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ABSTRACT 

T h i s  paper  desc r ibes  r e c e n t  advances i n  techno logy  
d i r e c t e d  toward  m i n i m i z i n g  t h e  temporal  changes i n  
f requency o f  c r y s t a l  resona to rs ,  as we1 1 as reduc-  
i n g  t h e i r  s u s c e p t i b i l i t y  t o  temperature ,  a c c e l e r -  
a t i o n ,  and o t h e r  env i ronmenta l  e f f e c t s .  

INTRODUCTION 

Exceeding ly  s t r i n g e n t  f requency c o n t r o l  requ i rements  f o l l o w  f r o m  t h e  
performance s p e c i f i c a t i o n s  o f  t h e  l a t e s t  genera t ions  o f  communications, 
n a v i g a t i o n  and i d e n t i f i c a t i o n  systems. U n f o r t u n a t e l y ,  t h e  p r e s e n t  
g e n e r a t i o n  o f  c r y s t a l  resona to rs ,  which a r e  t h e  s t a b i l i z i n g  elements 
i n  t h e  r e f e r e n c e  o s c i l l a t o r s  r e q u i r e d  i n  such systems, a r e  f requency 
s e n s i t i v e  t o  a c c e l e r a t i o n  f i e l d s  produced b y  t h e  dynamic environments 
su r round ing  land-  and a i r -  m o b i l e  use. These resona to rs  a r e  a l s o  
s u s c e p t i b l e  t o  f requency s h i f t s  due t o  t r a n s i e n t  temperature  v a r i a t i o n s  
and s t a t i c  s t r e s s e s  t r a n s m i t t e d  by t h e i r  e l e c t r o d e  and mount ing systems 
The a c c e l e r a t i o n  e f f e c t s  l e a d  t o  degrada t ion  o f  t h e  s h o r t - t e r m  f r e -  
quency s t a b i l i t y ,  w h i l e  t h e  s t r e s s  component c o n t r i b u t e s  p r i m a r i l y  t o  
long- te rm ag ing  and t o  d i s t o r t i o n s  o f  t h e  f requency- temperature  be- 
h a v i o r  o f  o s c i l l a t o r s .  

T h i s  paper  desc r ibes  r e c e n t  advances i n  q u a r t z  resona to rs  t h a t  p e r m i t  
s imul taneous compensation a g a i n s t  b o t h  dynamic and s t a t i c  c o n d i t i o n s ,  
and t h a t  a r e  compensated, moreover, a g a i n s t  r a p i d  tempera tu re  t r a n -  
s i e n t s  encountered i n  fast-warmup o s c i l l a t o r s  f o r  manpack use. 

A c c e l e r a t i o n  s e n s i t i v i t y  i s  g r e a t l y  reduced b y  u t i l i z i n g  nove l  mono- 
l i t h i c  compound v i b r a t o r s  h a v i n g  racemic*s t ruc tu res  t o  n u l l i f y  f r e -  
quency s h i f t s .  S t a t i c  compensation i s  ach ieved by means o f  un ique 
l a t e r a l  mount ing con tours ,  l o c a t e d  so t h a t  n o n l i n e a r  e l a s t i c  c o n s t a n t s  
cance l .  Compensation o f  thermal  t r a n s i e n t s  comes abou t  by  use o f  a  
s p e c i a l ,  doubly  r o t a t e d  o r i e n t a t i o n  o f  c u t .  We show t h a t  a l l  t h r e e  
f e a t u r e s  may be r e a l i z e d  a t  one t i m e  t o  y i e l d  a  h i g h l y  s t a b l e  q u a r t z  
r e s o n a t o r  immune t o  a c c e l e r a t i o n s  i n  any d i r e c t i o n ,  and t o  boundary 
s t r e s s e s  and thermal  t r a n s i e n t s .  . No a d d i t i o n a l  e l e c t r o n i c s  a r e  
" l e f t -  and r igh t -handed  combinat ions.  



requi red,  no r  a re  increases i n  s ize ,  weight,  and power requirements. 

The aging i s  minimized through t h e  use o f :  (1) t h e  SC-cut, ( 2 )  u l t r a -  
clean, u l t r a h i g h  vacuum f a b r i c a t i o n  techniques, and ( 3 )  packaging 
techniques which a re  capable o f  p reserv ing  t h e  u l t r a c l e a n  surfaces. 
Add i t i ona l  concepts f o r  h igh  p r e c i s i o n  shor t - ,  medium-, and long- term 
frequency c o n t r o l  are presented. 

A c r y s t a l  resonator  i s  comprised o f  a  p iece o f  quar tz ,  o r  o t h e r  piezo- 
e l e c t r i c  substance, toge ther  w i t h  a system o f  e lec t rodes ,  mountings, 
and encapsulat ion. For t h e  h igh  p r e c i s i o n  u n i t s  d e a l t  w i t h  here, t he  
form o f  t h e  c r y s t a l  v i b r a t o r  i s  t h a t  o f  a  t h i n  d i sc  w i t h  f l a t  o r  
l e n t i c u l a r  major surfaces. The e lec t rodes  are most o f t e n  deposi ted 
d i r e c t l y  upon the  major sur faces t o  form a c a p a c i t o r - l i k e  s t r u c t u r e ;  
t he  connect ion t o  i t s  ex te rna l  environment i s  made from the  e lec t rodes  
v i a  t he  mounting supports, through t h e  enclosure, t o  form a one-port  
device which i s  connected t o  t he  remainder o f  t h e  o s c i l l a t o r  c i r c u i t r y .  

