  vs time 
of anneal t. It is found tha t in every  case  the resu lt ing  sem i-log  plot is  a curve 
which can be reso lved , in the same m anner as  a  radioactive decay cu rv e ,  into 

a s e t  of s tra igh t l ines  correspond ing  to com ponent exponential decay s  of periods 
V/v  ̂ exp (-A j/kT^). In n ea r ly  a ll  cases  two su ch  components re su l t  in an ex 
c e l le n t  fit of the e x p e r im en ta l  data over the q u as i- iso th e rm a l region of the data 
(s e e  Fig. 11).

The slope of each  of the stra ight l in e s  in the annealing plot is  regarded  as 

co rrespond ing  value of the ra te  fac tor, v ex p  ( -A /k T o), for the p ro c e s s ,  while 
the  quotient (-L*)/i/exp ( - A /k T Q) form ed a t  any  point on one of the l ines  is the 
a p p aren t  stored en erg y  rem aining to be r e le a s e d  through the p ro c e s s .

The n o n - iso th e rm a l portion of the d a ta  is  analysed in an e n t i re ly  different 
m an n er .  In regions of la rg e  tem p era tu re  change, a single f i r s t - o r d e r  p rocess  
m ay  be described by

l n t  ( - L ’a / L a ) * - ( A a / k ) ( l / T )  + / n e Va

so tha t a plot of An ( - L '  / L  )v s  ( l / T )  will yield a stra ight line of slope (-A /k )  
as  long as one p ro c e ss  alone is p r im ari ly  opera tive . The value of ( - L '  /L  ) at 
the point where T p a s s e s  through T q is the value of the ra te  fac to r  pexp (-Aa /k T Q) 
fo r  the p ro cess .  The va lues  of used in fo rm ing  the ra tios  m u s t  be obtained 
through in te g r a t io n  of L ’a ,

La * Lo -  ■

An appropria te  value of the initial energy , Lo , to be re leased  th rough  this 
p ro c e ss  m ust be e s t im a te d .  In Fig. 12 rep re sen ta t iv e  data  a r e  plotted for 

v a r io u s  choices of Lq . The value of ac tiva tion  energy d e te rm in ed  from  the 
-1 slope of the cu rves  is s ee n  to be insens itive  to the choice of L . The ch arac te r

of the curve, how ever, is  quite sensitive  to  a  choice of LQt a s  is the value of

I "
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Fig. 11. Analysis of the Quasi-Isothermal Region of t̂he Data for Three Characteristic Runs
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A» Cfdolrosi Irrgdlfafctjg* of Thorium, Uranium, and Gold-3 Per Gent Thorium 
I. A. Brinkman, W. $. Gilbert and C, J. Met chan

An experiment reported in an earlier progress report15 end also in •  
topic el report1* Kia been repeated. In the prn lou i work some uncertainties 
in tbs data remained unresolved* Specifically, (l) it was not certain that 
saturation of the electrical resistivity had been reached in the Au-S per cent Th 
specimen daring the proton irradiation, and (I) the deuteron irradiation «»• not 
sufficiently long to determine the ultimate ahape of the corvee. Further. It 
teemed desirablt to perform the aame experiment on uranium. The present 
experiment erne designed to clarify these matters.

Two uranium foils, one Ames thorium foil, and o *  gold*3 per cent 
thorium foil, all having a 0,002•Inch thickness, were annealed In vacuum as 
follows:

Uranium
Thorium
Gold -3% Thorium

000* C for 2 hours 
600* C for 2 hours 
300* C for l  hours

Following this treatment, the foils were irradiated at temperatures below 
• 140* C with 9-Mev protons in the Berkeley 60-inch Cyclotron to an integrated 

. flux of approximately 3. 4 x 101® protons/cm*'. At this point the proton irrad i
ation was discontinued and a further irradiation of approximately 2 x I01® s «
deuterons/ctn , of 18 Mev energy, was carried out. Following the irradiation 
annealing data were obtained In a maimer similar to that utilised in the previous 
experiment. The electrical resistivity at -180* C was measured periodically 
during the irradiation and annealing.

