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ABSTRACT 

While high temperatcre e l e c t r o l y s i s  has  proven b e n e f i c i a l  as 
a technique to remove i n t e r s t i t i a l  i m p u r i t i e s  from q u a r t z ,  
r e l i a b l e  i n d i c e s  to  measure t h e  e f f i c a c y  of such  a p rocess ing  
s t e p  are st i l l  under  development. The p r e s e n t  work is 
directed toward p rov id ing  such  an index. Two t echn iques  have 
been invest igated--one invo lves  measurement of t h e  r a d i a t i o n -  
induced c o n d u c t i v i t y  i n  q u a r t z  a long  t h e  op t ic  a x i s ,  and the  
second involves  measurement of h igh  tempera ture  Q changes . 
Both  effects o r i g i n a t e  when impur i ty  charge  compensators are 
released from t h e i r  traps,  i n  t h e  € i r s t  case r e s u l t i n g  i n  an  
associated inc rease  i n  i o n i c  conduct ion  and i n  t h e  second 
case r e s u l t i n g  i n  i n c r e a s e d  acoustic losses. 

Radiat ion-induced c o n d u c t i v i t y  measurements have been carried 
o u t  w i t h  a 200 kV, 14 mA X-ray machine producing approxi -  
m a t e l y  5 rads/sec a t  t h e  sample. With  electric fields of t h e  
order o f  l o 4  V/cm, t h e  n o i s e  l e v e l  i n  the  c u r r e n t  measuring 
system is e q u i v a l e n t  t o  an  i o n i c  c u r r e n t  gene ra t ed  by q u a r t z  
i m p u r i t i e s  i n  t h e  1 ppb range. The accuracy  of t h e  h igh  
temperatu-  a (300-800 K) Q-1 measurement technique  is l i m i t e d  
by t h e  u n c e r t a i n t i e s  a s s o c i a t e d  wi th  q u a n t i t a t i v e  c o r r e l a t i o n  
of  t h e  h i g h  temperature a c o u s t i c  losses wi th  t h e  concen t r a -  
t i o n  of impuri ty  c e n t e r s .  A number of r e s o n a t o r s  c o n s t r u c t e d  
of q u a r t z  material of d i f f e r e n t  impur i ty  c o n t e n t s  have been 
tested, and bo th  t h e  r ad ia t ion - induced  c o n d u c t i v i t y  and the  
h i g h  temperature Q-1 results compared w i t h  ear l ier  r a d i a t i o n -  
induced frequency and r e s o n a t o r  r e s i s t a n c e  changes A 
p o s t i r r a d i a t i o n - i n d u c e d  c o n d u c t i v i t y  index and a h igh  tem- 
p e r a t u r e  Q index show e x c e l l e n t  c o r r e l a t i o n  w i t h  t h e  ear l ier  
pu l sed  i r r a d i a t i o n - i n d u c e d  dynamic r e s o n a t o r  mot iona l  resis- 
t a n c e  changes,  and it is t h e r e f o r e  concluded t h a t  e i t h e r  mea- 
s u r e m e n t  can  be employed t o  s e r v e  a s  a n  acceptance  c r i t e r i o n  
for  r a d i a t i o n  hardness .  



4 



Figure 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

CONTENTS 

Introduction 
Experiments 
Results and Discussion 

Radiation Induced Conductivity 
High Temperature Resistance 

Conclusions 
References 

ILLUSTRATIONS 

Diagram of the experimental apparatus for measuring 
radiation-induced conductivity 

Diagram of the experimental apparatus for measuring 
high temperature resonator resistance 9 
Resonator current during x-irradiation. 
of the current during irradiation varied from resonator 
to resonator. The postirradiation conductivity was not 
measurable in well-swept quartz 13 

The magnitude 

Radiation-induced conductivity for well-swept versus 
unswept and partially swept resonators 14 

Postirradiation conductivity for well-swept versus 
unswept and partially swept resonators 16 

Temperature dependence of resonator resistance for those 
resonators which displayed resistance transients 
under pulsed irradiation. These samples were of either 
unswept quartz or partially swept quartz. The data have 
been separated into two groups for.visua1 clarity. The 
filled circle data in the lower group were taken with a 
natural quartz resonator. 