I n s o f a r  as t he  ex te rna l  wo r ld  i s  concerned, t he  mechanica l ly  v i b r a t i n g  
element may be represented by means o f  t h e  equ iva len t  e l e c t r i c a l  
c i r c u i t  shown i n  F igure  1. The s t a t i c  capacitance Co i s  the ac tua l  
capacitance o f  t he  c r y s t a l  d i e l e c t r i c  between the  e lec t rodes ,  p lus  
a d d i t i o n a l  s t r a y  capacitance due t o  t h e  mount, e t c .  The C,, L,, R,, 
combination a r i s e s  from the  mechanical v i b r a t i o n  o f  t he  c r y s t a l  as 
r e f l e c t e d  a t  t h e  ou tpu t  t e rm ina l s  by t h e  p i e z o e l e c t r i c  e f f e c t .  A 
knowledge o f  these f o u r  elements su f f i ces  i n  many instances t o  
cha rac te r i ze  the  resonator  i n  o s c i l l a t o r  and f i l t e r  design. The 
mot ional  values C1, L1, RI, p e r t a i n  t o  a s i n g l e  resonance of t he  
system; if opera t ion  i s  n o t  conf ined t o  t h e  narrow v i c i n i t y  o f  a  
resonance, then the  equ iva len t  c i r c u i t  must be augmented by RLC 
se r i es  arms p laced i n  p a r a l l e l  w i t h  t h a t  shown, one f o r  each mode o f  
v i b r a t i o n .  We assume t h a t  a s i n g l e  mot ional  arm s u f f i c e s  t o  character-  
i z e  t h e  resonators under d iscussion.  Re la t ionsh ips  between the  
c r i t i c a l  frequencies associated w i t h  F igure  1, and d e f i n i t i o n s  o f  
o t h e r  parameters, are g iven  i n  [I]. 

Typ ica l  values f o r  a h i g h  p r e c i s i o n  quar tz  resonator  opera t ing  i n  t he  
fundamental mode o f  th ickness  shear a re  

fR = 5 MHz 



These values w i l l  be used i n  subsequent examples. I n  t h e  above, 

(2TfR)'  L,, c,, = I, and 

(QR,)' = L1/C1 . 
I n  some 

o s c i l l a t o r  app l i ca t i ons ,  t h e  resonance frequency fR i s  ad jus ted  t o  
the  " load"  frequency fL by means o f  a se r ies  capac i to r  CL; a  t y p i c a l  
value o f  which i s  

This  adjustment i s  necessary t o  b r i n g  the  o s c i l l a t o r  t o  a prec ise  
frequency, and t o  prov ide a means o f  c o r r e c t i n g  f o r  subsequent frequency 
o f f s e t s . I t  i s  i n s t r u c t i v e  t o  c a l c u l a t e  the  e f f e c t  o f  changes i n  CL 
i t s e l f  on the  frequency of a h igh  p rec i s ion  o s c i l l a t o r .  The load 
frequency i s  121 : 

fL 2 fR J 1 + a l r ,  where 

Therefore the  s e n s i t i v i t y  c o e f f i c i e n t  S i s  

This  i s  t o  be m u l t i p l i e d  by t h e  f r a c t i o n a l  cJange i n  CL t o  ob ta in  the  
f r a c t i o n a l  frequency s h i f t  A f / f .  Evaluat ing S f o r  our  resonator  g ives 

Temperature i s  one reason t h a t  CL might change, and i f  CL had a 
temperature c o e f f i c i e n t  o f  

TCL E 2 X ~ o - ~ / K ,  

then the  r e s u l t i n g  frequency s h i f t  would be 

10 r I S TCL I 10- /K. 

Thus changes i n  t h e  temperat e of o n l y  10 m i l l i k e l v i n s  w i l l  change Y5 t h e  frequency by pa r t s  i n  10 . I n  r e a l i t y ,  the  temperature c o e f f i -  
c i e n t  o f  CL i s  ap t  t o  be l a r g e r  than 2 ppm/K, w i t h  correspondingly  
h igher  frequency excursions. 



Rever t ing  now t o  the  phys ica l  quar tz  c r y s t a l  p la te ,  i t  has been known 
f o r  many years t h a t  by c u t t i n g  the  p l a t e  a t  an angle t o  the  c r y s t a l l o -  
graphic axes, t h e  frequency-temperature ( f - T )  behavior  could be g r e a t l y  
improved; i n  p a r t i c u l a r ,  t h a t  two o r i e n t a t i o n s  e x i s t  ( t h e  AT and BT 
cu ts )  where t h e  temperature c o e f f i c i e n t  o f  frequency i s  zero. These 
cuts conta in  t h e  c r y s t a l l o g r a p h i c  X a x i s  and are  r e f e r r e d  t o  as s i n g l y  
r o t a t e d  cuts.  F igure  2 shows an example o f  such a  c u t  as w e l l  as t h e  
more general doubly r o t a t e d  cut ,  p lus  t h e  locus o f  zero temperature 
c o e f f i c i e n t  (ZTC) as func t ion  o f  t h e  two o r i e n t a t i o n  angles 0 and 6 
[31, 141. 

For  t h e  o r i e n t a t i o n s  shown i n  F igure  2 by the  s o l i d  l i n e ,  t h e  ZTC i s  
obta ined f o r  the  slow shear wave propagat ing along t h e  p l a t e  th ickness;  
t h e  locus shown dashed i s  f o r  the  f a s t  shear waves. These are d i s t i n -  
guished by the  terms "b-mode" ( f a s t  shear), and "c-mode" (slow shear); 
the  th ickness extensional  mode i s  t h e  "a-mode", b u t  does n o t  possess 
a  ZTC f o r  any o r i e n t a t i o n  i n  quar tz .  

