
Submitted la parkhl fulfillmerrt of the r 3 q u i ~ t s  
for the degree of Doctor of Philosophy in Physics 

h the GEadrrate 0311- of th@ 
U n i v e r s i t y  of Illinois at Ur'baMm-gn, 1980 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



GLASS-LIKE,'LOW-ENERGY EXCITATIONS ' 

I N  NEUTRON-IRRADIATED QUARTZ 

. JOHN WILLIAM GARDNER 

A.B., Princeton Universi ty,  1976 
.M.S., Universi ty o f ,  I l l i n o i s ,  1978 

THESIS 

Submitted i n  p a r t i a l  f u l f i l l m e n t  of t h e  requirements 
f o r  t h e  degree of Doctor of Philosophy i n  Physics 

i n  t h e  Graduate College of t h e  
Universi ty of I l l i n o i s  a t  Urbana-Champaign;1980 

. . Urbana, ~ l l i r i o i s  



GLASS-LIXE, LOW-ENERGY EXCITATIONS 
'. I N  NEUTRON-IRRADIATED QUARTZ 

John W i l l i a m  Gardner, Ph.D. . . 
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The spec i f ic  heat  and thermal conductivity.of neutron-irradi- 

- 
ated c rys t a l l i ne  quar tz  have been measured f o r  temperatures - 0.1-5 K. 

. . . 

Four types o'f low-energy exc i ta t ions  a r e  observed, i n  the  i r r ad i a t ed  

samples, ' tk of which can be removed se lec t ive ly  by heat  treatment. 

One set of remaining exc i ta t ions  gives rise t o  low-temperature thermal 

behavior cha rac t e r i s t i c  of glassy (amorphous) solids.  The density of 
3. 

these'cglass-like exc i ta t ions  can be 50% the  density observed i n  

vi t reous  s i l i c a ,  ye t  the  sample s t i l l  r e t a i n  long-range atomic order. 

I n  a l ess - i r rad ia ted  sample, g lass- l ike  exc i ta t ions  may be present 
. .  . 

" 
with a. derisi t y  on ly  ,. 2 -5% t h a t  observed i n  vitreous '  s i l i c a  and 

possess a s imi la r  broad energy spectrum over 0.1-1 -K. 
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A, Glasses a t .  l o w  Temperatures 

s i n c e  t h e  advent of low temperature c a p a b i l i t y  i n  t h e  19601s, 

it has .been observed t h a t  amorphous s o l i d s .  (synonymously, g las ses )  

e x h i b i t ,  a t  temperatures (, 1 K ,  c h a r a c t e r i s t i c  thermal and u l t r a s o n i c  
. . 

q u i t e  d i f f e r e n t  from those  of c r y s t a l l i n &  sol idsou/  I n  

p a r t i c u l a r ,  t he re  i s  a l a r g e  s p e c i f i c  h e a t  above the  phonon c o n t r i -  

bution observed i n  c r y s t a l s ;  and t h i s  excess s p e c i f i c  h e a t  v a r i e s  . . , 
approximately a s  t h e  temperature, T, It i s  a l s o  found t h a t  the  

magnitude of  , t h e  excess .  s p e c i f i c  h e a t  i s  remarkably s i m i l a r  among 
. . 

1 3 4/ 
.. :, g l a s s e s  ( th i sd inc ludes l l - -  inorganics ,  pqlymers, semiconductors, 

,I 

and meta ls ) ,  The thermal conduct iv i ty  is l ikewise  s i m i l a r  among 

g lasses ,  i s  much. less than t h a t  of  a s i m i l a r l y  s i zed  c r y s t a l ,  and 

2 
. v a r i e s  approximately as T (for T 5 1 K) , see Fig, 1. Glasses e x h i b i t  

. . 

s t rong u l t r a s o n i c  a t t enua t ion  a t  low u l t r a s o n i c  i n p u t  powers and 
. . 

s a t u r a t i o n  e f f e c t s  a t  higher powers. . . 
. . 

I n  1972 a modelQ' was p u t  f o r t h  which accounted f o r  a l l  , 

.. . 
I F i. 7 

. . 
of . t h e  low-temperature , proper t i e s  o f  glasses i n  a simple though 

phenomenological way: t h e r e  exi ' s t  throughout the  g l a s s ,  i t  i s . p r e -  

sumed, . loca l ized ,  two-lyvel e x c i t o t i o n ~  which have coupling t o  the  

l a t t i c e .  Ul t rasonic  a t t enua t ion  comes about t.hrough resonant  ab- 

so rp t ion  ' by t h e s e  e x c i t a t i o n s ,  and a s a t u r a t i o n  in a t t enua t ion  follows 

n a t u r a l l y  a:t. higher powers. For ' t h e  thermal p roper t i e s ,  some dens i ty  

of states;' nCE) (where E i s  'the energy f i f f e rence  of. t h e  two 



3 
Figure 1. ( a )  Specif ic  heat  C (divided by T t o  emphasize the  

departure from the phonon contribution) and (b) thermal 
conductivity K versus temperature T of vi t reous  s i l i c a  
(glassy Si02) and quar tz  ( c rys t a l l i ne  Si02). Below 1 K ,  
pe r fec t  c ry s t a l s  exh ib i t  a C a ~3 and K ~ 3 ;  glasses,  
C - T  a n d , ~ o k ~ ~ .  

. ,  2: ' .Zeller  and .PohP '(Ref. 7) . . 

S< Stephens (Refs. , l , 8 )  
.. 

. . . F: Flubacher, e t  a l .  (Ref. 9) 
,B.: ~ i l i r  and P h i l l i p s  (Ref. 10) 

' K data from Ref. 11. 
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l eve l s ) ,  must be chdken f o r  these exci ta t ions ,  and i f  an energy- 
. . 

.independent density i s  assumed, n(E) = no, the  spec i f i c  heat  

w i l l  be l i nea r  i n  temperature and the  thermal conductivity quad- 

r a t i c  i n  tmperature .  The theory i s  named the  tunneling-states 

model since i t  proposes t h a t  the  exc i ta t ion  is  the s p l i t  ground 
. . 

s t a t e  of a mass (e.g., an atom o r  group of atoms) .which can tunnel 

. '.k 
between two poten t ia l  wells. Presqnably i n  the  amorphous s t ruc ture  

. . 

such. doubie w e l l  configurations could occur; f o r  example, a s  a 

"bend l e f t w  o r  "bend r ight"  posi t ion of an atom with two connecting 

bonds. , Symmetry would ru l e  ou t  t h i s  .degeneracy i n  A per fec t  crysta l .  
- .  

However, i den t i f i ca t i on  of a tunneling e n t i t y  has not been 'made . . 

f o r  any glass.. This i s ' n o t  t o  say tunnel ing s ta te .s  i n  so l i d s  with 
C .  

. .  energy s p l i t t i n g s  i n  the  range of i n t e r e s t  (E 1 'K: energy i n  

. Kelvin units) have not been observed. Subst i tu t ional  impuri t ies  
. . 

. . 12/ i n  a l k a l i  hal ides  have been shdwn t o  tunnel i n  some" instances,- 

< .  
and a l so  t o  i n t e r a c t  skrongly with the  Lattice.,  thus' lowering t h e ,  

thermal .conductivity . 
. . . Another fea ture  of glasses  which has not been understood 

. , ,. . . 
. . . .' 

. ' .. .: . .  ,. 
. . i s  whi the  dens i t y  .'of s t a t e s  n(E) " ,~hould  be *earl; constant over a . . 

. .  . 

. . .  . . .  
. l a rge  range of energies, from a t  l e a s t  0.01-1 K. The tunneling- . 

s t a t e s  'model .makes no explanation of t h i s ,  but  assumes r a the r  the  
. . . . . . 

. . .. dis t r ibu t ion  ad hoc t o  produce the  observed resu l t s .  I n  1978 
. . . , 

, - 
% . . . -  ~ l e i n , '  e t  al.,z' calcxhated the  e f f e c t  of s t r a i n  in te rac t ions  . . ' 

. . among tunneling systems i n  a g lass  and found t h a t  the  inclusion 
. . . . . . 

of s t r a i n  in te rac t ions  would serve t o  broaden an ' n ('E ' which, i n  
. . ,  . . 

' the absen.ce of -.strains, could be a s  sharp a s  s-functions. Further- 

. more, if the ' tunneling systems a r e  of s u f f i c i e n t  concentration, 



the  density., of s t a t e s  w i l l  become, a t  low energies,  independent of 

the  tunneling-system . .: concentration. Thus the  s t r a i n  broadening 

model provides ,a  possible explanation f o r  the  universal  magnitude 

of thermal proper t ies  observed i n  glasses. In  vi t reous  s i l i c a ,  the  

concentration 'of tunneling systems above which n ( E )  should be con- 

. centration-independent i s  calculated t o  be an-3, and, i f  , 

14/ the tunneling-states model, is assumed, there  i s  evidence--- t h a t  

there  a r e  a s  many a s  2 x lo2' an-3 tunneling systems present. 

This corresponds t o  about 0.1% of the  oxygen atoms. Thus the  
. . 

theory may a ~ c o u n t  f o r  the  density of s t a t e s  observed i n  vi t reous  

s i l i c a .  However, there  has been no independent confirmation t h a t  

this mechaniim. ac tua l ly  i s  responsible f o r  the  broad, universal  

n(E) observed i n  glasses. 

B. Motivation f o r  the  Present Work 

15/ Early i n  the  1950's B e r m a ~  measured the  thermal conductivity 

' of neutron-irradiated quartz f o r  temperatures down t o  5 K. With in- 

creasing neutron dose, the  thermal conducti.v$ty was shown t o  drop from . . .  . .  . 
. . 

t h e  high ptak a t  5-10 K characterl.st3.c of c rys t a l s  ( see  Fig. 1 ; the 
. . 

Berman data a r e  shown i n  Fig.. 6) t o  a much reduced, nearly temperature- 

independent.region i n  the  same temperature range. Such "plateaus" 

i n  the  the'rmal conductivity near 'l0.K a r e  cha rac t e r i s t i c  of glasses ,  

although the  cause of the plateau i s  not understood. I n  par t i cu la r ,  

it i s  not known whether the  plateau i s  caused by 'the presumed tun- 

neling exc i ta t ions  which dominate the thermal proper t ies  below 1 'K. 

However, the apparent transformation of c rys t a l l i ne  quar tz  t o  a 

glass- l ike  material  r a i s e s  i n t e r e s t i ng  questions: 



16/ (1) It i s  k n o w  t h a t  f o r  a fast-neutron (E neutron " >0.1 MeV) 

19 -2 
. , dose 5 3 x 10 . a n  , quartz  remains c rys t a l l i ne ,  i.e., 

no - s ign i f i can t  change i n  the  sharpness of x-ray re f lec -  

t ions  i s  observed. A t  exposures t 2  x 10 20 an'2 the 

material  i s  completely vitrified.=/ Can the glass- l ike  

exci ta t ions  e x i s t  i n  the  neutron-damaged c rys t a l l i ne  

19 
material  (i.e., exposure 5 3  x 10 I ?  I f  so, with a . 

b e t t e r  understanding of the damage created by a f a s t  

. ,neutron and of the  c rys t a l l i ne  environment, the  exci- 

t a t i on  might be ident i f ied.  

(2) 1ndeed;how might n(E) form a t  intermediate neutron 

.exposures? According t o  the  s t r a i n  broadening model, 

a.concentration of tunneling systems a f ac to r  -10 less 

than t h a t  presumably present i n  vi t reous .  s i l i c a  need 

not possess a broad n(E). I f  n(E) were a..sharp function 

of energy, a t e s t  of khe tunneling model f o r  t h e  exci- 

t a t ions  and iden t i f i ca t i on  of the tunneling e n t i t y  could 

12/ possibly be made by an isotope e f f e c t ,  a s  was done- 

f o r  subs t i tu t iona l  impuri t ies  i n  a l k a l i  halides. Also, 

i f  n(E) were sharp f o r  some neutron dose and i f  s t r a i n  

in te rac t ion  broadening i s  a dominate .process, a spreading 
. . 
" 

of n(E) niight be observed a t  higher 'dosage. 