The thorium and uranium samples each reached a saturation value of 
resistivity whereas the resistivity of the gold-thorium sarn ie  was still in
creasing at the end of the proton irradiation. In the previous experiment, the 
resistivity increase for the gold-thorium specimen whs 69 per cent; whereas 
In the present work an increase of 87 per cent was obtained. In the earlier

i ..
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to  in te rp re t  the re su lt*  using the knowledge a lready  obtained (or copper. The 
fac t that both m etali Save the sam e s t ru c tu re  ((. c .c .  ) is a favorable  factor in 
connection with such  an  approach.

Foi the co ld -w ork  studies w ire s  of Ames thorium  approx im ate ly  4 inches 
tong and having a d ia m e te r  of 0. 020 inch w ere  twisted in liquid helium. T e m 
pering cu rves  w ere  then obtained, a  typ ica l  cu tvc  being that shown in Fig. 14. 
M easurem ents  on the cold-worked sp ec im en s  shove room  te m p e ra tu re  have not 

been made as yet because  of probe d iff icu lties .

S im ils r  c u rv e t  which hsve been obtained for cy c lo tro n - ir rad ia ted  thorium 
a re  shown in Fig. IS. It is apparent tha t in both the co ld-w orked  and irrad ia ted  
specim ens s sh a rp  annealing s ta te  is  prom inent in the vicinity of room te m 
p e ra tu re .  In addition the  i r rad ia ted  sp ec im en  has another pronounced annealing 
•ta lc  in the v icinity  of 300* C.

The work is being continued with the em phasis  at p re sen t  on the room - 
te m p e ra tu re  s ta te .  A ttempts a re  being m ade to obtain activation energ ies  for 
th is  s ta te  from  both cold-w orked and cyclotron* irrad ia ted  specim ens.

C. X -ray  D iffraction - G. D. Collins

A study of the  ins trum enta l broadening of X -ray  d iffraction  lines was 
completed. It was found that for a Philips High Angle G oniom eter the function 

* (l ♦ k * x * )" * ^  gives * good rep resen ta t io n  of the X -ray  line shape of an annealed 
sam ple. The fo u r ie r  t ran s fo rm  of this function, for a K a ( and Ka-> doublet, is 
of the form

Kj  ( -̂) • [l 4 J e l s  (2 r x j g ) ]

where £ is the ra t io  of in tensities  of K a^ to K a^, xq is the angle of separa tion  
of the Kdj and K a ^  peaks, and Kj (-|>) is  the B essel function cf the second kind. 
These resu lts  can  be used to elim inate  the in s trum en ta l broadening of a b ro ad 
ened X -ray  line when the specim en being studied cannot be annealed  as  in the 
e sse  of uranium.
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D, Im perfec tions  in Copper in  T e rm *  of E lec tr ic a l  R es is t iv ity  l a d  T h e rm o 
e le c t r ic  P o w er• - G. W. RodebacV

C e r ta in  types of im p e rfec tio n s  in copper may be studied by including the 
F e r m i  en e rg y  dependence*^ of th e ir  e lec tron  s c a t te r in g  in the exp ress io n s  for 
the e le c t r i c a l  re s is t iv i ty  and the the rm o e lec tr ic  pow er. M easurem ents  of 
e le c t r ic a l  re s is t iv i ty  and th e rm o e le c t r ic  power f ro m  l JO* to 300* K have been 
m ade on v a r io u s  annealed s ta te s  of cold-w orked copper .  Data were a lso  taken  
from  a  sam p le  bombarded a t  150* K with 15 /aam p -h r/cm *  of 35 Mev alpha 
p a r t ic le s  and subsequently annealed  at room  te m p e ra tu re .  Two types of i m 
perfec tions  which con tribu te  to the non -the rm al s c a t te r in g  of conduction e lec tro n s  
a re  co n s id e red :  fixed point s c a t t e r e r s  whose s c a t te r in g  probability  per unit 
tim e is  a ssu m ed  to have a o n e -h a lf  power dependence on F e rm i  energy , and 
boundary s c a t te r s  whoss s c a t te r in g  probability  is  a s su m e d  to be energy  in 
dependent. If the im perfec tions  due to cold work a r e  a ssum ed  to be fixed point 
s c a t t e r e r s  (perhaps  vacanc ies )  app lication  of the f r e e  e lec tron  theory y ie ld s  a 
F e rm i en e rg y  constant over the  ranges  of annealing and tem p era tu res  of m e a s u r e 
ment. The sam e  F e rm i energy  is  approached above 200* K by the rad ia t io n -  
dam aged co p p er  if the im perfec tions  a re  assum ed  to  be boundary s c a t t e r e r s .
This re s u l t  is  in ag reem ent with the view that point s c a t t e r e r s  (vacancies and 
in te r s t i t ia l s )  a r e  annealed below room  tem p era tu re .