A ZTC means a  f l a t  f-T curve a t  some p a r t i c u l a r  temperature. Over a  
w ider  temperature range, the  curve i s  cubic i n  shape f o r  those cu ts  
on the  upper p o r t i o n  o f  t h e  locus (AT, FC, e tc .  branch), and pa rabo l i c  
f o r  cu ts  on the  two lower branches (BT and RT branches). The p rec i se  
shape o f  the  curve i s  d i c t a t e d  p r i m a r i l y  by t h e  e l a s t i c  constants '  
behavior,  and by t h e  behavior  of t h e  p i e z o e l e c t r i c ,  d i e l e c t r i c  and 
thermoelas t ic  constants. These are func t i ons  o f  $ and e .  O f  smal ler ,  
b u t  non -neg l i g ib le  i n f l u e n c e  on the  f -T  curve, a re  the  l oad  capacitance, 
t h e  e lec t rode  mass-loading and the  harmonic o f  operat ion.  

I n  subsequent sec t ions  we w i l l  discuss parameters l ead ing  t o  resonator  
i n s t a b i l i t i e s  and p o i n t  o u t  how emerging technologies w i l l  minimize 
the  var ious sources o f  frequency i n s t a b i l i t y .  

MAJOR PARAMETERS INFLUENCING FREQUENCY 

Some of the  major parameters t h a t  e n t e r  every d iscussion o f  h igh  
p r e c i s i o n  c r y s t a l  resonators are g iven i n  Table 1. These w i l l  be 
addressed i n  tu rn .  

I 1. Temperature 

I a. S t a t i c  behavior  

The overwhelming m a j o r i t y  o f  convent ional  h igh  p r e c i s i o n  resonators 
are  fashioned of AT-cut quar tz  p la tes .  The c l a s s i c a l  t reatment  o f  
t h e i r  p rope r t i es  was g iven by Bechmann [5]. These resonators have 
f-T curves s i m i l a r  i n  form t o  t h e  cubic sketched i n  F igure  3. The 
curve i s  charac ter ized by t h e  th ree  values ao, bo, co: 

- 2 
A f  = ao AT + bo AT + co  AT^; f 



I 

hf/f i s  the  f r a c t i o n a l  frequency change from t h e  frequency a t  t h e  
reference temperature, and AT t h e  corresponding temperature d i f f e r e n c e  
measured from the  reference. The q u a n t i t i e s  ao, bo, co are t h e  f i r s t ,  
second, and t h i r d  order  temperature c o e f f i c i e n t s  o f  frequency, 
respec t i ve l y ;  they are  func t ions  p r i m a r i l y  o f  @ and e ,  and are a l s o  
weaker func t ions  o f  resonator  geometry, e lec t rod ing  and mounting. 

Representat ive values f o r  the AT and SC c u t  are: 
AT S C 

a0 0 0 

bo -0.45 -12.3 

co 108.6 58.2 

aao/ae -5.08 -3.78 

aao/a@ o -0.18 

UNIT 

I O - ~ / K  

~ o - ~ / K ~  

-12 3 10 / K  

I O - ~ / K ,  deg e 

I O - ~ / K ,  deg $ 

These f igures are f o r  a reference temperature o f  25'~. The i n f l e c t i o n  
temperatures f o r  the  AT and SC cuts are 26.4 and 95.4'~, respec t i ve l y .  
By changing e s l i g h t l y ,  the  curves can be opt imized f o r  a g iven app l i c -  
a t i on .  For wide temperature va r ia t i ons ,  as encountered i n  temperature 
compensated c r y s t a l  o s c i l l a t o r s  (TCXOs), an AT cu t  can be made so t h a t  
the  t o t a l  v a r i a t i o n  over a OoC t o  500C range i s  l ess  than 2.5 X 
then the  TCXO c i r c u i t r y  can compensate t h i s  v a r i a t i o n  f u r t h e r  t o  l ess  
than 5 X 10-7. When the  resonator  i s  used i n  an OCXO (oven c o n t r o l l e d  
c r y s t a l  o s c i l l a t o r ) ,  t h e  temperature excursions are  much smal ler ,  and 
the  e angle i s  adjusted so t h a t  t h e  f -T curve maximum o r  minimum i s  
loca ted  a t  the des i red  oven temperature. I f  the  oven temperature 
should co inc ide  w i th ,  o r  be near t o ,  the  i n f l e c t i o n  temperature, then 
e v a r i a t i o n s  i n  the order  o f  seconds o f  a rc  become very important  as 
the  s lope changes r a p i d l y  i n  t h i s  region compared t o  i t s  v a r i a t i o n  a t  
the  extrema when these are w e l l  separated. For OCXOs using AT cuts, 
the opera t ing  p o i n t  u s u a l l y  i s  made the  f -T  minimum; f o r  the  SC c u t  
t h e  f -T  maximum i s  used because o f  t h e  h igh  i n f l e c t i o n  po in t .  