(RT) 

18 

Temperature dependence of resonator resistance for ther- 
mal transient (TT) samples, i.e., of well-swept quartz 19 

Internal friction in untreated and electrolyzed fast 
grown Z-growth synthetic quartz 

Effect of electrolysis on the acoustic absorption in 
natural quartz at elevated temperatures 

High temperature Q-1 index for well-swept quartz 
versus partially swept and unswept quartz 

21 

22 

23 

5 



RADIATION-INDUCED CONDUCTIVIm AND HIGH 
TEMPERATURE Q CHANGF,S I N  QUARTZ RESONATORS 

I n  t r o  du c t io n 

High temperature e l e c t r o l y s i s ,  as a technique  to  remove i n t e r s t i t i a l  
impur i ty  c a t i o n s  from q u a r t z ,  has been used  s u c c e s s f u l l y  f o r  some 
y e a r s O 2  As f a r  a s  q u a r t z  r e s o n a t o r  s e n s i t i v i t y  to r a d i a t i o n  is 
concerned,  e l e c t r o l y s i s  (sweeping) has  proved b e n e f i c i a l  because the  
e las t ic  modulus and acoustic loss changes caused by ion iz ing  radia- 
t i o n  have been minimized or ,  i n  many cases, reduced t o  n e g l i g i b l e  
l e v e l s .  The e l e c t r o l y s i s  process, however, has no t  been s u f f i c i e n t l y  
r ep roduc ib le  t h a t  t h e  degree of c a t i o n  removal can  be guaranteed. 
Some index is necessa ry ,  thereforce, to  a s s u r e  t h a t  t he  qua r t z  is 
indeed r e l a t i v e l y  devoid of mobile c a t i o n s .  During t h e  sweeping 
process, t h e  c u r r e n t  through the  a p p a r a t u s  has n o t  proved t o  be an 
a c c u r a t e  i n d i c a t o r  , a p p a r e n t l y  because parasit ic c u r r e n t s  o t h e r  than  
t h e  impuri ty  c a t i o n  c u r r e n t  i n  t h e  c r y s t a l  a r e  also measured. Markes 
and Ha l l ibu r ton3  have r e c e n t l y  sugges t ed  an ESR technique where 
hole-compensated Al c e n t e r s  are detected a t  va r ious  stages i n  an 
i r r a d i a t i o n  and temperature c y c l i n g  sequence a s  a q u a l i t y  assurance 
m e  tho  do logy . 
I n  e a r l i e r  s t u d i e s  by Hughes4 o f  rad ia t ion- induced  conduc t iv i ty  
( R I C )  i n  q u a r t z ?  o b s e r v a t i o n s  were made of both e l e c t r o n i c  and i o n i c  
cha rge  carriers wherein t h e  i o n i c  carriers were characterized as 

impur i ty  c a t i o n s  freed i n d i r e c t l y  by t h e  r a d i a t i o n  and moved by t h e  
e lectr ic  f i e l d  a long  t h e  o p t i c  a x i s  of t h e  c r y s t a l .  The reduced 
magnitude of  these i o n  c u r r e n t s  i n  swept Z - c u t  q u a r t z  and t h e  absence 
of  s u c h  c u r r e n t s  i n  X- and Y-cuts ,  stemming from t h e  an iso t ropy  of 
q u a r t z  and the  consequent  i n a b i l i t y  of ions  t o  move p e r c e p t i b l y  
e x c e p t  a long  the  Z-axis,  l e d  t o  the  sugges t ion  of u t i l i z i n g  prompt 
rad ia t  ion-induced c o n d u c t i v i t y  , fo l lowing  pulsed  i r r a d i a t i o n ,  as an 
i n d i c a t o r  o f  t h e  presence  o r  absence of i o n i c  impurit ies.  T h i s  sug -  
g e s t i o n  has  s t i i nu la t ed  t h e  R I C  par t  of t h e  p r e s e n t  e f f o r t  which is 
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aimed at developing a quartz purity 
tion hardness perspective. 