E. E la s t ic  Constants and In te rna l F r ic t io n  - H. D ieckam p

M ore m easu rem en ts  have been made on cy c lo t ro n - ir rad ia te d  99. 999 p e r  
cent pure copper w ires  and on w ire s  given a s light am ount of cold work.

F ig u re  16 shows the re s u l t s  of pulse annealing th re e  of the cy c lo tro n -  
i r rad ia te d  sam p les .  The te m p e ra tu re  of i r rad ia t io n  w as  approxim ately  -170* C 
and all subsequent s torage and handling was done under liquid nitrogen. The 

m e asu re m e n ts  w ere  made a t l iqu id -n itrogen  te m p e ra tu re  by observing the free  
• resonant frequency of a to rs io n  pendulum whose period  was about 1.2 seconds .

The annealing tim e at each te m p e ra tu re  was 15 m inu tes .  These te m p e ra tu re s  
„ a re  c o r r e c t  to within 5* C and the p rec is io n  of the frequency  m easu re m e n ts  is

be tte r  than  0. 05 p e r  cent.

♦ P re sen ted  a s  an a b s trac t  to the A m erican  P h y s ica l  Society for the D e tro it-A nn  
A rbor M eeting.
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In all th ree  sa m p le s  the sh ea r m odulus w as d ecreased  by ir ra d ia tio n . 
M easurem ents  before irra d ia tio n  w ere not m ade on these  sam p les  in o rd e r to 
avoid  the possib ility  of changes re su ltin g  fro m  cold work. Since th e re  is little  
Indication of any annealing  a f te r  heating to  +150* C, the m odulus a f te r  that point 
is  taken as  the undam aged value. Sam ples No. 5 and No. 4 show in creasin g  
change with in c reas in g  exposure , but Sam ple No. 1 does not follow th is  expected 
tre n d . Since th is  sam p le  w as in a h ig h er in ten s ity  region of the  beam  it is  
su sp ec ted  that the e ffec tiv e  tem p era tu re  of irra d ia tio n  w as su ffic ien tly  higher to 
account for the d isc rep a n c y .

Recent m e a su re m e n ts  on a sam ple g iven  a very  slight am ount of cold work 
(su rface  sh ea r s t r a in  of 0. 8 p e r cen t) showed tha t 50 per cent of th e  in itia l 
m odulus d ec rea se  an n ea led  at te m p e ra tu re s  between 4150* and 4250* C. The 
ab sence  of any s ig n ifican t o r  co n sis ten t annealing  in th is te m p e ra tu re  range for 
the ir ra d ia te d  sam p les  seem s to su b stan tia te  the belief that the m odulus d ec rea se  
upon irrad ia tio n  is  not the re su lt of cold w ork  during  hand ling ..

F ig u re  17 shows the pulse annealing cu rv es  for one i r r a d ia te d  sam ple and 
two cold-w orked sam p le s . The data a re  p lo tted  in a m anner to em p h asise  the 
shape of the cu rves r a th e r  than the m agnitude of the changes. The cu rv es  r e 
p re s e n t the percen tage  of the  in itia l change rem ain in g  a fte r  each  a n n ea l as a 
function of the te m p e ra tu re  of that anneal.

The m odel em ployed in attem pting to  exp la in  the behavior of th e  sh ear 
m odulus is one involving d islocations in conjunction  with in te r s t i t ia ls  and 
v acan c ie s . The d is lo c a tio n s  seem  to be n e c e s sa ry  to account fo r the la rge  
changes resu lting  from  cold  w ork and for the rap id  recovery  a t low tem p era tu re  
in  both the co ld-w orked and the irra d ia te d  m a te r ia l .  A m echanism  involving the 
in te ra c tio n  of d is lo ca tio n s  and point d e fec ts  s e e m s  p a rtic u la rly  a p p ro p ria te  since 
m a jo r  portions of the m odulus recovery  tak es  p lace in those te m p e ra tu re  ranges 
w h e re  one expects in te r s t i t ia ls  and v acan c ies  to  be mobile.