For cuts loca ted on the  upper locus o f  the graph i n  F igure 2 t h e  
i n f l e c t i o n  temperature monotonical ly  increases as f u n c t i o n  o f  $. 
Having the  angle 4 ava i l ab le ,  i n  a d d i t i o n  t o  e ,  al lows the s t a t i c  f -T  
curve t o  be opt imized f o r  a given app l i ca t i on .  I n  h igh  p r e c i s i o n  
app l ica t ions ,  however, t h e  s t a t i c ,  cubic, curve i s  found no t  t o  be 
i n v a r i a n t  unless the  temperature changes are made very s lowly  (quasi-  
isothermal = s t a t i c ) .  This  problem d i d  n o t  become important  u n t i l  
the pas t  few years when requirements became inc reas ing l y  s t r i n g e n t ;  
t h i s  s i t u a t i o n  w i l l  be discussed f u r t h e r  below; i t  has l e d  t o  the  
necess i ty  o f  us ing the  doubly r o t a t e d  SC cu t .  



b, Dynamic behavior  

It has been known f o r  many years t h a t  abrupt  temperature changes 
produce i n  c y r s t a l  resonators frequency changes t h a t  are unpredicted 
by the  s t a t i c  f -T  c h a r a c t e r i s t i c  [6]. For the  AT cu t ,  an increase i n  
temperature produces a negat ive-going frequency sp ike  t h a t  s low ly  
approaches t h e  expected new frequency value; f o r  BT cuts,  the  e f f e c t  i s  
reversed i n  sign. An example i s  shown i n  F igure  4, which shows t h e  
warmup c h a r a c t e r i s t i c s  f o r  AT and SC cuts.  Note the  l oga r i t hm ic  
ord ina te .  The oven warmup t ime i s  t h a t  requ i red  t o  approach w i t h i n  
10 mK o f  t h e  f i n a l  s e t t i n g  po in t ,  o r  opera t ing  temperature. Even w i t h  
the oven a t  temperature, t h e  AT c r y s t a l  frequency i s  n o t  constant  f o r  
q u i t e  a w h i l e  longer. Making t h e  oven warmup s h o r t e r  i s  o f  l i t t l e  help, 
because then t h e  overshoot i s  l a r g e r .  A t y p i c a l  f i gu re  w i t h  an AT c u t  
i s  20 minutes t o  ge t  w i t h i n  5X The d e s i r a b i l i t y  o f  f a s t  warmup 
o s c i l l a t o r s  has been st ressed a t  PTTI meetings by systems users; a 
resonator  unaf fected by thermal t rans ien ts  i s  an urgent  need. It i s  t o  
be found i n  the  SC c u t .  With i t s  use t h e  problem i s  determined by the  
oven alone, as seen i n  F igure  4, where the  frequency i s  b e t t e r  than 
10-9 i n  the  oven warmup time. 

The dynamic thermal e f f e c t  has been g iven a phenomenological explan- 
a t i o n  by a m o d i f i c a t i o n  o f  t h e  cubic f -T  curve t o  inc lude a t ime- 
dependent term 171-[8]. Evaluat ion o f  the  added term using the  r e s u l t s  
from thermal t r a n s i e n t  data enables one t o  s imu la te  the  e f f e c t  o f  
s inuso ida l  temperature v a r i a t i o n s  about a f i x e d  reference p o i n t .  An 
example i s  shown i n  F igure  5. The nea r l y  f l a t  h o r i z o n t a l  l i n e  i s  t h e  
s t a t i c  f -T  curve f o r  an AT cu t ,  expanded about the  frequency minimum. 
Superimposed are the  e l l i p s e s  t h a t  r e s u l t  from the  dynamic e f f e c t  
having i t s  basis  i n  non l inear  e l a s t i c i t y ,  and character ized by t h e  
parameter '&' i n  t h e  mod i f ied  expression 

where f ( t )  = d T ( t ) / d t .  

From F igure  5 i t  i s  seen t h a t  s inuso ida l  v a r i a t i o n s  o f  temperature 
w i t h  magnitude + % mK produce 1 arge frequency v a r i a t i o n s  when t h e  
o r b i t a l  pe r iod  7s  hours long. With a pe r iod  o f  8 hours, t h e  frequency 
change i s  about 3 X 10-12; when t h e  pe r iod  i s  lengthened t o  1 week, the  
change i s  s t i l l  about 1 X 10-13, whereas the  s t a t i c  f -T  curve would 
p r e d i c t  a change of on l y  a few p a r t s  i n  10-14, i r r e s p e c t i v e  o f  c y c l i n g  
ra te .  

Recent r e s u l t s  p o i n t  t o  the  necess i ty  o f  i n c l u d i n g  a second term a i n  
t h e  equat ion: 

b f ( t ) / f  = a o ~ T ( t )  + b + ~ ( t P  + E O ~ T ( ~ ) ] ~  + ( $ A ~ ( t ) + i ) ' i ( t ) .  



Since thermal t rans ien ts ,  temperature cyc l  ings,  and f l u c t u a t i o n s  cannot 
be e n t i r e l y  avoided, t h e  dynamic temperature e f f e c t  i s  a very important  
cons idera t ion  i n  h igh  p r e c i s i o n  resonators. Means o f  reducing t h e  
e f f e c t  a re  discussed i n  a subsequent sect ion.  

1 
2. Time 

The v a r i a t i o n  of resonator  frequency w i t h  t ime i s  shown f o r  a 
t y p i c a l  case i n  F igure  6 191. The curve has t h e  o v e r - a l l  form of 

w i t h  A an ampli tude factor ,  and T the  t ime constant  o f  the  dominant 
rate-process lead ing  t o  the  frequency v a r i a t i o n .  