The very large increases in ac 
synthetic quartz at high temp 
1953 by Cook and Breckenridge’ and t 
by Fraser. These resistance effec 
ical relaxation phenomenon where the 
high temperature loss is attributed 
impurity ions along the Z-axis cha 
the sum of the energy to free the 
and the motional energy to move along 
barriers. Electrolysis has been shown to reduce 
both natural and synthetic material,2 thus ma 
temperature frequency con?.rol applications of quartz cry 
should be recognized, then, that the high temperature aco 
increase is another phenomenological manifestation of the 
impurity ions. At high temperatures, the energy to relea 
from their traps is provided thermally, whereas in the 
radiation-induced conductivity, the energy is provided by t 
ing radiation. In these radiation-induced conductivity pr 
in radiation-induced acoustic loss processes, since the 
release the cations from their traps is provided by the 
the observed activation energy is simply the motional m e r  
the absence of the high temperatur 
fore, be interpreted as an indication of the absence of the Al- 
associated impurity ions, then the magnitude of this high temperature 
loss is another measure of the purity of the material. 

Experiments 

For the radiation-induced conductivity measurements, a 200 kV, 14 mA 
X-ray machine was used to irradiate the quartz crystal samples which 
were in the form of finished resonators. The resonators were placed 
in a vacuum chamber to avoid air ionization currents, and doubly 
shielded cabling was used from the high voltage supply and current 



meter to the  feedthroughs on t h e  vacuum chamber, there 

of the  experimental apparatus is shown i n  Figure 1. The 
were recorded on a s t r i p  char t  recorder to provide r i se  a 
time information a f t e r  radiation or  e l ec t r i c  f i e ld  change 
sample. A l l  of the  measurements reported here were made a t  room t e m -  
perature. The u s e  of a 200 kV X-ray source assures a f a i r l y  uniform 
radiation deposition and in t h e  present experimental configuration 
resulted i n  a f luence  of approximately 3-5 rads/sec a t  the sample. 
No voltage magnitude or  polarity dependence of t h e  background current 
was observed up to 2000 volts. Furthermore, there appeared t o  be no 
measurable X-ray induced current s i n c e  the  background was constant 
[ -  3(10)'11 amperes/cm ] a t  a l l  voltages and X-ray fluences. 2 

VOLTAGE CABLE . 
ELECTROMETER CABLE 

I I II 8' IiiI 
QUARTZ Ir '! 

LEAD f 
SHIELD 

VOLTAGE 7 ELECTROMETER RECORDER Frl-H-1 
Figure 1. Diagram of the experimental apparatus 

fo r  me asu r ing  rad i a t  ion-induced conduct i v i t y  . 
The h igh  temperature resonator-resistance (Q ) measurements were 
done i n  an absorption network wi th  a gain-phase meter measuring the 
voltage and phase of the signals a t  the i n p u t  and output of the net- 
work. A diagram of the apparatus is shown i n  Figure 2 .  Temperature 
measurements were taken w i t h  a thermocouple i n  close proximity to  
the c rys ta l  resonator i n  t h e  furnace chamber. Resonator fabrication 
technology limited the highest temperature ( -  4 O O O C )  a t  which the 
resonators could be tested. 

-1 
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Figure 2.  Diagram o f  the  experimental apparatus for 
measuring high temperature resonator resistance 



. . , . . 