The present experiments were begun t o  probe n(E) of neutron- 

i r r ad i a t ed  quartz f o r  several  values of neutron dose by measurements 

of spec i f i c  heat and thermal conductivity a t  temperatures down t o  

;t 0.1 I<. Sin& then, adrli.tional information has become available.  



18/ ~aermans-- measured the  u l t rasonic  a t tenuat ion i n  quar tz  exposed t o  

' = 6 x 1018 f a s t  neutrons' and observed saturat ion a s  i n  a glass.  

14 19/ 
The coupling constan- of the at tenuating exc i ta t ions  t o  the  

201 l a t t i c e  was a i so  measure* and found t o  be approximately t h a t  meas- 

ured i n  vi t reous '  s i l i c a .  X-ray analysis  confirmed ' the  material  was 

still c ~ y s t a l l i n e .  ~ d d i t i o n a l l ~ ' , ~ /  the  thermal conductivity of the  

sample was measured down t o  1.4 K and seemed t o  appr6ach a T~ de- 

pendence, ,The present experiments w i l l  confirm t h a t  g lass- l ike  ex- 

c i t a t i o n s . a r e  present i n  neutron-damaged c rys t a l l i ne  quartz,  and 
' 

may be produced with a density a s  much a s  a f ac to r  of 40 smaller 

than the  density i n  vi t reous  s i l i c a ,  The spectrum, n(E),  of the  

exc i ta t ions  i s .  broad kven :at  t h i s  . low concentrat2on; therefore it 

is. possible t h a t  the  broad, universal  n(E) i n  glasses '  i s  not ex- 

plained, by the  s t r a i n  i n t e r ac t i ons  model. 

A f u r the r  comment should be made. A major point  of ignorance 

i n  t h i s  course of invest igat ion,  a t  l e a s t  a t  the  present time, i s  

the  precise  nature of neutron-induced damage i n  crysta ls .  For 

instance,  i f  ,is not. known with cer ta in ty  even how:large a region i s  
. . 

damaged when a. f a s t  neutron ( 7 1 MeV) co l l ides  ,with a nucleus i n  

the  so l id ,  although it i s  believe-' t h a t  a "damage cluster"  of 

perhaps ... . lo4  atoms i s  f&med. Also, there  obviously i s  no guarantee 

t ha t ,  even i f  g lass- l ike  exc i ta t ions  a r e  produced, other  exc i ta t ions  

- might not a l s o  beeproduced which~completely dominate the  low-tem- 

perature properties.  I n  f a c t ,  t h i s  problem was encountered t o  

varying degree i n  the  present work, but fortunately,  recent other 

work has aided i n  the  classificatabon i f  not explanation of the  



near menagerie c rea ted  by r e a c t o r  neutron i r r a d i a t i o n ,  Here w e  a l s o  

w i l l  d i scuss  each ~51extraneous11 e f g e c t  . o r  e x c i t a t i o n  i n  . t u r n ' i n  order  

t o  p inpoint  t h e  evidence f o r  g l a s s - l i k e  e x c i t a t i o n s  'and t o  provide 

a  guide f o r  f u t u r e  research,  A more d e f i n i t i v e  understanding of  

t h e  microscopic na ture  of  t h e  g lass , - l ike  e x c i t a t i o n s  i s  hoped f o r  

when.neutron damage is b e t t e r  characterized.  - .  



A. I r r ad i a t i ons .  
. . . . . . 

Five sapples  measuring 1 an x 0.4 'a x 5 an ( a :  b: c)  w e r e  
. . 

. . 

cut  fro; adjacent posi t ions  of a s ing le  crystalz/ of e lect ronic-  

grade cuiturkd q-quartz. Emission spectroscopy showed the  samples 

contain, s . 4  ppm (wt.) A l ,  s 2 0  ppm (wt.) Ca, < 5 ppm ( w t . )  Fe and* 

Mn, , C 2 0  ppm:(wt.) N i  and Co, a n d ' 4 1  ppm ( w t . )  Cu. The A 1  and Ca 

values a r e  kc&rate t o  a f ac to r  of 3, and the  upper values . a r e  l i m -  

i ts on the  spectroscopy sens i t iv i ty .  One. sample was reserved' and 
. . . . 

25 /  four w e r e ' i r r a g a t e d  i n  the  CP-5 reactor-- a t  ~ r g o n h e  National , . 

& .  . 
Laboratory .for 3 , .. h, 27 h, 270 h, and 2100 h, respectively. The 

, . 
. . 

- .  samples wil1,henceforth be designated 0 h (unirradiated) ,  3 h, 27 h,  

,270 h, and 2100 h. For the  i r r ad i a t i on  the samples were wrapped i n  

a lumink  f o i l  and placcd i n  perforated aluminum' cans; ' hence the 

Samples we=& i n  direct thermal contact  with the .cooling water of 

the  reactor.  Table 1 shows the.neutron dose each sample received 
. . 

i n  d i f f e r en t  neutron energy ranges. A s  the  mean f r e e  path of a 

neutron i n  SiO ' i s  ",lo an, the samples were i r r ad i a t ed  uniformly. 
?* 

The If exposure was lo6 R/h (average energy -1 MeV) ; the ex- 
I 

pvsure i s ' n o t  known, .Follnwi.ng i r r ad i a t i on ,  the  samples were 
. . 

e,tched in ,  hydrofluoric ac id  to  remove surface contamination. 
. . 

Before i r r ad i a t i on ,  the samples .(upon wetting t he .op t i ca l l y  
1 .  . . 

rough surface). were co lor less  and transparent t o  the  eye. After 

i r r ad i a t i on  ;he 2100 h sample was un i fomly  bluish,  the  270 h . . 



TABLE 1. Radiation dose, mass density, and appearance of- samples after 
expisure to 'neutron radiation and after heat'treatment at 
370°c and 840"~. 

Sample: 

d~se(an'~) 
0-0.5 eV 

-2 . 
dose (an 
0.5 eV ' - 0.1 .MeV 

- 2 
dose (an 1 
0.1 MeV-- 

density 
( g/cm3) 

coloration 

after 370°c 
anneal : 

coloration 

after 840°C 
anneal : 

coloration 

density . 
( g/cm3) 

2100 h 

4.1 x 10 
20 

1.5 x 10 
20 

2.1 x 10 
20 

2.256 

blue 

green 

- 

- 

'. 

270 h 

4.7 x 10 'I9 

' 19 
1.9 x 10 

19 
2.6'~ 10 

2.517 

. . 

light tan 

dark tan 

. . 

clear 

2,520 
. . 

3 h  

l7 
5.8 x 10 

17 
2..2 x 10 

l7 
2.9 x 10 

2.648 

central 
smoky 

central 
light gray 

central 
blue in 
ref lec- 
tion 

2.650 

O h  

. '  - 

. 

- ' 

, - 

2.651 ' 

, clear 

- 
. ,  . 

.central 
blue in 
ref lec- 
. tion 

2.651 

. . 

27 h 

5 . 3 ~ 1 0  18' 

2.0 x 10 

2 . 7 ~  10 

2.640 

central 
tan 

- 

central 
blue in 
ref lec- 
tion 

2.650 



. . 

was unifom'ly . l igh t  tan,  the  27 h was dark tan i n  a cen t ra l  trape- 

zoidal region (see  i n s e t  Fig. 4 i n  Chap. 111) and l i g h t  tan outside 

t h i s  region, and the  3 h sample was smoke-colored (gray-black) i n  

an iden t ica l  cen t ra l  region and c l ea r  outside. The .color pa t te rn  of,  

the  27 h and 3 h samples was not caused by inhomogeneous exposure 

i n  the reactor,  Also, t he  impurity content i'n the  cen t ra l  region 
. . 

did not d i f f e r  s ign i f ican t ly  from t h a t  i n  the  outer , region.  The 
. . . . 

. . 

. . visual  appkarkces  a r e  summarized i n  Table. 1, along with mass den- 

sities measured t o  an accuracy of 0.1%. 

B. Heat Treatments 

Experiments were a l s o  perfonned on the  samples a f t e r  heat  

treatment a t  3 7 0 ' ~  and again a t  8 4 0 ' ~  i n  an argon.atmosphere. For 

the  3 7 0 ' ~  anneal, the  sample. was brought t o  temperature i n  15 min, 

held . 'a t  3 7 0 ~ ~ " f o r  2 h, then cooled t o  room temperature i n  z .20 min. 
. . 

For the  8 4 0 0 ~  anneal the  sample was brought t o  temperature i n  zs 1 h, 
, . 

then allowed t o  cool,. reaching 500°c i n  20 min and .= 2 0 0 ~ ~  i n  1.5 h. 

Color and density changes. of the  heat-treated samples a r e  l i s t e d  i n  

, . Table'l. 

C. Thermal 'Conductivity 

Thermal conduct ivi t ies  w e r e  measured with the  heat  f lux  

directed pa ra l l e l  t o  the  c rys t a l l i ne  c-axis. See Fig. 2. The 

. temperature gradient created by the  heater was measured with pre- 

ca l ib ra ted  germanium thermometers t o  el iminate uncertainty i n  

temperatures from radioactive s e l f  -heating e f f ec t s . . '  The thermal 

conductivity , ' K , i s  given b$ 



2 7/ Figure 2.' Thermal conductivity configuration.- 

( a )  The 0.16 an th ick copper p l a t e  G i s  bolted t o  the  
r e f r i ge ra to r  a t  point  R and provides thermal 
grounding f o r  the  sample S through copper arm G ' .  
Thermal contact  between S and G* is  made through 
the  co i l - fo i l  j o in t  J. Two precal ibrated germanium 
thermometers, TI and T2, a r e  bolted t o  s t r a i n  hard- 
ened (s t re tched)  #22 copper wires MI and M2, which 
a r e  epoxied t o  the  sample with Scotchcast 8 epoxy 
resin.  One end of the  sample i s  attached t o  0.01 an 
thick copper f o i l  F with GE 7031 varnish. The 
heater,  H,  cons i s t s  of a 120 ohm s t r a i n  gage var- 
nished onto F. E l ec t r i ca l  leads (no t  shown) from 
Tl, T2, and H t o  p l a t e  G a r e  made from supercon- 
ducting niobium wire which has a much higher ther-  
mal ' res is tance than sample S and jo in t  J. 

. . 
. . .  

Cb) Side view d e t a i l  of the  j o in t  J.. Coil-foil  C i s  
' ' . .  . soldered t o  the  copper arm G t .  and folded t i g h t l y  

. : over the sample S. Thermal contact i s  f a c i l i -  
. . t a t ed  by grease on the  sample end and by tying . . 
. . 

. . 
the  co i l - fo i l  t i gh t ly  t o  the sample .with s t r i n g  
W., ' P' and B a r e  toothpick and Micarta pieces, 

. . respectively,  placed under the  s t r i h g  f o r  a 
. t i g h t e r  j qint . 