Superimposed on t h e  long-range shape are per tu rba t ions  having a d i s t r i -  
b u t i o n  o f  t ime constants. The curv& i s  somewhat a r b i t r a r i l y  broken up 
i n t o  th ree  regimes: s h o r t  term ( T  < 10 sec),  in te rmed ia te  term (% 10 
sec < T < % several  hrs.) ,  long term ( r  > % several h r s . ) .  

a. Short  term 

This regime i s  charac ter ized by no ise  e f f e c t s  whose o r i g i n s  are n o t  
f u l l y  understood [ l o ] -  [ll] . Typ ica l  values o f  c f l f .  f o r  1-second 
sampling t imes, obta ined w i t h  room temperature c r y s t a l  o s c i l l a t o r s  
(RTXOs), TCXOs, and OCXOs are 

RTXO 2x10-9 

TCXO 1 x i  o-' 
OCXO 1x10-l1 

Con t r i bu t i ng  f a c t o r s  t o  shor t - term i n s t a b i l i t y  a r e  

f l u c t u a t i o n s  i n  temperature 
shock and v i b r a t i o n  

I f l u c t u a t i o n s  i n  t h e  a c t i v e  device; Johnson no ise  
e lect romagnet ic  i n te r fe rence  (EMI) 
c i r c u i t  microphonics 
quar tz   late t o  mount e l e c t r i c a l  no i se  
f l u c t u a t i o n s  i n  sur face contaminat ion 

Concerning t h i s  l a s t  po in t ,  consider  t h e  example o f  t h e  5 MHz, fundamen- 
t a l  resonator.  A monolayer o f  contaminat ion w i l l ,  by mass loading,  
reduce t h e  frequency by approximately 1 x 1 0 - ~ .  Since t h e  r e l a t i v e  
f l u c t u a t i o n  o f  the  number o f  p a r t i c l e s  i s  p ropo r t i ona l  t o  t h e  rec ip ro -  
ca l  square r o o t  o f  he number [12], f o r  a d i s c  10 mm i n  diameter t he re  11 w i l l  be about 3x10 molecules / monolayer, and the  r e l a t i v e  f l u c t u -  
a t i o n  w i l l  be about 6x10-8. Thus the  f quency i n s t a b i l i t y  due t o  T5 . t h i s  cause i s  est imated a t  about 6x10- , which, c o i n c i d e n t a l l y ,  



equals t h e  best  s h o r t  term s t a b i l i t y  repor ted  t o  date [13]. The discuss- 
i o n  i n  the  i n t r o d u c t i o n  concerninq chanqes i n  CL i s  germane here as w e l l ,  
as f l u c t u a t i o n s  i n  CL and o the r  c i r c u i t  components con t r i bu te  t o  t h e  
shor t - te rm frequency i n s t a b i l i t y .  A  phase s h i f t  $ i n  t h e  o s c i l l a t o r  loop 
w i l l  g i ve  r i s e  t o  a  frequency change o f  

there fore ,  f o r  the  c r y s t a l  parameters quoted i n  the  In t roduc t i on ,  phase 
s h i f t s  of on ly  86 microdegrees (1.5 microradians)  w i l l  produce ~ f / f  

s h i f t s  a t  the  lo-'' l e v e l .  

There i s  p re l im ina ry  evidence t h a t  po in t s  t o  t h e  quar tz -e lec t rode 
i n t e r f a c e  as a  c o n t r i b u t o r  t o  shor t - te rm i n s t a b i l i t y .  I n  a  number o f  
measurements, Healey [14] has found a l / f2 phase no ise  dependence, 
c lose- in,  i n  Cr-Ag-Ni p l a t e d  un i t s ,  and a  1 / f 3  dependence i n  Ae-Ak203- 
Au p l a t e d  u n i t s .  

Another c o n t r i b u t i o n  t o  shor t - te rm phase no ise  i s  bu l k  e l a s t i c  non l i n -  
e a r i t i e s .  For example, when t h e  b-mode o f  an SC-cut i s  d r i ven  simul- 
taneously w i t h  t h e  c-mode, an increase i n  t h e  phase no ise  o f  the  l a t t e r  
i s  found; al though both modes would be independent i f  t h e  c r y s t a l  were 
l i n e a r ,  they are coupled by n o n l i n e a r i t i e s  i n  the c r y s t a l .  

b. In termediate term 

I n  t h i s  regime t h e  g rea tes t  c o n t r i b u t o r  t o  i n s t a b i l i t y  i s  probably 
the  temperature c o n t r o l  used. Ovens are  normal ly  o f  two general types: 
a  swi tch ing  c o n t r o l l e r  type, and a  p ropo r t i ona l  c o n t r o l l e r  type. I n  
the  former, a  snap a c t i o n  thermostat i s  used, where low cos t  and moder- 
a t e  performance are important.  This  type begets wear and s t i c k i n g  o f  
the  contacts, and contac t  a rc ing  produces e l e c t r i c a l  noise. The pro-  
p o r t i o n a l  type uses a  br idge c i r c u i t  t h a t  provides constant  adjustment 
because the  heat supp l i ed  i s  p ropo r t i ona l  t o  t h e  d i f f e r e n c e  between t h e  
c r y s t a l  temperature and the  oven s e t t i n g  po in t .  Some h igh  p r e c i s i o n  
o s c i l l a t o r s  use a  double p ropo r t i ona l  oven so t h a t  i n s i d e  the  f i r s t  
oven the  temperature never va r i es  more than lK, and t h i s  i s  reduced t o  
less  than 0.01k w i t h i n  t h e  second p ropo r t i ona l  oven. 

Other con t r i bu to rs  t o  in te rmed ia te  term v a r i a t i o n s  are  changes i n  crys-  
t a l  a t t i t u d e ,  and low frequency v i b r a t i o n s .  These w i l l  be considered 
under acce le ra t i on  e f f e c t s .  