III. RADIATION DAMAGE IN INSULATORS
D. R. W estervelt and V. W. M artin

A. The P ro c e ss : C o llo id — » F -C cn te r

17An estim ate  w as m ad e  in the p rev ious p ro g re s s  rep o rt of th e  heat of
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reac tio n  for the p ro c e s s  in which a p o ta ss iu m  atom  is d is so c ia te d  from  a  co llo ida l 
p a rtic le  of p o ta ss iu m  em bedded in p o ta ss iu m  ch loride and added to  the KC1 
la ttice  in the fo rm  of a  K+ ion and an  F - c e n te r  e lec tro n . A p a ir  of vacancies is 
c rea ted  s im u la tenously  to m ain ta in  th e rm a l equ ilib rium . It w as assum ed  tha t 
the p a rtic le  did not in te ra c t ap p reciab ly  w ith the KC1 la ttic e . The re s u lt  ob tained  
w as 0 .7  ev h ig h e r th an  an approxim ate e m p iric a l value, but the w r i te r  did not 
reg a rd  th is  d iffe ren ce  a s  sufficien t, in view  of s ev e ra l u n c e r ta in tie s  involved 
in the calcu la tion , to se rv e  as an a rg u m en t ag ain st the th eo ry  tha t co llo idal 
p a rtic le s  a re  p a r tia lly  responsib le  fo r the absorp tion  s p e c tra  of su itab ly  tre a te d  

c ry s ta ls .

This p rob lem  h as  been exam ined fu r th e r  in an e ffo rt to  red u ce  the ap p aren t
d isag reem en t betw eem  theory and ex p e rim en t. In the c o u rse  of th is  investigation
sev e ra l questions of fundam ental im p o rtan ce  have a r is e n , p a r tia lly  as a re s u lt  

18of a  re c en t paper in  the R ussian  l i te r a tu re  concerning the m ech an ism  of 
additive coloring.

A de tailed  a n a ly s is , th e re fo re , h a s  been  com pleted  of the reac tio n  betw een
collo idal a lk a li m e ta l p a rtic le s  and e x ce ss  a lk ali m e ta l in the  c ry s ta l  in the fo rm
of F -c e n te rs . The an a ly s is  of th is  re a c tio n  req u ired  a s lig h t re v is io n  of the

19M ott-G urney d e riv a tio n  of the ra tio  o f 'I  -c e n te rs  to atom  co n cen tra tio n  in the 
vapor during additive c o lo r in g ., It has b een  shown that A H , the  h ea t of the 

. c o llo id -F -c e n te r  re a c tio n  observed  by S co tt and S m ith ,^  is  given by Q + W^, 
w here Q is the h ea t of vapo riza tion  of the a lk ali m eta l, and is the  w ork done 
in  form ing an F - c e n te r  from  the vapor.

The ap p aren t d isag ree m e n t betw een p red ic ted  and ex p e rim en ta l values 
fo r  A H  has been shown to  be la rg e ly  e lim in a ted  if is  c a lcu la ted  from  the 
m o s t re cen t ex p e rim en ta l da ta, nam ely , those of Scott and Sm ith , w hich lead 
to  the value Wf = -0 . 5 ev. The value of thus obtained has been  com pared  
w ith theory , and the d isc rep an cy  shown to  be due m o st p robab ly  to  in accu ra te  
knowledge of - y ,  the e lec tro n  affinity  of K C l. It has been d e m o n stra ted  that 

th 'j new value of le ad s  to  a q u n a tita tive ly  c o r re c t  p red ic tio n  of the  c o lo r-  
c e n te r  concen tra tion  as  a function of v apo r p re s su re  during the co lo rin g  p ro c e ss . 
A possib le  deviation  of the co loring  p ro c e s s  fro m  re v e rs ib ility  at high te m 
p e ra tu re s  has been co n sid e red , and c u r re n t  experim en ts  a re  designed  to provide
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the in fo rm atio n  req u ired  b e fo re  the m echan ism  of co lo ring  can be definitely- 
e s ta b lish e d . It has  been  show n fina lly  that co llo id a l p a r tic le s  of m e ta l em bedded 

in  the KC1 c ry s ta l  m ost p ro b ab ly  a re  in  liquid fo rm  under a  high h y d ro s ta tic  
p re s s u re  resu ltin g  from  su rfa ce  tension , th e ir  c o m p re ss io n  from  th is  so u rce  
being adequate to p e rm it th e i r  fo rm ation  in an  u n s tra in ed  KC1 la ttic e . T hese  
co n c lu sio n s  w ill be d isc u sse d  in detail in  a  fo rthcom ing  rep o rt.