. . 
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where P is t h e  power supplied t o  t h e  heater ,  R i s  t h e  d is tance  be- 

tween thermometers, A i s  t h e  cross-sect ional  a r e a  o f .  t h e  sample, 

T ~ ,  on 
is the  temperature of t h e  thermometer nearer  t h e  hea te r  with 

the  power on, T2,0ff with t h e  power o f f ,  and T i s  t h e  temperature 
1 

of t h e  o the r  thermometer. For each datum t h e  temperature T i s  
1 

kept  constant.  ? gives  the  average temperature of  the, sample be- 

tween the',two.'thermometers. Typical ly,  - T )' was 5-10% of ?, (T2,0n 1 

The -uncer ta in ty  i n  t h e  thermal conductivi ty da ta  a r i s e s  

mainly from u'ncertainty i n  I and A, which were determined t o  2% . 

and 1%, respectively.  The power P was measured t o  s.0.3%. There- 

fo re ,  t h e  o v e r a l l  uncer ta in ty  i n  K i s  "~3-4%. The temperature ? 
. . 

is much b e t t e r  determihed, a s  temperatures were measured t o  r 0.2%. 

s p e c i f i c  hea t  'was measured by two techniques. . I n  one, t h e  
. . 

sample was i s o l a t e d  from t h e  r e f r i g e r a t o r  by a weak thermal l i n k  
. . 

and operated a s  a cquasi-adiabatic calorimeter,28,, see Fig. 3 (a )  . 
A b r i e f  cu r ren t  pulse  of known dura t ion was supplied t u  a i~eatel- on 

t h e  sample, and t h e  rise i n  temperature was monitored by a carbon 

res i s t ance  thermometer. The thermometer i s  described i n  Fig. 3 (c ) .  

The same addenda (viz., thermometer, heater ,  f i s h l i n e ,  and amount 
. . .  

, of glue) w e r e  used f o r  a l l  weak-link experiments.. .The pulse  dura- 

t i o n  and i n t e r n a l  thermal equil ibrium time were much less than the  

ex te rna l  thermal decay t i m e  of t h e  sample through the  weak l ink .  

The s p e c i f i c  hea t  C i s  given by 
. . 

c(?) = Q(V AT) -I, 



Figure 3. Specif ic  heat  experiments. 

( a ) . .  Weak-link technique. A 0.20 .an th ick copper p l a t e  G 
provEdes.therma1 grounding t o  the  re f r igera tor .  The 
sample S is  t i g h t l y  bound by three loopsqof 0.033 c m  

. . diameter nylon f ishing l i n e  F t o  prevent vibrat ional  
heating of S and t o  provide the  weak thermal l i nk  t o  

. . the re f r igera tor .  The l i n e  i s  attached t o  G by greased 
screws and thermal contact  from F t o  S i s  ensured by 

. small dots  of GE 7031 varnish applied a t  the  points  
where F comes away from the  sample (two points  f o r  
each loop). Thermometer T is  bonded t o  the  sample , 

with varnish. M i s  a superconducting lead  from ther-  
mometer T, a s  described i n  ( c ) .  The heater  H con- . 

.sists of a 2.8 an length of 0,0025 cm diameter p l a t r  
'.inum/tungsten a l loy  w i r e  wrapped t i g h t l y  around the  

.:: sample and continuously bonded t o  S' with a ' l i ne  of 
varnish drawn off  the  t i p  of a toothpick. Super- 

. conducting 0.01 a diameter niobium leads  N were / 

. spot-welded t o  H. The weld j o in t  was a l s o  varnished . . 
t o  the  sample. The thermal resistances of M and N 

. ' a r e  much grea te r  than t h a t  of F. GE 7031 varnish 
was t he  so le  bonding agent used on the  sample so  t h a t  
the  experiment could be disassembled e a s i l y  with a . . 

. . r e l a t i ve ly  mild solvent (ethanol)  and the  same 
..-. ' addenda reused. The heater  w i r e ,  however, was re- 

placed each t i m e  (from the same spool). 

(b)  Diffusivi ty  technique, sca le  same a s  i n  ( a ) .  G ,  S T  

. T, H ,  N, and M a r e  a s  described i n  ( a )  . One end of 
the  sample i s  epoxied with Scotchcast .8  epoxy r e s in  

.. . t o  a small copper block B. B has a tapped hole ex- 
tending p a r t i a l l y ' i n t o  i t s  in t e r io r .  A .copper screw 
thermally grourids B t o  G. This design was chosen su 
t h a t  B and S could be removed from G and soaked i n  
solvent  t o  dissolve the  epoxy joint .  . ' . 

(c)  Side view close-up of.thermometer T. C i s  a chip of 

. . carbon from a Speer 100 ohm r e s i s t o r  with l i n e a r  . 
. . ,diminsions s 0 . 1  cm. C is epoxied t o  a 0.0013 c m  

th ick Mylar s t r i p  M, z 0.15 an wide, and some epoxy 
. E  i s  welled up against  C t o  provide a smooth, con- 

. '  tinuous surface f o r  L. L i s  a vapor-deposited 
iead / t in  a l loy  f i l m  .approximately 3 x 10-5 cm thick. 
I n  performing a spec i f i c  heat  experiment, the  re-  
s is tance of T ind ica tes  the temperature of the  
sample. 



. . . . 

( a )  . .  



. .  , 

where Q i s  t h e  energy diss ipated i n  the  heater ,  V is' . . the  volume of 
. . 

the sample, and AT i s  the  monitored temperature rise immediately 

f6l.lowing .the . . current  pulse. The average temperature i s  half  

the  temperature- rise AT added t o  the' equilibrium temperature with 
. . 

the  heetbl  off .  AT was typ ica l ly  10% of t. ~ e t e & n a t i o n ,  of AT 

was improved by repeating the experiment several  times i n  sequence 

and s ignal  .averaging, . . .  

uncertainty i n  the  weak-link data a r i s e s  predominantly from 

an .unce t t a i i~ ty  i n  AT, estimated t o  be 5%. The e r r o r  ,introduced 

. i n t o  is. negligible;  therefore the  spec i f ic  heat  by the weak-link 

29/ method i s  uncertain by 5%.- 

I n  the  weak-link configuration, sample 270 h could be meas- 
.L 

ured only down t o  a temperature a0.4 K and 2100 . h.on ly  . .  t o  ~ 0 . 7  K 

due t o  spontaneous heating of the  samples from radioactive decay. 
. . 

Therefore, both these samples were measured again by a thermal 

re laxat ion ("diffusivity") technique i n  which one end of the  sam- 
. . 

ple  i s  bonded ',dir,ectly t o  the  refr igerator .  See Fig, .  3(b). Cur- 

. . 
ren t  i s  supplied t o  a h i a t e r  a t  the opposite. end u n t i l  an equi- 

librium is achieved,' and then interrupted.  . The exponential t e m -  
. . , .  . 

. . . . 

pera ture  decay . . o f .  t h e  sainple t o  the  base temperature of the  
. . 

re f r igera tor  i s  monitored. I f  r is  t h e  l /e decay time, and i f  
. . 

. - t he  thermal conductivity K is  known, the  spec i f i c  heht C i s  

. . 
. . computed f ram.;. 

. . 2 2 -1 
. . c = v 4 , . . 

where R i s  the  length of the  e n t i r e  sample, and F ,  i s  the  average 

,temperature across the  sample w i  t A  . the he ate^ , on. 



. .. 

Sirice uncalibrated thermometry was used on the  samplei there  

/ 
i s  some uncertainty i n  the  average temperature since a thermal 

. . 

gradient is ,created by s e l f  heating, However, t h i s  gradient could 

be es t imated.s ince the  thermal conductivity measurements u t i l i z e d  

two precalibrated thermometers and revealed d i r e c t l y  the  s e l f -  

heating gradient across . the  sample .- ''' For the  270 h sample, t h i s  

made a co&ection i n  upward. by about 1.5% f o r  the  lowest t e m -  

perature point  (0.19 K ) ,  and made negl igible  correction (C0.596) 
. . 

f o r  higher'temperature points. For 2100 h, t he  correction was 

8-246 for '  ,t&mperatures 0.17-0.29 K ,  and negl igible  above. 

, Uncertainty i n  the spec i f ic  heat  a r i s e s  from..&, known t o  

1%. and 2, which was reproducible ' to  z% 2%. The K was previously 
. . 

determined t o  der 4%. therefore C i s  uncertain by .-,7%. However, 

' it was found, i n  comparison with the spec i f ic  hea t , t aken  by the  
. . 

weak-link technique, tha t '  the d i f fu s iv i t y  . . data were consis tent ly  
. .  . . . 

high by  1 5 ~ 2 ' ~ .  Since t h i c  discrepancy,ms not a function of 

temperature, it has been ascribed t o  a change i n ,  geometry of the  
. . 

. . 

sample.upon cgogen ic  cool-down; a f t e r  cryogenic cyc l ing  cracks 

were observed i n  the  samples near t he .  epoxy bond. Therefore, f o r  
. . 

the  p l o t s  and analysis  the  d i f fu s iv i t y  data have been scaled down- 

ward by a f ac to r  of 0.80 and 0.85 f o r  the  270 h and ,2100 h samples, 

respectively,, t o  agree with weak-link data taken a t  higher tem- 

peratures .. 

E . .X-ray Characterization . 

The (100) x-ray re f lec t ions  w e r e  measured f o r  samples 
' .. 

heat  t rea ted  .to 8 4 0 ~ ~ .  Samples 0 h, 3 h, and 2'1 h showed ,the 



strong, narrow l i n e  character i ' s t ic  of. c ry s t a l l i ne  oc-quartz. For 

th,e 270 h' 'sample, the  (100) re f lec t ion  was nearly 'as  narrow, but 
. . 

. . 
the  angle was c h a r a c t e r i s t i c  of 8-quartz, a l e s s d e n s e  c rys t a l l i ne  

. phase which i n  unirradiated quar t= e x i s t s  only above 573'~. A 

t r ans i t i on  from u- t o  !-quartz with i r r ad i a t i on  has been .noted 

31,32/ 
previously. 

Tncomparison with x-ray work done by ~ i t . te ls ,c /  samples 

3 h, 27 h,; and 270 h should, indeed.re ta in  c r y s t a l l i n i t y ,  and sample 
. . 

2100 h should. be amorphous. The measured mass density of 2109 h 

i s  iden t ica l  with t h a t  of neutron-irradiated vi t reous s i l i c a ,  which 
. .  , . . 

. . 33/ 
i's amorphous.- 



111. RESULTS AND DISCUSSION 

. . 
A. Unirradiated Sample 

The,heat  capacity and thermal conductivity of the  0 h sample 

w e r e  measured t o  ca l i b r a t e  the  heat capacity addenda (Appendix A )  - d 

and t o  provide a reference against  which the  irradkated.samples 

. . could be compared. Unfortunately, the  r e s u l t s  f o r  sample 0 h were 

more complicated than expedted and must be d i scussed ' in  de ta i l .  

Figure 4 shows the  heat  capacity of sample .O h, mass 5.34 g ; 

plus  addenda. The data have been divided by 'f3 t o  emphasize the ' 
3 

departure from Debye phonon behavior. The rise . i n .  C/T below 1 K 

i s  consis tent  with an estimate of the  heat  capacity of the  addenda. 
. . 

Subtracting . . a , f i t t e d  curve .for the  addenda 1eaves:l ine A,  which 
. . .  

. . 

corresponds . t o . a  Debye heat  capacity f o r  phonons of .average ve- 
. . 

5 ' . 
l o c i t y  ? P '4.4 x 10 cm/s.   his agrees with t h e  value obtained .. 

Also shown i n  Fig. 4 i p  the  heat  ca- from..elast ic.  constr@ks.- 
I 

, , .  . 
. pa=ity of sample 0 h, mass 5.12 g, a f t e r  the  840°c anneal.   here ' 

i s  an addi t ional .contr ibut ion t o  the  heat  c a p a c i t y / . t h i s  con t r i -  

bution having a temperacure dependence of S T O * ~ .  The or ig in  of 
. . 
. . 

t h i s  addi t ional  heat  capacity i s  not known. 