Add i t i ona l  causes are s t ress  r e l i e f  i n  mounts and electrodes, and 
changes i n  c i r c u i t  reactance and d r i v e  l e v e l .  

c. Long term 1151 

Long-term frequency d r i f t  i s  c a l l e d  aging. It i s  u s u a l l y  found t o  



be a l oga r i t hm ic  f u n c t i o n  o f  time. When the  oven and/or o s c i l l a t o r  are 
turned o f f  and then on, the  o s c i l l a t o r  t y p i c a l l y  experiences an o f fse t  
i n  frequency and t h e  onset of a new curve o f  t h e  same form. 

Typ ica l  values o f  aging are 

RTXO 3x1 0-7/month 

TCXO 1 xl0-7/month 

OCXO 1.5~10-8/month 

A major c o n t r i b u t o r  t o  l ong  term aging i s  mass t rans fe r  due t o  contami- 
na t ion .  Since, f o r  a 5 MHz p la te ,  one monolayer o f  contaminat ion lowers 
the frequency by about 1x10-6, t o  achieve h igh  s t a b i l i t y  long-term per-  
formance, the  mass t r a n s f e r  a l lowed must be a very smal l  f r a c t i o n  o f  a 
monolayer. But, assuming t h a t  a l l  molecules s t i c k  t o  the  surface, the  
number o f  molecules adsorbed by a sur face a t  a pressure o f  t o r r  
would form a monolayer i n  approximately 1 second. It i s  obvious, t h e r e  
fore,  t h a t  h igh  p rec i s ion  resonators must be processed i n  a h igh  vacu- 
um t o  avo id  contamination. This  inc ludes cleaning, hand l ing  and 
packaging. 

Adsorpt ion and desorpt ion phenomena such as outgassing o f  sur face con- 
taminants from t h e  e lect rodes and quar tz  a re  n o t  t h e  on l y  causes o f  
long-term d r i f t .  I n  b a c k - f i l l e d  u n i t s ,  changes i n  pressure due t o  
atmospheric pressure v a r i a t i o n s  produces o i l cann ing  o f  the  enclosure 
which !.)ill change t h e  frequency by 10-7 p e r  atmosohere: the  o i l cann ing  
a lso  produces t ime dependent s t resses i n  the  mounting s t r u c t u r e .  Per- 
m e a b i l i t y  o f  the  enclosure t o  gases i s  another c o n t r i b u t o r  t o  aging. 

I n t r i n s i c  s t ress  r e l i e f  w i t h  t ime changes t h e  resonator 's  frequency as 
w e l l .  The s t ress  r e l a x a t i o n  takes p lace i n  the  mounting s t ruc tu re ,  
the  bond between mount and c r y s t a l ,  and i n  t h e  e lect rodes.  As an ex- 
ample, a 5 MHz c r y s t a l  o f  14 nnn diameter, mounted along the  X-axis, 
would increase i n  frequency by 8 x 1 0 - ~  f o r  a f o r c e  produced by a mass o f  
1 gram app l ied  t o  the  mount [16];  microgram f o r c e  changes are  the re fo re  
pe rcep t i b le  i n  h igh  p r e c i s i o n  appl icat ions,  The observed aging i s  the  
sum o f  the  aging prdduced by the  var ious mechanisms, and can be posi -  
t i v e  o r  negat ive. 

d. Thermal hys te res i s  

Thermal hys teres is ,  o r  thermal r e t r a c e  i s  shown i n  F igure  7 [17]. 
This  phenomenon i s  l a r g e l y  unpredictable,  al though Hammond, e t  a l .  
[17] d i d  f i n d  a v a r i a t i o n  w i t h  o r i e n t a t i o n  angle e about the  AT-cut 
angle. I t  i s  a f u n c t i o n  o f  bonding, mounting and previous h i s t o r y ,  
and as such i s  n o t  a candidate f o r  modeling i n  systems app l ica t ions ,  



and ways t o  reduce i t  are  discussed subsequently. 

3. Acce lera t ion  

a. A t t i t u d e  

Changes i n  the  resonator 's  o r i e n t a t i o n  w i t h  respect  t o  the  g r a v i t -  
a t i o n a l  f i e l d  produce frequency s h i f t s  because o f  the  st resses s e t  up 
i n  the  resonator.  For  1800 changes one u s u a l l y  has a  s h i f t  o f  about 
2x10-9. This  i s  r e f e r r e d  t o  as t h e  "2-9 t i p o v e r "  value. This e f f e c t  
i s  equ iva len t  t o  t h e  acce le ra t i on  e f f e c t  next  described. 

b. V i b r a t i o n  

Valdois [ la ]  es tab l i shed  exper imenta l l y  the  behavior o f  resonators 
subjected t o  acce le ra t i on  f i e l d s .  H is  r e s u l t s  a re  shown i n  F igure  8. 
I t  i s  seen t h a t  t h e  frequency s h i f t  reverses s i g n  w i t h  reve rsa l  o f  the  
d i r e c t i o n  of acce lera t ion ,  and t h a t  the  magnitude o f  t h e  e f f e c t  i s  
dependent on which ax i s  the  acce le ra t i on  i s  d i rec ted  along. For a  
g iven system of mounting and d i r e c t i o n  of acce lera t ion ,  the  frequency 
s h i f t  w i l l  be g iven by 

where BG i s  the  acce le ra t i on  ( u s u a l l y  expressed i n  "g" u n i t s )  and y i s  
the  acce le ra t i on  s e n s i t i v i t y  c o e f f i c i e n t  o f  the  c r y s t a l  f o r  t h a t  con- 
f i g u r a t i o n .  Values f o r  y normal ly  run  a  few p a r t s  i n  l o 9  per  g  (AT-cut). 