For the most part, the quartz crystal resonator specimens were 5 MHZ, 
fifth overtone AT-cuts of Premium Q* quartz material, The Y-cut 
units and the natural quartz specimens are obvious exceptions. The 
swept quartz samples were fabricated from material that was vacuum 
electrolyzed at Sandia National Laboratories Albuquerque. These 
resonators were used in an earlier radiation study program where 
frequency transient data was taken after exposure to pulsed gamma 
irradiation (pulse width approximately 70 nanoseconds) at 10 rads. 
In that program both frequency and resonator resistance (Q-') changes 
were measured. Unswept or incompletely swept quartz manifested 
itself as showing transient and permanent resistance (Q'l) changes, 
with associated frequency changes, while well-swept material showed 
only frequency transients which were characterized and modeled as 
thermal in origin. 9r10 In the present studies, correlation was, 
therefore, looked for relative to this earlier frequency and resis- 
tance change ( Q - l )  characterization, as opposed to the less defini- 
tive "electrolyzed or nonelectrolyzed" characterization. Although 
all of the unswept material showed transient resistance changes, not 
all of the swept material displayed the absence of resistance 
changes. The Y-cut samples were not part of the earlier Pulsed 
irradiation testing, and, therefore, no information is available as 
to ionic purity or resistance-change effects. 

4 

Results and Discussion 

Radiation-Induced Conductivity 

The steady 
stant dose 

I 

where 

state radiation-induced current that results for a coil- 
of X-rays is 

amps) = aeflf2A$d 

*Premium Q quartz produced by Sawyer Research Products 
lake, Ohio. 

Inc., East- 
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a = c o n c e n t r a t i o n  of carriers 

e = e l e c t r o n i c  charge, 

f 2  = f i e l d  dependence of i o n  co 

[assuming a s i n g l e  car r ie r an  
c o n c e n t r a t i o n  c a n  be r e p r e s e n t  

A - area of  t h e  electrodes i n  c m 2 ,  

4 = r a d i a t i o n  rate i n  rads/sec, 

d = sample t h i c k n e s s  i n  c m ,  

1.1 = carrier m o b i l i t y  i n  cm2/V-sec, 

T = carrier lifetime i n  seconds ,  and 

E - a p p l i e d  f i e l d  i n  V/cm. 

ppm of impuri ty  ions.  If t h e  effects of impuri t ies  r e d u c t i o n  due t o  
e l e c t r o l y s i s  o r  h i g h  p u r i t y  growth are to  be detectable as a reduc- 
t i o n  i n  t h e  RIC, however, t h i s  ex t remely  low impurity l e v e l  must be 
p r e s e n t  i n  t h e  q u a r t z .  I n  other words, t h e  r ad ia t ion - induced  impur- 
i t y  ion  r e l e a s e  rate,  (%flt$, w i l l  show a decrease o n l y  when t h i s  rate 
is greater than  t h e  impur i ty  c o n c e n t r a t i o n .  When t h i s  o c c u r s ,  the  

- impurity c o n c e n t r a t i o n  is t h e  RIC l i m i t i n g  factor and t h e  number o f  
impuri ty  ions  released per carrier,  f l 8  Of 

Coursel higher  impur i ty  l e v e l s  c o u l d  be detected as a r e d u c t i o n  i n  
t h e  R I C  if higher  i r r a d i a t i o n  rates were used. T h i s  c o n c l u s i o n  
assumes t h e  m o b i l i t y  and the  lifetime a r e  unchanged by sweeping, b u t  
if t h e  t rap l e v e l s  and numbers change w i t h  sweeping time (as, f o r  

w i l l  be less than  u n i t y .  



Figure 3 displays a typical time record of the current 
during an irradiation sequence. The magnitudes of the 
HIC and the postradiation conductivity vary, of co 
to r  to resonator. Figure 4 is a plot of the steady 
induced currents for the various crystals tested. 

necessary due to differences in resonator thicknesses and electrode 
areas. The observed currents for the electronic grade, Y-cut, 2 m z  
resonators could not be distinguished above background. Tl.is result 
is in agreement with Hughes’ work and consistent with the model of 
ionic conductivity in quartz wherein the motion is restricted to the 
open Z-axis channels. 

The figure shows the results for the two groups of resonators accord- 
ing to the earlier mentioned characterization, namely resonators 
showing thermal transient effects only (TT units) and resonators 
showing resistance changes (RT units) under pulsed irradiation at 
10 rads; the Y-cut units were not part of the earlier radiation- 
effects characterization study. For purposes of comparison with 
expected electron currents in quartz, the values of electron 
radiation-induced conductivities from Hughes4 work is displayed in 
the figure also. Radiation conditioning, that is preirradiation at 
high dose levels, has been snown’ earlier to improve the response 
of resonators to radiation, and in this work it causes an apparent 
reduction in the RIC; the lowest observed conductivities for the 
unswept resonators occurred in those units that had been radiation 
preconditioned. 