The thermal conductivity of sample O h i s  shown i n  Fig. 5. 

3 
These data have been divided by F t o  emphasize behavior d i f f e r en t  

fr0m.a condu.ctivity l imited only by phonon sca t te r ing  of f  the  

3 ' 
bulk boundaries . .  of the  sample (dashed l i ne ) .  Before anneal, K/T , 

. . 

for 0 h shnws a s teep d ip  from 0.2-3 K. After an. anneal t o  .84o0c, 



Figure  4.  at capaci ty  of  sample 0 h ( u n i r r a d i a t e d )  p l u s  addenda, 
d iv ided  by ~ 3 .  

X 'prio? t o  h e a t  t rea tment ,  mass of  sample 5.34 g. 

+ Following h e a t  t rea tment  t o  840°c, mass of  sample 5.12.g. 

Line A i s  t h e  h e a t  capac i ty  of  t h e  5.34 g sample a f t e r  sub- 
t r a c t i o n  .of t h e  f i t t e d  h e a t  capac i ty  con t r ibu ted  by t h e  
addenda.' The i n s e t  i l l u s t r a t e s  t h e  shape of  t h e  c e n t r a l  
co lo red  reg ion  observed i n  t h e  annealed 0 h sample; and i n  
t h e  i r r a d i a t e d  3 h and 2 7  h samples. 





Figure 5. Thermal, conductivi ty of uni r radia ted  sample 0 h, divided 
by T3 . t o  emphasize dcipartures from boundary sca t t e r ing .  

X .Central region p r i o r  t o  hea t  treatment, 0..4 im x 1.0 c m  
< cross  sect ion.  

. . .  . . 

+ Central ,  colored region a f t e r  hea t  t r i a t n e n t  ta 840°c, 
0.4 cm x l . O ' c m  c r o s s  sect ion.  

0 Region ou t s ide  colored a rea  a f t e r  heat  t reatment t o  
840°c, 0.40 an x 0.45 an cross  sect ion.  

. . 

The 'dashed line i n d i c a t e s  te/T3 l imi ted  by boundary sca t -  
. t e r i n g  for  a cross sec t ion  of .  0.40 cm x 1.0 an, n o t  cor.- 
r ec ted  f o r  phonon focusing o r  f i n i t e  sample length. s o l i d  
kurves a r e  discussed i n  the  text .  





sample 0 h . revealed  a c e n t r a l  region i d e n t i c a l  i n  &ape t o  t h a t  of 

3 h and 27 h,  and the  region appeared blue t o  s c a t t e r e d  l i g h t  and 

brow& t o  t ransmit ted  l i g h t .  The thermal conduct iv i ty  (d iv ided by 

: 3 
T ) i n  t h e  c e n t r a l  region dropped over t h e  temperature range 0.04- 

3 K ,  a s  shown,: (The k of t h e  unannealed.0 h'sample was a l s o  meas- 
. . . . 

ured i* the. :ckntral  region, although the  region .Gas not  v i s i b l e  a t  

the  t i m e .  1,  he conduct iv i ty  of  t h e  annealed o u t e r  'region shows 
. . 

t h e  expected . . T3 dependence with a magnitude predic ted  approximately 

by boundary sca t t e r ing .  

The ' o p t i c a l  appearance o f  t h e  annealed cen t ra l .  region is . . 

suggest ive ' df Rayleigh s c a t t e r i n g  of  l i g h t  o f f  inc lus ions  within 
. . 

t he  ch-ystal,. i n c l u s i o n s  o f  diameters < 3000 x. Such. inc lus ions  

would a l s o  s c a t t e r  phonons of s i m i l a r  wavelength, thereby causing 
. . .  , 

3 
34/ I f  a dens i ty  N of a d i p  i n  K/T f o r  temperatures-0.1 K.- 

. .  , 

spher ica l  inc lus ions  i s  assumed, 'a l l  i nc lus ions  having t h e  same 
. . 

r a d i u s  t, the p h u ~ . ~ x ~  mean f r e e  path R a s  a f u n c t i s n  of . frequency . 
. . I .  - 1 -1) -1 would be given by R = (lB + R  , where R '  is"from bound- 

. . I B 
35/ 2 -1 a r y  sca t t e r in?  and R = (Nnr i f  t h e  phonon wavelength Xsr, 

I 
36/ 2 -1 - 4 

an& l1 = 9 ( 4wr N) (v/ro)  i f  A3r. ' The c a l c u l a t i o n  . . of a 
. . 

thermal conduct iv i ty  from the .above mean f r e e  path i s  described 

i n  Appendix B. The f i t t e d  curve through the  da ta  i n  .Fig. 5 f o r  
. . 

t h e  sample before  hea t  t reatment gives. r r 8 0  and. N - a 2  x 1 0  13 

. . . . .  - 11 -3 
an ' 3, a id  f o r  the annealed sample r z 460 A and N 'J 3 x 10 cm . 
If 'the inc lus ions  were Ca c o l l o i d s ,  the  foregoing values would 

imply 2 0  ppm ( w t .  ) and 70 pprn ( w t .  Ca, respect ive ly .  . Given . t h e  

uncer t a in ty  in t h e  imgurity.measurements and t h a t  a p e r f e c t  con- 
. . 

. . 



densat ion ,Would not  be needed t o  produce an "inclusion,"  impuri ty 

. . c o l l o i d s  .could account f o r  the  thermal cqnduc t iv i ty .  Rayleigh-like 
. . 

phonbn s c a t t e r i n g  .from m e t a l l i c  c o l l o i d s  i n .  a d i e l e c t r i c  c r y s t a l  

. . " has been- repor ted  previously.-- 37' A& noted, t h e  thermal conduc- 

t i v . i t y  i n  t h e  annealed ou te r  region showed no s c a t t e r i n g  from 
. . 

inc lus ions ;  y e t  t h e  .measured impurity content  wa's s i m i l a r  t o  the  

c e n t r a l  region. -Therefore some growth de fec t  might be responsib le  

f o r .  an . i n i t i a l  impuri ty condensation i n  t h e  c e n t r a l  region. 

B. ~ r r a d i a f e d  Samples . . 
. . 

Figure '6 shows t h e  thermal conduct iv i ty  of the  i r r a d i a t e d  

samples, '.measured i n  t h e  c e n t r a l  -region (however, 270 h and 2100 h 

,displayed ' no  .cblored c e n t r a l  region) . The, conduct iv i ty  decreases . . . . . . 
. . 

. . 

with i r r a d i a t i o n  except  in t h e  case o f  t h e  2100 h sample, which 
' ,  

. . has a l a r g e r  K than sample 270 h. Figure 7 shows. t h e  conduct iv i ty  
. . 

o f  t h e  samp1e.s . . .  annealed t o  8 4 0 ~ ~ .  Sample 2100 h &as only 'annealed  . . 

a t  370°c, and no change i n  conduct iv i ty  was observed. The con- 

d u c t i v i t y  of  'sample 3 ' h dropped . fo r  T s 1 K ,  b u t  increased 'Sor 

T z 1  K, matching cl.osely t h e  K of 0 h annealed above "1 K. Sample 

2 7 h showed a,. s i m i l a r  inc rease  f o r  temperatures aboke. 0.5 K ,  but  

no change a t l o w e r  temperature. ' Sample 270 h a l s o  showed no - 
change beiow a 0.5 K. Although the  ltplateau" w i l l  no t  be s tud ied  

i n  d e t a i l  here,, it i s  noted' t h a t  t h e  p la teau  i n  K f o r  270 h 

dropped by a '  f a c t o r  2.3 upon the .  8 4 0 ' ~  anneal. However, the  most 
. . 

15/ i r r a d i a t e d  sample o f  Berman increased- i n .  conduct iv i ty  i n  t h i s  

temperature range, a s  d id  our  less i r r a d i a t e d  samples. 



Figure 6. ~hermal conduct iv i t ies  o f  irradiated samples, .. 

. .  A. 3 h  

For ,reference: 

. . ' . A ' ~ n i r r a d i a t e d  Sample 0' h from Fig', 5 .  
. . 

B . Vitreous s i l i c a  . ( ~ e f .  14) .  . . .  , 

C ~eutron- irradiated vitreous s i l i c a  ( R e f .  14 ) .  

D, . E,'  F Data on neutron-irradiated quartz from . . R e f ,  15. 
. . 





F'igure 7. ~ h e n n a l  conductivity of irradiated samples a f t e r  heat 
treatment to 840'~. Same s c a l e  a s  Fig. 6. 

For' reference: 

A , H ~ d t  treated,  unirradiated sample 0 h from Fig. 5 .  

B ,  C . Same a s  i n  Fig.. 6. 
. . 





The s p e c i f i c  h e a t s  of  t h e  samples a r e  shown i n  Figs.  8 and 9. 
. . .  

, 
. Addenda con t . i i bu t ions  have .been subt rac ted .  A prominent peak occu r s  

near  1 K .and, i n c r e a s e s  i n  magnitude wi th  i r r a d i a t i o n ,  except  f o r  

sample' 2'100 h. S imi Ia r ly ,  a .  c o n t r i b u t i o n  f o r  T 50.5 K i n c r e a s e s  
. : 

with i r r a d i a t i o n ,  except  f o r  2100 h. 

. . An anneal  a t  3 7 0 ' ~  had t h e  fo l lowing  e f f e c t s  on s p e c i f i c  

heat:  For 2100 h, t h e  peak was reduced by a t  least a n  o r d e r  o f  
. . 

magnitude; a t  lower temperatures  t h e  s p e c i f i c  h e a t  d i d  n o t  change. 

For 270 h, a n  qnneal  a t  3 7 0 ~ ~  ( f o r  on ly  1 h) produced no change 

over  . t h e  measured temperature range (0.2-1.3 K) . For 3 h, t h e  1; K 

peak d i d  n o t .  change, b u t  f o r  lower temperatures ,  0..2-0.4 K ,  t h e  

s p e c i f i c  h e a t  dropped smoothly by 10-50%. Sample 27 h was n o t  
.. 

'annealed , a t  3 7 0 ~ ~ .  

The s p e c i f i c  h e a t  of  samples annea led . to ' 840°c  is shown i n  

Fig. 10. The peak nea r  1 K i s  sha rp ly  reduced i n  a l l  cases .  The 

s p e c i f i c  h e a t  below 0.4 K 1s n e a ~ l y  unckangcd f o r  i75) h ,  reduced' 
. . 

by a f a c f o r  o f  t h r e e  f o r  27 h,  and inc reased  by .x3.5% - f o r  sample  3' h. 

The s p e c i f i c h e a t  of  t h e  3 h sample i s  now n e a r l y  i d e n t i c a l  t o  t h e  . 
. . 

. . 
s p e c i f i c  h e a t  of  t h e  annealed 0 h sample. 

W e  t hus  see a complicated set o f  changes o.ccurring wi th  
. . 

i r r a d i a t i o n  and h e a t  t reatment .  I n  o r d e r  t o  d i scove r  evidence f o r  
b 

g la s s - l i ke .  ' e x c i t a t i o n s  w e  s h e l l  r e l y  f i r s t  on the thermal  con- 

duc t iv i ty , .  s i n c e  sample: 2.70 h and 2200 h show d. i . s t ins t  q l a s s -  

. .  1 i k e . b e h a v i o r  . . here ,  and then  a sk  whether t h e r e  i s  corresponding 

evidence i n  t h e  s p e c i f i c . . h e a t .  ,The re in  lies t h e  f i r s t  problem: 

there ar&. ' lextraneous" e x c i k a t i o n s  i n  t h e  s p e c i f i c  heat .  Add i t i ona l ly ,  
. . 



i . . .  . , 

. . 
Figure 8. . specific heat of irradiated samples, divided by T~ t o  

emphasize departure from Debye behavior, . . 