B. K ine tics  of the F -C c n tc r  C oagulation R eaction

P robab ly  the m o st im p o rtan t single question  regard ing  the fo rm atio n  of 
co llo id a l p a rtic le s  during th e rm a l annealing of c ry s ta ls  which contain  F -c e n te rs  
is w h e th er (a) the coagulation  involves F - c e n te r s  d ire c tly , o r  (b) th e re  is  a two- 

s tep  p ro c e ss  in which F - c e n te r s  in itia lly  a re  d e s tro y ed  (tran sfo rm ed  in to  an 
in te rm e d ia te  cen te r), ar.d then  a coagulation p ro c e s s  occu rs  in which the  cen te rs  
re su ltin g  from  the f ir s t  p ro c e ss  becom e ag g reg a ted  into, p resu m ab ly , co llo idal 
m e ta l. If the second m ech an ism  p rev a ils  the p ro c e s s  is s im ila r  to the situation  
w hich h as been exploited su ccess fu lly  in the  m anufactu re  of pho tosensitive  
g la s s ,2 * in  which light is  ab so rb ed  by ac tiv a to r ions. T h e rm a l annealing  
d e s tro y s  the activated  c e n te rs  with the fo rm atio n  of new c e n te rs , iden tified  as 
an  a to m ic  d isp e rs io n  of m e ta l by th e ir  flu o rescen ce . Continued annealing  gives 
r is e  to  co llo idal aggregation  and form ation  of a  p e rm an en t v is ib le  photographic 
im age. We believe that a  s im ila r  p ro cess  o ccu rs  in  the a lkali h a lid es  though 
they  a r e  p resum ably  not a c tiv a ted  by im p u ritie s .

Evidence that the th e rm a l coagulation of F -c e n te rs  is a  tw o -s tep  p ro c e ss

has ic su lte d  from  an a n a ly s is  of the influence of lig h t and te m p e ra tu re  on the
ra te  of tran sfo rm a tio n  of F -c e n te r s  to the R ' and co llo ida l bands. T he f i r s t
p ro c e s s  is  g rea tly  a c c e le ra te d  when the c ry s ta l  is illum inated  during annealing.
In the d a rk  this p ro c e ss  o c c u rs  in  KC1 in a m a tte r  of m inutes a t 300* C, days

at 150* C, and sca rc e ly  a t a ll a t 100* C. The th e rm a l ionization en erg y  fo r an
F -c e n te r  in  KC1 is  about 2 ev. The ra te s  o b serv ed  in  the d a rk , com bined with
th is en erg y , lead to a p ro v is io n a l estim ate  of the  frequency  fac to r fo r  th e rm a l

19 -1ion iza tion  of the F -c e n te r  of the o rd e r of 10 sec , not unlike those  derived  

fo r sem iconductors by c o n sid e rin g  the density  of availab le  s ta tes . T h e se  re su lts  
p re d ic t tha t a t the higher te m p e ra tu re s  em ployed by Sco tt22 and his a sso c ia te s  
the d e s tru c tio n  of F -c e n te rs  during annealing should be com pleted a lm o s t 
in stan taneously . R esults obtained  thus fa r co n firm  th is  expectation . Due to
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the rap id  tra n s fo rm a tio n s  involved, it has been n e c e ssa ry  to  rebuild  a fu rnace
used in  the  sp ec tro p h o to m ete r in  o rd e r  to obtain a s h o r te r  r i s e  tem p e ra tu re .