When t h e  acce le ra t i on  takes t h e  form o f  v i b r a t i o n ,  the  same consider- 
a t i ons  apply. I f  the  v i b r a t i o n  i s  s inuso ida l ,  sidebands are produced 
a t  t h e  c a r r i e r  frequency - + the  modulat ion frequency. An example i s  
shown i n  F igure  9  1191. The r a t i o  of s i n g l e  sideband t o  c a r r i e r  powers 
fo l l ows  from FM theory as 

where ~f i s  t h e  frequency s h i f t  under acceleration,, and f m  i s  the  
modulat ion frequency. Measurement o f  Z ( f m )  y i e l d s  y f rom 

For h igh  performance o s c i l l a t o r s  i t  i s  impera t ive  t h a t  y be s i g n i f i c a n t -  
l y  reduced; methods o f  a t t a i n i n g  t h i s  end are  discussed i n  t h e  sequel. 

c. Shock 

Shock i s  d i s t i ngu i shed  from v i b r a t i o n  and t i p o v e r  on l y  by i t s  
magnitude. I f  the  shock l e v e l  exceeds the  e l a s t i c  l i m i t  f o r  the  
quar tz  o r  mounting s t ruc tu re ,  permanently o f f s e t  frequency w i l l  r e s u l t .  



I n  c e r t a i n  sensor app l i ca t i ons  t h e  c r y s t a l s  may be subjected t o  as 
many as 20,000 g ' s  and be requ i red  t o  su rv i ve  w i t h  minor frequency 
s h i f t s ;  methods f o r  shock-hardening w i l l  be described i n  a  l a t e r  sec- 
t i o n .  

4. Radia t ion  

a. Trans ien t  

Pulsed i o n i z i n g  r a d i a t i o n  produces frequency changes i n  qua r t z  
resonators by a  mechanism s i m i l a r  t o  the  dynamic thermal e f f e c t  mentiow 
ed prev ious ly .  Thermal g rad ien ts  are s e t  up i n  the  quar tz ,  lead ing  t o  
frequency changes brought about by the  non l i nea r  e l a s t i c  constants. 
The e f fec t  depends on the  c r y s t a l  cu t ,  being negat ive f o r  the  AT cut, 
b u t  i s  almost i n s e n s i t i v e  t o  the  type (na tu ra l  o r  cu l t u red )  o f  quar tz  
used, and t o  t h e  q u a l i t y ,  al though Q degradat ion and even cessat ion o f  
t h e  o s c i l l a t i o n  has been observed when impure quar tz  i s  used. 

b. Permanent 

Steady s t a t e  o r  continuous r a d i a t i o n  produces permanent frequency 
s h i f t s  i n  quar tz  resonators [20], [21]. The e f f e c t  i s  due p r i m a r i l y  
t o  changes i n  the  defect s t r u c t u r e  o f  the  ma te r ia l ,  which changes, i n  
t u rn ,  t h e  e f f e c t i v e  e l a s t i c  constants. Because t h e  e f f e c t  i s  very 
s t r u c t u r e  sens i t i ve ,  the  type and q u a l i t y  o f  the  quar tz  ma te r i a l  used 
i s  extremely important .  Typ ica l  values f o r  i o n i z i n g  r a d i a t i o n  are  

na tu ra l  quar tz :  --10-l l /rad 

swept c u l t u r e d  quartz:  -<lo-12/rad. 

For neutrons displacement damage occurs a t  t h e  l e v e l  

2  neutrons: 10-~ ' /n /cm . , 

Improvement of r a d i a t i o n  i n s e n s i t i v i t y  w i l l  be described i n  the  next 
sect ion.  

TECHNOLOGIES AND TECHNIQUES IMPACTING STABILITY 

I n  t h e  l a s t  s e c t i o n  some o f  the  predominant parameters a f f e c t i n g  f r e -  
quency o f  resonators were described. I n  t h i s  sec t ion ,  technologies 
and techniques t h a t  a re  being brought t o  bear on the  problem o f  
resonator  frequency changes w i l l  be reviewed i n  the  l i g h t  o f  l a t e s t  
developments. Some o f  these have been touched upon before  a t  prev ious 
PTTI meetings [22], 1231. The "cures" t o  be described f o r  the  var ious 
e f f e c t s  a l ready enumerated are s u r p r i s i n g l y  few i n  number; the  most 
prominent o f  which i s  the  s u b s t i t u t i o n  of the  doubly r o t a t e d  S C  c u t  f o r  
the  perennia l  AT cu t .  This  i s  because many of the e f f e c t s  have t h e i r  
basis  i n  non l inear  e l a s t i c i t y  1241, 141. The more important  emerging/ 



improving technologies being brought  t o  bear on the  problem o f  improv- 
i n g  h igh  s t a b i l i t y  resonators are shown i n  Table 2. These w i l l  be 
b r i e f l y  discussed i n  the  same framework as t h e  p r i o r  sec t ion .  Cu t t i ng  
across t h e  Temperature/Time/Acceleration/Radiation categor ies i s  the  
SC cu t .  Table 3 g ives a preview o f  t h e  sequel. 