For. reference: 

A . . Debye . phonon contribution from Fig. 4, . : 

B , . Vitreous. s i l i c a  ( R e f .  14) .  
. . .  

C Calculated-for a two-level SchuLLky peak plus  
phonon contribution. . . 

. . 

'  h he s p e c i f i c  heat o f  neutron-irradiated vitreous s i l i c a  
( R e f ,  1'4) l ies about 30% below curve B. 





Figure 9. Specif ic . .  hea t ,  divided by T ~ ,  f o r  i r r a d i a t e d  'sample 2100 h.. 
Same"sca1e . , a s  Fig. 8. . . 

V ' ~ e f o r e  hea t  treatment, 

' , ' . ~o l lowing  hea t  t reatment a t  3 7 0 ~ ~ .  ' 

. 

Curves A and B same a s  i n  Fig. 8. The curve through t h e  
da ta  waJ.calculated f rom ' the  measured thermal conduct iv i ty  

'. of t h i s  . sample . a s  explained i n  t h e  text .  ,. : 





~ i g u i e  10. s p e c i f i c  hea t ,  divided by T ~ ,  of  neut ron- i r radia ted  sam- 
.. 'ples '  .hea t  t r e a t e d  t o  840'~. Same s c a l e  a s  Figs. 8 and 9. 

. . -+ ' . 'Unir radia ted  sample 0 h a f t e r  h e a t  t reatment t o  
. 840°c, from Fig. 4 (addenda contr ibut ion '  sub t rac ted) .  

. . 
A . Debye phonon contr ibution.  

The 'two' l i n e s  near  t h e  27 h and 270 - h da ta  were ca lcu la ted  
from the  measured conduc t iv i t i e s  of t h e  r e spec t ive  samples 
a s  explained i n  t h e  t e x t ,  





i t  must be determined whether these  e x c i t a t i o n s  have a s i g n i f i c a n t  
. . 

e f  feet on t h e  thermal conductivi ty.  The motivation f o r  annealing 

the  samples was t o  attempt t o  remove these  o t h e r  e x c i t a t i o n s  with- 

ou t  a l s o  removing g l a s s - l i k e  exc i t a t ions .  It w i l l  be shown'this  

was a success~ful  procedure, except f o r  t h e  3 h sample, where an 

add i t iona l  set of  e x c i t a t i o n s  was produced - by annealing. Sample 

27 h, the .most  in termedia te  of t h e  samples . in soine respect ,  w i l l  

r equ i re  the  most d e l i c a t e  discu.ssion. 1n. t he  d iscuss ion following, 

w e  first treat the  extraneous e x c i t a t i o n s  evidenced i n  t h e  s p e c i f i c  
. . 

heat ,  comparing these  with s i m i l a r  e x c i t a t i o n s  noted i n  the  l i t e r a -  

ture.  Secondly, t h e  thermal conduct iv i ty  w i l l  be considered f o r  

evidence of  g l a s s - l i k e  states and then compared with t h e  s p e c i f i c  

hea t  of annealed samples. Las t ly ,  t h e  cha rac te r  of t h e  neutron 

damage i n  the  samples w i l l  be .considered and .  the  impl ica t ions  of  

the  r e su l t ' s  f o r  t h e  s t r a i n  broadening model f o r  ':the dens i ty  o f  
. . 

j l . ass- l ike  . states, , n(E) ,: w i l l  be discussed. 

. . 3 
The 1,arge peak i n  C/T a t  r l  K observed i n  t h e  i r r a d i a t e d  

. . . , .  
samples i s  f i t t e d  extremely w e l l  by a Schottky ' two-level  s p e c i f i c  

38/ heat-- having a n e n e r g y  s p l i t t i n g  5.3 K ( see ~ i g .  8)  . These 

two- leve l ' exc i t a t ions  cannot be: shown t o  be a sharp energy d i s -  
... . 

t r i b u t i o n  of g lass - l ike  e x c i t a t i o n s  s ince  t h e r e  i s  no d e f i n i t i v e  

phonon' . sca t t&ring.  It i~ t r u e  t h a t  the  thermal conduc t iv i t i e s  of 

samples 3 h and 27 h show an inc rease  above 1 K upon t h e  840°c , ' 

. 

. anneal ,  an anneal which reduced. the  Schottky peaks by a '  f a c t o r  

5 100.   ow ever, a s ' s e e n  from Fig. 6, t h e  conductiviLy of tl-~e 



unannealed 3 h o r  27, h sample is smaller  than t h a t  of the  0 h sample 

by a c o n s t a n t . f a c t o r  f o r  temperatures 0.5-2 K. I n  the  same t e m -  

pera ture  range the  magnitude of t h e  Schottky s p e c i f i c  hea t  inc reases  

by !& 200.  his would argue a g a i n s s '  resonant  s c a t t e r i n g  by t h e  

exc i t a t ions .  Addit ionally,  i t  i s  noted t h a t  f o r  sample 270 h the  

conduct iv i ty .  decreased above 1 K upon 8 4 0 ' ~  anneal,  where t h e  

Schottky.peak was reduced by a f a c t o r  of 5. 

A Schottky peak with approximately the  same s p l i t t i n g  has  
. . 

been seer i . in  t h e  s p e c i f i c  hea t  of a commercidl s p e c i e s . o f  v i t r eous  

silica; 40'41' again, with no evidence of phonon s c a t t e r i n g  i n  the .  

thermal conductivity. The peak was reduced upon e l e c t r o n  i r r a d i -  . . 

. . 41/ 40/ - 
atio- o r  heat  treatmen* a t  1300°c. E'urtheAore., t h e  Schottky 

. . 

e x c i t a t i o n s  reported i n  Refs..40 and 41 could n o t ' b e  assoc ia ted  w i t h  
. . 

a p a r t i c u l a r  impurity , a 1  though t h e r e  w a s  s u f f i c i e n t  impurity present  
. . 

. t o  account. ' for  t h e  observed magnitude of t h e  peak. W e  have evidence 
. . 

. t h a t  t h e  Schottky anomaly i n  our samples i s  not  due t o  impuri t ies .  

The magnitude'of . . t h e  peak i n  sample 270 h impl ies  a . d e n s i t y  of 

Schottky e x c i t a t i o n s  of 2.7 'x 10 l9 a f a c t o r  s 5 0 0  l a r g e r  

than .the known impurity level .  Therefore, these  e x c i t a t i o n s  may 

involve .some d e f e c t  of t h e  SiO system. A summary'of t h e  Schottky, 
2 

, d e n s i t i e s  and.  t h e  e f f e c t s  of anneal a r e  given in.  Table 2. 

Another low-energy e x c i t a t i o n  expected i n  neutron- i r radia ted  

quar tz  i s  t h a t  crea ted  by t h e  Y r a d i a t i o n  present  . i n  . the  reactor .  

Chaussy , et: ax. ,42/ observe an  anomalous s p e c i f i c  hea t  l i n e a r  i n  
. . 

temperature f o r  T < 1  K i n  V-irradiated quartz.  They .. . a s c r i b e  t h i s  

broad spectrum of e x c i t a t i o n s  t o  a c t i v a t e d  A 1  states, which a r e  



. 3  
TABLE 2.   umber of Schottky e x c i t a t i o n s  ( p e r  an 1 c o n t r i b u t i n g  t o  t h e  

peak i n  C / T ~  a t  1 K fo l lowing  i r r a d i a t i o n  av,d fo l lowing  h e a t  
t rea tment  a t  3 7 0 ' ~  and 8 4 0 ~ ~ .  

. . .  

Sample:, 

a f t e r  
i r r a d i a t i o n  

a f t e r  
3  70°c anneal '  

a f t e r  
840% anneal  

. 
. 2 7  h  

1 . 2 4 1 0  
l9 

- 

< 4 x  10  l6 

. . O h  

. o  

. . 0 

: O .  

. . .  

2 70,'h 

. . 

19 
2 . 7 ~ 1 0  

2,7..x 10 
' . 19 
. . 

5 . 6 x . 1 0  
18 

. 
3 h  

2.0 x .  10 l8 

18  . 
2.0 x  10 

< 4 x  1016 

2100 h 

2.4 x 10 
18 

< 1017 

- 



43/ . .  known--- t o  anneal  o u t  a t  a  temperature o f  350'~. The purpose of  

o u r  3 7 0 ' ~  annea l  was t o  remove. t h e s e  e x c i t a t i o n s .  . Addi t iona l ly ,  i n  

Ref. 42, no thermal s c a t t e r i n g  could  be de t ec t ed  from t h e  states. 

It i s  see6 t h a t  o u r  sample 27 h  be fo re  anneal  shows,an approximately 

l i n e a r  s p e c i f i c  h e a t  f o r  T.S 0.4 K (Fig. 8). It w i l i  be shown l a t e r  

t h a t  a  s p e c i f i c  h e a t  expected from g l a s s - l i k e  e x c i t a t i o n s  i s  much 

less than  t h i s .  Using a width o f  6 K f o r  t h e  spectrum o f  t h e  A 1  

e x c i t a t i o n s ' a s  i n  Ref. 4 2 , t h e  magnitude of t h e  observed excess  

s p e c i f i c  h e a t  (above the ,  phonoh c o n t r i b u t i o n )  would imply a  con- 

c e n t r a t i o n . o f  X 5 ppm . ( w t . )  A l ,  c l o s e  t o ,  t h e  measured abundance 

value. Our sample rece ived  - 3 x l o7  R ;  Chatlssy found a  s i m i l a r l y  

l a r g e  A 1  a c t i v a t i o n  by a l i k e  dose. A f t e r  sample 2'7 h  was annealed 

t o  840°c, t h e  excess  s p e c i f i c  h e a t  did drop s i g n i f i c a n t l y  ( f a c t o r  

of 3 1 ,  r e s t i n g  c l o s e  t o  a magnitude expected from g l a s s - l i k e  ex- 

c i t a t i o n s  ( t o  be shown), sample 3  h  a l s o  experienced a  drdp i n  
. . 

s p e c i f i c  he t . : fo r  T < 0.5 K upon anneal  a t '  370°~, .  Thi,s drop could 
. . 

be accounted ' f o r  by a 1 ppm ( w t .  i n i t i a l  A 1  a c t i v a t i o n .  A s i m i -  

l a r l y  smaller' a c t i v a t i o n  was a l s o  observed a t  lower doses  i n  t h e  

Chaussy samples. W e  n o t e  f u r t h e r  t h a t  o u r  samples 270 h  and 2100 k1 
. . . . 

showed no evidence o f  t h e s e  e x c i t a t i o n s ;  t h e  low- temperature 

(T50.5  K ) ' s p e c i f i c  h e a t  showed no change wi th  anneal.  I n  R e f .  42,'  ' 

a  s p e c i f i c  ' c r y s t a l l i n e  environment ( q-quartz)  was used t o  g ive  a  

mic roscop ic ' desc r ip t ion  o f  t h e  AS e x c i t a t i o n s ,  and wi th  o u r  samples 

270 h  and 2100 h  t h e r e  occurs  s i g n i f i c a n t  d e v i a t i o n .  from t h e  d-quactz 

s t r u c t u r e .  Hence t h e  A 1  e x c i t a t i o n s  may n o t  e x i s t  i n ' t h e s e  samples. 



. . 

, . . '1n. summary ye note simply that an anneal to 8 4 0 ~ ~  eliminates 

or sharply'r~duces the Sch0ttk.y excitations contributing a peak 

near 1 K, ...and the anneal should also eliminate the . . r-induced ex- 
. . 

citations. observed at lower temperature. 