4 
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The p o s t i r r a d i a t i o n  c o n d u c t i v i t y  was 
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While t he  RT u n i t s  d i sp l ayed  t h e  h ighe  

there is a s i g n i f i c a n t  overlap o n  the  
d i s t r i b u t i o n s .  I t  would be, t h e r e f o r  
acceptance  c r i t e r i o n  us ing  t h i s  st 

appreciable c o n d u c t i v i t y  d i f f e r e n c e  from t h e  
swept r e s o n a t o r s  sugges t s  t h a t  t h e  impur i ty  
well-swept u n i t s  was s t i l l  g r e a t e r  t han  t h e  ra 
i t y  ion  release rate. 

Although the  s t e a d y  s ta te  R I C  r e s u l t s  do n o t  le  

o r d i n a t e  i n  F igure  5 is the  c o n d u c t i v i t y  measured i n  
second af ter  t e rmina t ion  of t h e  x - i r r a d i a t i o n .  A c o n d u c t i v i  
10"' amperes/cm /volt/cm/rad r e p r e s e n t s  t h e  d e t e c t i o n  l i m i t  of 
expe r imen ta l  appara tus .  Because t h e  p o s t i r r a d i a t i o n  conduc 
decay times v a r i e d  s i g n i f i c a n t l y  be tween r e s o n a t o r s  (from seco 
hours ) ,  the  no rma l i za t ion  t o  t o t a l  r a d i a t i o n  exposure is n o t  

minutes  . P o s t i r r a d i a t i o n  c o n d u c t i v i t y  measurements fo l lowing  
pulsed i r r a d i a t i o n ,  w i t h  a pulse  w i d t h  less than  a second,  would 
s u p e r i o r  i n  t h i s  respect. In  r e l a t i n g  to the marked d i f f e r e n c e  i n  
results between t h e  s t e a d y  s t a t e  RIC and t h e  p o s t i r r a d i a t i o n  RIC, it 
would appear t h a t  t h e  g r e a t e r  s e n s i t i v i t y  03 t h e  p o s t i r r a d i a t i o n  con- 
d u c t i v i t y  t o  t h e  ion lifetime c o n s t i t u t e s  an  important  d i f f e r e n c e .  
If t h i s  is the  r e spons ib l e  d i f f e r e n c e  f a c t o r ,  then the  i o n  lifetimes 
i n  q u a r t z  a r e  be ing  s i g n i f i c a n t l y  reduced dur ing  e l e c t r o l y s i s .  For 
c r y s t a l  u n i t  A, a pu l sed  i r r a d i a t i o n  r e s i s t a n c e  t r a n s i e n t  was 
observed ,  b u t  it was s u f f i c i e n t l y  fas t  and small t h a t  no effect was 
detectable i n  the  frequency t r a n s i e n t .  It is concluded t h a t  t h i s  
q u a r t z  material does possess some residual i o n i c  impur i ty  c o n t e n t  I 
as confirmed by t h e  p o s t i r r a d i a t i o n  c o n d u c t i v i t y  measurement. 
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High Temperature Res i s t ance  

Resonator r e s i s t a n c e s  as a f u n c t i o n  of temp 
u r e s  6 and 7. Because of a lower tempera 
t h e  Y-cu t  r e s o n a t o r s  were n o t  able to  

w i t h  the  RT u n i t s  are shown i n  F i g u r e  6 whi le  t 
u . i i t s  are shown i n  F igure  7. The magnitude of 
RT u n i t s  was s u f f i c i e n t l y  l a r g e  a t  t h e  h ighe r  
zero  phase c o n d i t i o n  d i d  n o t  ensue. Th i s  c a n  be 
whenever R1 > 1 / ( 2  wpCs). Under t h i s  c i rcumstan  
u s e  t h e  p e a k  phase p o i n t  to c a l c u l a t e  t h e  
e q u a t i o n  