•

This w ork h a s  been  com pleted , and i t  now is  possib le to p u lse  to any te m p e ra tu re  
in the ran g e  f ro m  25* to 300* C in  le s s  than  1 m inute and to  cool a t a c o rre sp o n d -  . 
ing ra te . T he  r a te  s tud ies p rev io u s ly  c a r r ie d  out w ith the  o ld furnace a re  being 
re p re a ted  a t p re s e n t .  An inspec tion  of the data  of Scott and co -w o rk ers  su g g es ts  
an ac tiva tion  e n e rg y  of around 1, 4 ev  fo r  the coagulation p ro c e ss , and a freq u en cy  
fac to r c lo se r  to  th o se  norm ally  o b se rv ed  in diffusion. We have concluded te n 
ta tively , then, th a t the R1 band, w hich is  tran sfo rm ed  in to  the narrow  co llo idal 

band by fu r th e r  annealing (F ig . 18) c o m p rise s  a  sign ifican t e a rly  state  in the 
th e rm a l tra n s fo rm a tio n  of co lo r c e n te rs .

It is  s ig n ific an t that the peak  of th e  R ' band alw ays l ie s  a t the sam e wave 
length, 735 m /i, w hile the co llo id a l-p eak  location depends on the annealing te m 
p e ra tu re  and sh if ts  to  longer w ave leng ths as the te m p e ra tu re  is  ra ised . F o r  
a fixed F - c e n te r  co n cen tra tio n  we h ave  found an app rox im ate ly  lin ea r dependence 

of the co llo ida l peak  wave length  on annealing  te m p e ra tu re  fro m  about 100* C 
to about 250* C, the  sh ift tow ard  lo n g e r wave lengths being about 60m ^i for th is  
te m p e ra tu re  in te rv a l. The ra te  of sh ift fa lls  off rap id ly  a t h ig h e r te m p e ra tu re s .

The Z -band  (F ig . 19) in pho tochem ically  co lo red  c ry s ta ls  evidently is 
identical to the R ' band in add itively  co lo red  c ry s ta ls . We have prev iously  
a ttribu ted  the Z -band  to an in te rm e d ia te  cen te r (zw ischenzen tren ) ra th e r  than 
to co llo idal p a r t ic le s ,  and th is id en tifica tio n  appears to  g a in  support from  the 

foregoing re s u l ts .  It may be w ondered  why a band co rre sp o n d in g  to the R ' 
ra th e r than to the co llo idal band is  observed  in the rad ia tio n -d am ag ed  c ry s ta ls ,  
even when they  a re  annealed in the d a rk . One answ er, and th e re  m aybe m o re  
com plicated  ones, is  that the c ry s ta ls  em it a consid erab le  am ount of b lu e -g reen  
light when hea ted  so  that it  is  in  fac t im possib le  to anneal them  in the d a rk .
In addition, the rad ia tio n  dam age is  rem oved  at a ra te  such tha t in the length 
of tim e n e c e s s a ry  fo r  aggregation  in to  p a rtic le s  the dam age is com pletely 
rem oved. T hus th e  "photographic im ag e"  in these c ry s ta ls  probably involves 
stab le  c e n te rs  w hich a re  fo r s m a lle r  than  the collo idal ag g reg a te s  in photo

sensitive  g la ss .
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IV. IRRADIATIONS

: | 

■[ - 5

P

A, • C y c lo tro n  Operation - A. Andrew

D arin g  th is  q u a rte r ,  the 6 0 -inch cyclotron a t  C ro c k e r  L abora tory  was 
used a to ta l  of 166 hours  fo r  rad ia t io n  damage s tu d ie s .  Irrad iations  w e re  m ade 
in o rd e r  to d e te rm ine  the e ffec t of radiation on the following p ro p e r t ie s :

1. T h e rm o e le c t r ic  power of graphite
2. Stored energy  of graphite
3. T herm al conductivity of g raph ite
4. D isordering  of Cu^Au
5. Irrad ia tion  e ffec ts  in thorium , u ra n iu m , and 

thorium -gold  alloy
6. D isp lacem ent effects in im pregna ted  graphite  

B. S ta t i t ro n  Operation -  H. Kenworthy

During the q u a r te r  ending M arch  31 the s ta t i t ro n  was operated fo r  a 
total of 585 hours . Of the to ta l  425 hours w ere  devoted to irrad ia t io n s  of 
chem ica l sy s te m s ,  p r im a r i ly  o rgan ic  liquids, and 160 hours  were  devoted to 
i r r a d ia t io n s  of m a te r ia ls  fo r  so l id -s ta te  studies.
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