Unfortunately, such an anneal creates a rather broad spec- 

t& of excitations in samples 0 h and 3 h below 1 K (but apparently 

not in the more irradiated samples), These.annea1-induced exci- 
. . 

tations, .iike. the Schottky and' A1 excitations, might not appear .in 

the thermal conductivity: For annealed saniple 0 h ; 'the excess 
. . 

. . specific 'heat increases a s  sz TO*' for temperatures 0.1-0.5 K; how- 
. . 

ever, thg additional thermal' resistance brought about by the anneal 
. . 

2.5 
has a varying temperature dependence from = TO*' at 0.1 K to ss T 

at 0.5 K (see Fig. 5). An energy-dependent coupling between the 

excitations.and the lattice could bring about the observed scat- 

tering. .However, we have preferred a simpler picture where the 
. . 

phnnon scattering i$ from inclusions, An argument .against the 

latter might be. that the fit to the thermal condilctivity is not 

impres=ively good for the annealed 0 h sample (Fig* 5); however, 
. .  . 

a better fit could'be made by assuming a distributiop of iriclusion 

sizes, 

'The.question is now asked, is there evidence-for glass-like 

excitati6ns.in the.irradiated samples, and what is the nature of 

their energy spectrum? Samples 270 h and 2100 h will be treated 

' ' first. These 'samples displayed the following thermal conductivities, 

-1. -1. 44/ 
in W an K , for T 50.5 K:- 



S 
A thermal. conductivity varying a s  T , s S 2,. i s  cha rac t e r i s t i c  of 

a g lass  and indicat ive  of a broad, energy-insensitive spectrum of 

141 
g la s s - l i ke  excitat ions.  I n  par t i cu la r ,  s r 1.8 f i r  v i t reous  silica.- 

- . . . 

The: tunneling states model makes the  following connection 

between the  excess spec i f i c  heat  ci.e., . that  above the  phonon contr i -  
. . .  

bution) arid ' the  thermal conductivity. Let the  density of glass- l ike  

exci ta t ions  per u n i t  energy per  u n i t  volume be denoted, ' a s  before, 

. n ( E ) ,  where  is the  energy s p l i t t i n g  of these presumably two-level 

m 
exc i ta t ions .  -' I f  n ( E )  O E (where m typ ica l ly  i s  3 0.1 f o r  , 

.-2 2-m 14/ the- K . , a  ' 7 .  T and C O  TI*^. The Y is  the '  c 0 6 ~ l i n g  con- 

14 19/ stan- between the  glass- l ike  exc i ta t ions  a n d t h e  l a t t i c e  

phonons. . . To avoid constants of proport ional i ty  , the  q u a n t i t i e s  
. . .  

a r e  riomai.i&d to '  v . i  t~-cous s i l i c a :  

where C and K r e f e e '  t o  the  g l a s s  vi t reous  s i l i c a ,  and. Cx and 
9 9 

46/ Under the  assumption vi = fg,. , K t o  the  i r r ad i a t ed  sample,- .x . . 

C i s - p l o t t e d  near the  respective data  i n  Fig. 10.' The Debye phonon 
X I 

contribution has  been added. For sample '270 h,  Kx of the  annealed 

sample has been used t o  compare with the  annealed' spec i f i c  heat. 

The agreement i s  exce l len t  and i s  within the  margin.of . . measurement 
. . .  . . 

uncertainty.  herefor fore, the  i den t i ca l i t y  of t h e '  coupling constants 

. among vi t reous s i l i c a ,  sample 270. h,, and sample.2100 h i s  demonstrated 
. . 



. . 

t o  w i th in  ?%.: 

For samples 3 h and 27 h,  t h e  app ropr i a t e  thermal conducti .vity 

t o  u se  f o r  ux i n  Eq. 1 i s  t h a t  conduc t iv i ty  l i m i t e d  on ly  by the  exc i -  

t a t i o n s  c r e a t e d  by t h e  neutron i r r a d i a t i o n .  For t h e s e  two samples, 

t h e r e  i s  , s i g n i f i c a n t  c o n t r i b u t i o n  t o  t h e  thermal r e s i s t a n c e  from 

bulk boundary s c a t t e r i n g  and a d d i t i o n a l l y  from the . l l inc lus ions ."  
. . 

The 0 h sample, s i n c e  i t  has  t h e  same bulk c r o s s  s e c t i o n  a s  3 h and 
. . 

27 h and presumably an  i d e n t i c a l  i n c l u s i o n  composition, c a l i b r a t e s  

t h e s e  r e s i s t a n c e s .  Therefore  t hey  can be "removed" -from an  i r r a d i -  

a t e d  sample by s u b t r a c t i n g  t h e ' i n v e r s e  c o n d u c t i v i t y ' o f  0  h: 

where K i s  t h e  measured conduc t iv i ty  of  a n  i r r a d i , a t e d  sample. It 

has  been mentioned t h a t  comparison o f . t he rma1  c o n d u c t i v i t i e s  t o  

annealed . s p e c i f i c . h e a t s  may be 'necessary .  I n  t h a t  case Eq. 2 should 

r e f e r  t o  t h e  c o n d u c t i v i t i e s  o f  annealed samples. For  sample 3 h t h i s  

g ives ,  f o r  T . <  0.4 K (Fig. 1 1 1 ,  
. . 

. . 
. . 

I f  Eq. 1 i s  used, t h e  above conduc t iv i ty  p r e d i c t s  an e x c e s s ' s p e C i f i c  
. . 

h e a t  a  f a c t o r  %20 less than  observed ( t h e  p red ic t ed .  curve,  n o t  

p l o t t e d ,  f a l l s  c l o s e  above l i n e  A i n  Fig. 10) .  However, i t  i s  c l e a r  

from Fig. 1 0  t h a t  t h e  s g e c i , f i c  h e a t  o f  t h e  annealed 3 h sample i s  

completely dominated by t h e  u n i d e n t i f i e d  exc i t a t$ons  a l s o  observed 

i n  sample 0 h a f t e r  anneal.  Thus, no claim f o r  - t h e  presence of  

4 7/ g l a s s - l i k d  e x c i t a t i o n s  i n  sample 3 h can be .made.- 

Fo r . sqnp le  27 h ,  t h e r e  i s  reason to. b e l i e v e  Eq. 2 w i l l  r?ot be 
. . 

v a l i d  f o r  annealed sample conduc t iv i t i e s .  .It i s  noted t h a t  t h e  



Figure 11. Thermal conductivi ty Kx. of samples before and a f t e r  
hea t  treatment t o  840°C. 'The  K x  i s  t h e  inverse  thermal 

. r e s i s t a n c e  o f . a n  i r r a d i a t e d  sample .a f t e r  sub t rac t ion  
of. t h e  thermal r e s i s t a n c e . o f  t h e  un i r rad ia ted  sample 
' 0 - h ,  see Eq. 2 i n  text .  

. . 

A.  3 h before heat  t reatment 
. . 

A 3 h a f t e r  heat  treatment 

0.  27 h before heat  t reatment 

.. 27 h a f t e r  heat  t reatment 
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. , 

840°c anneal 'dropped t h e  conduc t iv i t i e s  of samples 0 ' h and 3 h- by 
.. . 

a s i m i l a r  f a c t o r  f o r  T 5 0.5 K (Figs. 6 and 7) ; holi;rever, the  anneal 

d id  . - not  produce a change i n  the  27 h conduct iv i ty  (T I 0.5 K) . It. 
. . . 

, 
i s  p laus ib le  t h a t  t h e  s c a t t e r i n g  assoc ia ted  with inc lus ions  i s  not 

. . 

. . sca l ing  s i m i l a r l y  upon anneal  f o r  sample 27' h a s  . .  f o r  . sample 0 h; , 

hence t h e . c a l i b r a t i o n  of the  inc lus ion  s c a t t e r i n g  i n  Eq. 2  f a i l s .  

However, i t , m a y  be v a l i d  t o  use  Eq. 2 with t h e  unarinealed conduc- 

t i v i t i e s  t o  discover a  C~ t h a t  may be compared with t h e  annealed 
. . 

s p e c i f i c  heat, This  i s  recommended by severa l  f ac t s .  (1) The 

excess exc i t a t ions ,  namely Schottky and A l ,  p r e s e n t ' i n  the  unannealed 
. . .  

. .27 h b u t  no t  i n  0 h, d id  no t  appear t o  a f f e c t  thermal conductivi ty.  

(2 )  The k f o r  samples "on e i t h e r  s ide" o f . 2 7  h, .i.e., 3 h and 270 h, 
X . . 

did  not  change ( f o r  T 5 0.4 K) upon anneal ,  see ~ i g . , l l  and ~ i g s .  
. . . . 

6 and 7. . . (3)  A t  t h e  lowest temperatures, where inc lus ion  s c a t t e r i n g  

diminishes and bulk boundary s c a t t e r i n g  .begins to.predominate ( see  

Fig. 51, the  r(x as computcd from anneai,ed 27 h end annealed 0 h 
. .  . 

approaches a sympto t i ca l ly  t h a t  f o r  t h e  unannealed case,  see Fig. 11. 

Therefore, using t h e  unannealed sample conduc t iv i t i e s ,  Eq. 2 g ives  

f o r  T 0.4 K. The temperature dependence is suggest ive of  the  

presence of  a  broad spectrum of g l a s s - l i k e  exc i t a t ions .  Using the  

above /cX,Eq. 1 p r e d i c t s  t h e  l i n e  near  t h e  annealed 27 h s p e c i f i c  

hea t  data i n  Fig. 10 (phonon con t r ibu t ion  has been added) .. Agreement 

i s  good, and the  da ta  l i e  2510% above t h e  p red ic ted  l ine .  However, 
. .  . 

it i s  not  known what con t r ibu t ion  any poss ib le  remnant e x c i t a t i o n s  

s i m i l a r  t o .  those found i n  the  annealed 0 h and 3 h samples might 



make ' t o  the -  data. 

There i s  a f u r t h e r  complicating f a c t o r  with sample 27  h, , T h e  

thermal conductivi ty of  t h e  annealed o u t e r  region was measured and 
. . 

49/ There- 48/ was a f a c t o r  5 4 higher than i n  t h e  c e n t r a l  region.- 
& x T  

fo re ,  t h e  predic ted  excess s p e c i f i c  hea t  f o r  s q p l e  27 h,  which by 

volume i s  ~ 7 0 %  c e n t r a l  region and Z30% o u t e r  region, should be 

lowered by a f a c t o r  0.8. With t h i s  adjustment, ' the  .predic ted  excess 
. . 

s p e c i f i c  ' h e a t  i s  .%65% of t h a t  measured. I f  i t  'is assumed t h a t  the  

e n t i r e  excess s p e c i f i c  hea t  i s  due t o  g l a s s - l i k e  e x c i t a t i o n s ,  t h e  

coupling constant  X i n  t h e  27 h sample would be s17% smal ler  than 

. . i n  v i t r e o u s  silica, Of course, a s  mentioned above, t h e r e  might be 

con t r ibu t ions  t o  t h e  s p e c i f i c  hea t  from o t h e r  exc i t a t ions ,  

AS' posi ted  i n  Chapter 1, t h e  microscopic na ture  of  f a s t -  . . 

neutron damage i n  c r y s t a l s  is n o t  w e l l  known, Nevertheless, es t imates  

.have been.made of t h e  amount of'damage p resen t  i n  the  i r r a d i a t e d  

samplca. I n  Table 3 ,  row A gives t h e  number of  "damage c l u s t e r s "  i n  

each sample.' ' ,This  number is ca lcu la ted  assuming a damage region 

23/ 4 of-- 10. atoms i s  produced by each fas t -neut ron c o l l i s i o n ,  The 

number of  c o 1 l i s i o n s  pe r  on3 is N o  4 , where N i s  me atomic detlrity, 
. . 