R1 [(tan’ 9 t 1) 1 / 2  - t a n  e]/2wpc, 

t a n  9 = s i n  $/(cos 4 - VB/VA) , 

VA = v o l t a g e  i n t o  the  a b s o r p t i o n  network, 

VB = voltage a t  t h e  r e s o n a t o r ,  

where 

I$ = phase of  VB relative t o  VA, 

w = angu la r  frequency a t  maximum phase 9 ( p e a k  phase P 
p o i n t )  , and 

Cs = t o t a l  c a p a c i t a n c e  a t  t h e  r e s o n a t o r  node a t  which 
VB is measured. 

The degree of improvement i n  high temperature performance, t h a t  is, 
t h e  absence of any marked r e s i s t a n c e  i n c r e a s e  for t h e  e l e c t r o l y z e d  
(well-swept) q u a r t z  r e s o n a t o r s  is a p p a r e n t  and s h o u l d  be compared 
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Figure  6 .  
those r e s o n a t o r s  which d i s p l a y e d  r e s i s t a n c e  t r a n s i e u t s  (RT) under 
p u l s e  i r r a d i a t i o n .  These samples w e r e  o f  either unswept q u a r t z  
o r  p a r t i a l l y  swept q u a r t z .  The data have been separated i n t o  t w o  
groups for v i s u a l  c l a r i t y .  The f i l l e d  circle data i n  the lower 
group were t aken  w i t h  a n a t u r a l  q u a r t z  r e sona to r .  

Temperature dependence of r e sona to r  r e s i s t a n c e  for  
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Figure  7. 
thermal t r a n s i e n t  (TT) samples, t h a t  is, of w e l l - s w e p t  q u a r t z .  

Temperature  dependence of r e s o n a t o r  r e s i s t a n c e  for 



with earlier results of Fraser12 and King and Fraser13 as displayed 
in Figures 8 and 9. Although not as prominent as in Fraser's results, 
there appears to be a similar secondary peak at approximately 300O- 
320OC for the RT units. Here, as in the RIC results, crystal unit A 
displays evidence of a residual impurity content in that there is a 
measurable high temperature increase in resonator resistance, 

Perhaps a better high temperature comparison point is nearer 5OOOC 

u 

than 4OOOC because it would be nearer the loss peak; the restrictions 
of the present experiments (i.e., the use of finished resonators) 
limited us, however, to the lower temperature. We have formed an 

)/loo, for the tested resonators which is index ratio, (R40oOc - R25°C 
shown in Figure 10. The denominator, or reference value of 100 ohms 
in this ratio, is considered to represent the quartz internal fric- 
tional loss at 5 MHz. The motional capacitance of these resonators 
is approximately pF. The clear separation of the resistance- 
ratio distributions for the two groups (RT and TT) indicates the 
viability of this measurement index as an acceptance criterion. 

Conclusions 

Based on the radiation effects model of cations freed from substitu- 
tional A1 sites in quartz, two indices for determining the ion impur- 
ity levels have been suggested. The measurement techniques have 
been investigated and demonstrated to be viable radiation-hardness 
indicators. The postradiation-induced conductivity index and the 
high temperature Q index show excellent correlation with dynamic 
resonator motional resistance changes under irradiation. It is, 
therefore, concluded that either measurement could be employed to 

1 
serve as an acceptance criterion for radiation hardness. Earlier 
resonator radiation performance variability, from blanks taken Out 
of the same quartz bar, suggests the need to utilize the acceptance . 
criterion with individual resonators. Furthermore, to preclude the 
loss  of production costs incurred in packaging the resonators, it is 
recommended that testing, with appropriate fixturing, be performed 
on the crystal blanks prior to resonator pachging. 
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Figure 1 0 .  
versus p a r t i a l l y  swept and unswept quartz.  
sample number i s  connoted by p o s i t i o n  along the  absc i s sa .  

High temperature Q” index for well-swept quartz 
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