22 -3 24 2 
8 x 10 an , 6 i s  t h e  s c a t t e r i n g  c ross  .section,=' 3.5 x 10 cm , 

and t h e  dose  i s  taken from Table 1 i n  t h e  0.1 MeV - ar range. 

Row B of ~ab lc5  3 lists t h e  f r a c t i o n a l  volume of the '  t o t a l  damage 

and row C t h e  number of atoms i n  the  t o t a l  damaged.volume. According 

t o  row B, sample 270 h , i s t h e  f i r s t  sample est imated t o  be "completely" 
. . 

, . .  . 
damaged. The sample a l s o  exh ib i t ed  the  lowest thermal conduct iv i ty  

and l a r g e s t  s p e c i f i c  hea t  o f  t h e  samples; sample. 2100 h reversed 



TABLE 3. .comparison of neutron-irradiated quar tz  samples. See t e x t  f o r  
d e t a i l s  of estimates. . 

. . 

16 

per an 

(B) f rac t ion  of . .  1 Z0.01 
sample damaged I 

, ' . (C) total number 
of displaced 
atoms, i n  dam- 
aged volume, 

3 per an 

'.(Dl r a t i o  o f  
glass- l ike  ex- 
c i t a t i on  densi- 
t y  compared to" 
vi t reous  s i l i c a  

. . . 

. . 
(El r a t i o  of 

glass- l ike  ex- '. 

. . c i t a t i o n  densi- 
t y  compared t o  
I I ~ L ~  t ron-irradi  E. 

. . ated vi t reous  
. s i i i c a  

. . .  . . .  

(F) t o t a l  number. 
of glass- l ike  
exc i ta t ions  .of 

. . energy < 1 K,  
3 

. . per cm 
. . ... ---- .' 



33 SO/ 
t h i s  trend. 'Sa tu ra t ion  o r  r e v e r s a l  of  o t h e r  propertie* i n  

. . . . 19 -2 
neut ron- i r radia ted  q u a r t z  has been repor ted  n e a r . t h e :  3 x 10 an 

fast-neutron dose, * .  
. . 

. . ~ ' s u & n & r y  of  t h e  d e n s i t i e s  of  g l a s s - l i k e  e x c i t a t i o n s  observed 

. . ' 

. ' i n .  the  samples i s  given t n  rows D, E ,  and F. Row D g ives  t h e  f r a c t i o n  

of  g lass - l ike  e x c i t a t i o n s  i n  neut ron- i r radia ted  q u a r t z .  compared t o  
. , 

v i t r eous  ..silica; i n  row E, compared t o  neut ron- i r radia ted  v i t r e o u s  . 

\ 

s i l i c a .  The f r a c t i o n  was ca lcu la ted  from t h e  r a t i o . o f  . . t h e  r e spec t ive  

. . 
( c e n t r a l  region w+k. used f o r  samples : thermal coi iduct iv i t ies  - 

3 h ,and 27 h )  . Sample 3 h i s  included, al though no independent evi-  

d e n c e f o r  g lass - l ike  e x c i t a t i o n s  was found i n  t h i s  sample. It i s  

': noted for ,  sample 270 h t h a t  c r y s t a l l i n e ,  ,neutron-irradiated . . quar tz  
. . 

can a t t a i n  70% t h e  dens i ty  of g las s - l ike  e x c i t a t i o n s  of  .morphous, 

.neut ron- i r radia ted  v i t r e o u s  s i l i c a .  I n  row F, t h e  number of  g lass -  
. . 3 

l i k e  e x c i t a t i o n s  per  . an . . with energy s p l i t t i n g  less than 1 K i s  

1 

' s2" These densl t ies a l low only one e x c i t a t i o n  f o r  every c&lcgiatcd.- i 

s 200 d+age = lus te r s .  It i s  no t  known how f a r '  t h e  e n e r g y  spectrrlm 
. . . . 

of g lass - l ike  e x c i t a t i o n s  extends above 1 K s i n c e  o t h e r ,  no t  independ- ' I  

e n t l y  charac ter ized  processes e n t e r  i n t o  the  s p e c i f i c  heat and thermal 

53/ However, i f  t h e  spectrum extends t o  conductivi'ty d f  giasses.- 

-Y 40 K ,  as, has been suggested f o r  v i t r e o u s  silica,14/ . and . with an 
. . 

energy dependence s i m i l a r  t o  v i t r e o u s  silica,14/ t h e  v a l u e s  i n  row F 

would be ' inc rkased  by a f a c t o r  of  2000, Such a dens i ty  would put  

, -  10 g l a s s - l i k e  e x c i t a t i o n s  i n  each damage c l u s t e r  . f o r  . samples 3 h, 

2 7  h,: a n d  2 7 0  h. I t  should be noted t h a t  t h e  dens i ty  of  g l a s s - l i k e  

e x c i t a t i o n s  . observed . i n  t h e  samples is no t  c o n s i s t e n t  with a 
. .  . . . 



con jec tu re  t h a t  l o c a l  v i t r i f i c a t i o n  i n  t h e  sample occu r s  upon i r r a d i -  

3 3 4  a t i o n ,  i.e.; t h a t  each damage c l u s t e r  i s  a  pocke t . ( " the rma l  spikew-- 
. . 

o f  v i t r i f i e d  ma te r i a l .  For  .sample 270 h ,  ~ 5 0 %  by volume g l a s s  would 

, be r equ i r ed ,  i n c o n s i s t e n t  wi th  the.measured dens i ty .  The i n v a l i d i t y  

33/ o f  t h e  thermal-spike p i c t u r e  f o r  q u a r t z  has  been s t a t e d  previously.- 
. . 

We now cons ide r  t h e  bear ing  o f  t h e  r e s u l t s  on t h e  s t r a i n  

broadening model d i scussed  i n  Chapter I. It was s t a t e d  t h a t  f o r  a 

concen t r a t ion  o f  g l a s s - l i k e  e x c i t a t i o n s  (assumed . t o  . be tunnel ing  sys-  

terns) a f a c t o r  -10 sma l l e r  than  found i n  v i t r e o u s  s i l i c a ,  i n t e r a c t i o n  

s t r a i n  broadening would no longer  hold and, conceivably,  sha rp  peaks 

i n  t h e  d e n s i t y  of  states, n,(E), could e x i s t .  No such sha rp  d i s t r i -  

bu t ions  o f '  G la s s - l i ke  e x c i t a t i o n s  w e r e  d e t e c t e d  i n '  t h e  p r e s e n t  samples, 

a t  l e a s t  over  t h e  energy range ~ 0 . 1 - 5  K. Indeed, t h e  r e s u l t s  f o r  

sample 27 h  sugges t  broad spectrum o f  g l a s s - 1 i k e . e x c i t a t i o n s  per -  
, .  . 

sists even a t '  a  d i l u t i o n  o f  1/40 compared t o  v i t r e o u s  s i l i c a .  One 

might t h e r e f o r e  b e l i e v e  some o t h e r  mechanism i s  re spons ib l e  f o r  t h e  

broad n ( c )  observed i n  g l a s ses .  However, Table 3 shows t h a t  the 

f r a c t i o n  of  g l a s s - l i k e  e x c i t a t i o n s  compared t o  v i t r e o u s  s i l ica  i s  

roughly equal  t o  t h e  f r a c t i o n  of  t h e  sample damaged (rows B and Dl. 

Thi s  sugges t s  t h a t  t h e  e x c i t a t i o n s  are c l u s t e r e d  wi th  l o c a l  d e n s i t i e s  

e q u i v a l e n t . t o  t h a t  i n  v i t r e o u s  s i l i c a .  . Hence s t r a i n  i n t e r a c t i o n s  

could s t i l l  be impor tan t ,  assuming t h a t  t h e r e  w e r e  i n  f a c t  many 

e x c i t a t i o n s  present i n  each c l u s t e r ,  It i s  ther 'efore seen t h a t  t h e  

form o f  n(E) above 1 K has  c r i t i c a l  bear ing  on t h i s  ques t ion ;  t h e  

aforementioned f a c t o r  of 2000 i s  necessary  t o  produce even j u s t  10 

' e x c i t a t i o n s  per c l u s t e r .  U n t i l  it i s  d iscovered  d e f i n i t i v e l y  how 
. . 



to measure n ( ~ )  for E > 1 K, or until the damage regions can be probed 

. . locally for'glass-like.excitations, it appears that interaction strain 

broadening is still a viable model for the universal.n(~) observed.in 

glasses. : ' . 



IV. SUMMARY 

~ h &  following i s  a summary of the  major experimental r e s u l t s ,  

It has been shown t h a t  neut ron- i r radia ted  q u a r t z  e x h i b i t s  a  1 .0~-  

temperature s p e c i f i c  hea t  and thermal conduct iv i ty  c h a r a c t e r i s  t i c  

of  glasses.  I n  p a r t i c u l a r ,  t h e  dens i ty  of  ~ t g l a s s - ~ l i k e l l  e x c i t a t i o n s  

giving rise t o  these  thermal p r o p e r t i e s  may a t t a i n  '50% the'  dens i ty  

of. t h a t  i n  v i t r e o u s  s i l i c a ,  y e t  t h e  i r r a d i a t e d  q u a r t z  s t i l l  r e t a i n  

long range,atomic order ,  For a less i r r a d i a t e d  sample, a  dens i ty  

of g l a s s - l i k e  e x c i t a t i o n s  ~ 2 . 5 %  t h a t  i n  v i t r e o u s  s i l i c a  may .be 

produced,, with an energy spectrum s i m i l a r  t o  t h a t  i n  v i t r e o u s  s i l i c a  

f o r  the  energy range 0.1-1 K. The dens i ty  of  g l a s s - l i k e  e x c i t a t i o n s  

i n  the  i r r a d i a t e d  quar t z  inc reases  with i r r a d i a t i o n  up t o  a  f a s t -  
. . 

neutron dose .s 3 x 10 and,  i s  subsequent ly  reduced f o r  a  

, 
'O an-2. The dens i ty  of g las s - l ike  e x c i t a t i o n s  i s  n o t  dose % ,2 x 1 0 ,  

. . 

changed up0n.a b r i e f  anneal t o  840'~. 

I n  addction . . t o  g l a s s - l i k e  e x c i t a t i o n s ,  neut ron- i r radia ted  

.quar tz  e x h i b i t s  i n  t h e  s p e c i f i c  hea t  a  two-level ' ~ c h o t t k y  anomaly 

with splitting 5.3 K. The rnagni tude of  t h i s  anomaly, inc reases  w i t h  

i r r a d i a t i o n  up t o  a  fast-neutron dose z 3 x 10 
19 cm-2 

? and i s  subse- 

20 -2 
quent ly  reduced f o r  a  dose 3 2 x 10 cm . A b r i e f  anneal  t o  8 4 0 ' ~  

sharply  reduces t h e  magnitude of t h e  anomaly. 
. . 



. . APPENDIX A 

ADDENDA HEAT CAPACITY 

. . .  
It i s  impor tan t  to.know t h e  h e a t  c a p a c i t y  of  t h e  addenda i n  

. . 

t h e  weak-link s p e c i f i c  h e a t  experiments  s i n c e ,  f o r  t h e  l e s s - i r r a d i -  
. . 

a t e d  sampies, t h i s  i s  a s i g n i f i c a n t  c o n t r i b u t i o n  . t o  t h e  t o t a l  hea t  

capac i ty  for: T ( 1  K. F i r s t ,  w e  e s t i m a t e  t h e  expected h e a t  capac i ty  

of  t h e  addenda f o r  T 5 4 K: 

(1) Thermometer composed o f  

l ' ead / t in  f i lm:  

.' . Total :  

n e g l i g i b l e  i n  super-  
conduct ing state 

. . 

. . 2 Heater  composed o f  
. . 

. . .2.8 an of  0.0025 an . . 55/ -5 -2 diameter  P t / W  wi re : -  
. . .  ' .  

0.05T + 3.'4 x 10  T erg/K 

-'.2. (m o f  0.01 an 56/ : 3 .. 
diameter N i  wire : -  0.1T (superconduct ing state) 

-5 -2 . . 3 Total :  3.4 x 10  T + 0.05T + 0,lT erg/K 

5 7/ 
( 3 j  0.001 g GE 7031 varnish:- 

3 
. . .  

0.07T + 0.2T erg/K 

41.. Fish ing  l i n e  (nylon)  , 0.01 g 
( 'see comment below) : 0 . 5 ~  + 2~~ erg/K 

-5 -2 
~ d d e h d a  t o t a l  = Ca = 3.4 x 10 T + 1.1T + ' 3 . 7 ~ ~  erg/K 

3 
W e  have f o r  T = 0.1 K, C /T = 117  erg/^^, a n d  f o r  T = 0.3 K ,  

a 
4 

C / T ~  = 1 6 ' e r g / ~  . From Fig. 4, t h e  excess  over  l i n e  A i s  150 erg/K 
4 

J 



a t  0.1 K and 1 7   erg/^^ a t  0.3 K. Thus C accounts  i n  a rough way 
a 

f o r  t h e  measured h e a t  capac i ty .  It should be noted t h a t  t h e  f i s h i n g  

l i n e ,  which ,makes up s 50% o f  t h e  addenda mass, h a s  never  been 

581 
independent ly  measured. However, i t  i s  an  amorphous mater ia l , -  

and s o  t h e  s p e c i f i c  h e a t  o f  epoxy has  simply been assumed. 

The h e a t  c a p a c i t y  curve  f o r  sample 0 h (unannealed, mass 

5.34 g )  i n  Fig. 4 i s  f i t t e d  w e l l  by t h e  following'  express ion :  

3 
. . .  = Ca/T + c x t a l / ~ ~  

3 where C /T . i s  t h e  addenda h e a t  c a p a c i t y  d iv ided  by T~ ( . to  be 
a 

f i t t e d ;  n o t '  i d e n t i c a l  wi th  t h e  e s t ima ted  Ca above) ,  and Cxtal 

i s  t h e  c o n t r i b u t i o n  of t h e  q u a r t z  c r y s t a l .  Cxtal i s  assumed t o  
. , 

. . 3 
a T ). The 1.54T -1.99 

be  e n t i r e l y  '~ebye-phonon-l ike (i.e., 'x t a l  . . 

term has  ' . the  temperature  dependence o f  a g l a s s ,  which i s  t o  be 

expected s i n c e  t h e  addenda i s  a lmos t  a l l  amorphous. The cons t an t  

' 

. . of  C / T ~  i s e s t i m a t e d  by assuming t h a t  t h e  & m e  $ / T ~  has  
a .  a 

t h e  s a m e  g e n e r a l  s h a p e  a s  t h e  s p e c i f i c  h e a t  .curve f o r  v i t r e o u s  

s i l i c a  f o r  T 5 4 K. (Equ iva l en t ly ,  i t  i s  assumed t h a t  t h e  average  

v e l o c i t y  o f  sound i n  t h e  addenda i s  s i m i l a r  t o  t h a t  i n  v i t r e o u s  

s i l i c a ) .  W e .  f i n d  
. . 

4 3 . . 
+ 0.9 erg/K ' .  ' C /T = 1.54T 

. .  a 

which l e a v e s  f o r  t h e  q u a r t z  c r y s t a l ,  

3 
/T = 30-9 erg/K 

4 
'x t a l  

The above C / T ~  corresponds t o  a Debye phonon' h e a t  c a p a c i t y ,  
x t a l  

5 
phonons o f  average v e l o c i t y  ; = 4.4 x 10  an / s ,  which a g r e e s  wi th  

11/ t h e  average  va lue  computed f r o m . e l a s t i c  cons t an t s . - -  



.. . 56 
. . 

1t' shbuld be noted t h a t  t h e  f i t  t o  t h e  addenda f o r  T 7 0.6 K 

is n o t  cri t ical ,  s i n c e  t h e  g l a s s - l i k e  e x c i t a t i o n s  measured i n  t h e  

samples are d o f i n a n t  i n  t h e  T 5 0 . 5  K range. 

~ i n a i l y ,  w e  no te  t h a t  f o r  t h e  d i f f u s i v i t y  technique,  t he  

addenda hea't c apac i ty .  was neg l ig ib l e .  No f i s h l i n e  .was used, and 
. . 

' the  thermometer was .cons t ruc ted  h a l f  as massive as  ' t h e  weak-link 

thermometer. , Hence, t he .  addenda h e a t  c a p a c i t y  was cut by a f a c t o r  

o f  4, and would c o n t r i b u t e  on ly  about  2% t o  t h e  measured s p e c i f i c  

h e a t  . o f  s imple 270 h o r  2100 h i n  any temperature :range. 
. . . . . . 



APPENDIX B 

THERMAL CONDUCTIVITY LIMITED BY INCLUSIONS 

I n  . t h e  Bol tzmann and Debye approximations, t h e  fo l lowing  

,expression . g ives  t h e  thermal conduc t iv i ty  u i n  t h e  low-temperature 
. . 

l i m i t  ( T  < < . T  ' 

11 59/ .. 

Debye ' T ~ e b y e  
- 500 K f o r  quart- 1 i f  t h e  mean 

f r e e  p a t h  .as  a func t ion  o f  frequency, R(w), i s  known: 

1 3  - 2 -2 -4 
where A = -( v 1 1.57 x lo9  W an K i f  t h e  v e l o c i t y  v 3 1 i 

of t h e  ia p o l a r i z a t i o n  phonon i s  expressed i n  cm/s and R i s  ex- , 
. . 

pressed  i n  an. The k and h are Boltzmann's c o n s t a n t  and Planck ' s  

- 3 -2 -4 
cons t an t ,  : i e spec t ive ly .  F'or quartz,z/ A = 8.7 x 1 0  W c m  K . . 

. The s i m p l e  0 h conduc t iv i ty  f i t s  i n  Fig, 5 w e r e  de r ived  

from t h e  fo l lowing  mean f r e e  p a t h s  (see p. 25) : 
. . .  

. . 

Before anneal:  R = 0.81 cm 
B 

Af t e r  anneal:  R = 0.81 cm B 

RI = 0.045 an, W > 1.3 x 1011 s - I  



. . APPENDIX C 

. . 
SPECIFIC HEAT DATA 

Th i s  appendix lists t h e  h e a t  capac i ty  and s p e c i f i c  h e a t  'da ta  

by sample. '  The u n i t  of temperature T i s  Kelvin (K). I f  t h e  weak- 

3 
l i n k  method was used,  t h e  . volume . of  t h e  sample i s  g iven ,  and CV/T 

. . 
d e n o t e s  the, heat capac i ty  of  t h e  sample wi th  addenda, d iv ided  by T3, 

4 3 
i n  un i t s . e rg /K  . The column C/T i s  t h e  s p e c i f i c  h e a t  (d iv ided  by 

3 
, . 

T ) of  the' .sample only. Sub t r ac t ion  o f  t h e  addenda ,hea t  . , capac i ty  
> 

i s  descr ibed  i n  Appendix A. The u n i t s  of  t h e  s p e c i f i c  h e a t  d iv ided  

3 .. -3  . -4 
by T a r e  e r g  an K . For d a t a  taken by t h e  d i f f u s i v i t y  method, 

3 3 
column C/T i s  s p e c i f i c  h e a t  (d iv ided  by T 1 .  The h e a t  c a p a c i t y  of 

t h e  d i f  f  u s i v i  ty addenda was. n e g l i g i b l e ,  'as d i scussed  i n  Appendix A. 

T h e , s c a l e  - f a c t o r  (see p. 18) f o r  t h e  d i f f u s i v i t y  s p e c i f i c  h e a t  i s  

given; t h e  lisLeJ data are not sc s l cd .  



0 h annealed 840°c, 1.874 an 3. 



3h, 2.000 cin 
3 

3 3 h annealed 370°C, 2.00, an. 

3 h annealed 848'~, 2.00 an 3 
. . 

T c1/T3 c/T3 



3 
. . 

.27- h annealed 840°c, 1'.81-1 cm 



270' h annealed 370'~ (1 h), scale 

T C/T 

0.1890 . .  1150 ' 

-207 1000 
;227 '874 
.250 . . ,786 
:.275 6.75 
,303 . '60.0 
-332 500 
-370 '445 

. . 

270 h annealed 840°c, 2.102 an 3 

factor 0.55 

0..288 . 416 189 0.555 
.,317 367 167 ., 610 
-349 .32i 147 -740 
,374 ?9 7. i 36 ,899 
,402 - 265 122 . '  1 ,049 
,436 248 114 1,068 
-445 229 105 1.307 
-487 . '2'34 108 1.499 
.5.01 2.40 111 

270 h annealed 840°c, scale factor 0.80 

419 
453' 
586 
718 
,886 
1150 
1 ioo 



. . 

. . 

. . 
2100 h,  s c a l e  f a c t o r  0.85 . . 

3 
2100 h annealed 370°c, 2.24 an. 

T C'/T 3 
C/T 

0.732 93.5 40.1 . . 

,828 ' . '  84.8 36.5 . . .  
1,044 7 1 . 9 .  .-31.1 
1 .'a44 72.5 31 ..3 

. . 
,1.662 : 58.3 25.4 

2.74 54.9 ' 24.0 
4 - 9 2  . . 67.3 , 29-5 . . 

. . 
. ,. 

2100 h annealed 3.90'~, scale f a c l ; ~ ~  0.05 



APPENDIX D 
. . 

. . 
. .  . THERMAL CONDUCTIVITY DATA 

I 

Th i s  appendix 1 i s t s . t h e  thermal conduc t iv i ty  d a t a  by sample. 

The u n i t  of t empera tu re  'T i s  Kelvin (K) , The u n i t S  : o f  thermal con- 

d u c t i v i t y  k are W. CHI-' K - ~ ,  WE-n" fo l lowing  a number denotes  x lo-", 

where n i s  some i n t e g e r .  Unless  o therwise  n o t e d , , . t h e  conduct ivi t ) r  

was measured i n  t h e  " c e n t r a l  region" ( a s  def ined  i n  Chapter 11; . A . ) .  
. . .  

The r ec t angu la r  c r o s s  s e c t i o n  of  each sample i s  g iven  i n  u n i t s  

' a n  x an, 



0 h annealed 840°c, 0.403 x 1.006 

0 h annealed.840~~~ outside region, 0.403 x 0.451 ' . 



3 h annealed 840°c, 0.403 



27 h' annealed 840°c, outs ide region., 0.403 ' x  0.446 . ' 



270 h annealed 840°c, 0.410 x 1.026 



,- 

T .  .. K 

0.1622 .1;56E-5 
.1872 , '2.01E-5 

A 

-215 ' 2.62E-5 
-247 3-0 37E-5 . . 
,286 4.48E-5 
-333 5.97E-5 
-518 : 1.36E-4 
.'.622 . 1.90E-4 
.849 3 .'36~-4 
-854 ' . 3.37E-4 

1'*066 5,OlE-4 
2.11 . : . 1.47E-3 , 

3.17 2.40E-3 . 

4.36 3.26E-3 . . 

. . . 5.99 4.11E-3 
a ' . 7.62 ',4.43E-3 

. . 

' . . 2100 h annealed 370°c, 0.420 x 1.058 
. . .  

. . T ' K 

,00175 .I. 76E-5. 
-237 3,i~-5. 
-830 .3.OE-4 

7.34 4.OE-3 
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