1. Temperature 

The f -T  behavior  o f  SC cu ts  i s  shown i n  F igure  10, w i t h  adjacent  
curves separated by 1 minute o f  arc.  The i n f l e c t i o n  temperature i s  
about 95.4OC, as opposed t o  nea r l y  room temperature f o r  the  AT, and 
t h e  cubic parabola term i s  on l y  about one h a l f  t h a t  o f  t h e  AT. I n  
many app l i ca t i ons  these are advantages over the  AT cut,  b u t  r e l a t i v e l y  
minor ones. The r e a l  advantage o f  t h e  SC v i s  v i s  t h e  AT, as f a r  as 
temperature e f f e c t s  are concerned, i s  t h a t  t h e  curves i n  F igure  10 are  
nea r l y  the  dynamic as w e l l  as the  s t a t i c  curves, because t h e  SC-cut 
i s  compensated f o r  thermal t r a n s i e n t s  occur r ing  i n  the  th ickness 
d i r e c t i o n ;  l a t e r a l  compensation o f  g rad ien ts  does n o t  i n  general occur, 
bu t  very l i t t l e  experimental  o r  t h e o r e t i c a l  work has been done on t h e  
l a t e r a l  e f f e c t  [ l o ] ,  181. Because o f  t h e  compensation f o r  temperature 
changes, s e t t i n g  an S t  o s c i l l a t o r  t o  i t s  temperature opera t ing  p o i n t  
i s  rap id ;  anyone who has performed t h i s  f e a t  w i t h  a h igh  p r e c i s i o n  AT 
resonator  w i l l  appreciate t h i s  p r a c t i c a l  advantage. More impor tan t ly ,  
f a s t  warmup o s c i l l a t o r s  a r e  a r e a l i t y  w i t h  t h e  SC cut,  w i t h  warmup 
d i c t a t e d  s o l e l y  by the  oven, as shown i n  F igure  4; a l s o  h i g h l y  import -  
a n t  i s  t h e  absence o f  the  o r b i t s  o f  F igure  5 and t h e  corresponding 
meanderings o f  frequency due t o  temperature f l u c t u a t i o n s .  

The consequences o f  e l i m i n a t i n g  dynamic thermal coupl ing are  brought 
ou t  d ramat i ca l l y  i n  Table 4. The t a b u l a r  e n t r i e s  p e r t a i n  t o  an SC 
c u t  operated w i t h  i t s  reference temperature a t  one o f  t h e  two t u r n i n g  
po in t s .  Refer t o  F igure  3 f o r  t h e  d e f i n i t i o n s  o f  oven o f f s e t  and oven 
cyc le  range w i t h  respect  t o  oven s e t t i n g  p o i n t .  For s ta te -o f - t he -a r t  
ovens w i t h  c y c l i n g  ranges i n  the  m i l l i k e l v i n  regime, resonator  s t a b i l i -  
t i e s  i n  he 10-14 range ought t o  be a t t a i n a b l e .  I n  f a c t ,  a s t a b i l i t y  
o f  6 ~ 1 0 - ~ ~  f o r  a sampling i n t e r v a l  o f  128 seconds has been repor ted  f o r  
an SC c u t  [25]. 

S t a b i l i t i e s  approaching those o f  Table 4 assume t h a t  t h e  a d d i t i o n a l  
causes o f  i n s t a b i l i t y  can be s u f f i c i e n t l y  reduced o r  e l im ina ted.  As 
ambit ious as such a program might appear a t  f i r s t  t o  be, the  pa th  t o  
doing j u s t  t h i s  i s  reasonably s t ra igh t - fo rward  and poss ib le  o f  accomp- 
l ishment  i n  the  f u t u r e  f o r  p roduct ion  q u a n t i t i e s  o f  h igh  s t a b i l i t y  
resonators. 

The major  drawback o f  the  SC w i t h  respect  t o  t h e  AT i s  t h e  increased 
c r i t i c a l i t y  o f  t h e  o r i e n t a t i o n  angles and e f o r  oven opera t ion  near  
t h e  i n f l e c t i o n  temperature; where a few minutes o f  a rc  s u f f i c e  f o r  the  
AT cut,  t h e  to le rance becomes seconds o f  a r c  f o r  t h e  SC cut .  Fortun- 



a t e l y ,  an automated x-ray goniometer w i t h  microprocessor c o n t r o l  i s  
being developed under ERADCOM cont rac t ,  and t h i s  should prov ide  t h e  
necessary accuracy and prec is ion .  

2. Time 

Under t h i s  category we w i l l  discuss j u s t  two areas of recent ,  
s i g n i f i c a n t  progress: mounting and e lec t rode stresses, and contamin- 
a t i o n  con t ro l .  Other areas discussed i n  t h i s  category i n  the  l a s t  
sec t i on  w i l l  be addressed l a t e r  on, i n  t h i s  sect ion,  o r  t h e  next.  

F igure  11 shows t r a d i t i o n a l  metal enclosures, and t h e  r e c e n t l y  develop- 
ed ceramic f l a t -pack  enclosures 1261-1281. The ceramic u n i t s  have the 
advantages o f  c lean l iness :  they are  cleaned more e a s i l y ,  can be baked 
a t  h ighe r  temperatures t o  remove contaminants, and t h e  alumina enclo- 
sure i s  impervious t o  gaseous d i f f u s i o n  u n l i k e  metals and glasses. The 
f la t -pack design a l so  provides a geometric f a c t o r  n o t  possessed by the  
metal holders, and i s  m i c r o c i r c u i t  and h y b r i d  c i r c u i t  compatible. 
Wi th in  the  ceramic enclosure, t h e  resonators are at tached t o  t h e  mount 
w i t h  poly imide 1291. This  ma te r i a l  can be vacuum baked a t  above 3500C 
and thus has minimal outgassing. This means o f  attachment can be used 
from cryogenic temperatures t o  3500C. The l i d  i s  sealed t o  t h e  r e s t  
of the  ceramic enclosure by metal-to-metal, c lean sur face adhesion. 

The resonator  b lank sealed w i t h i n  t h e  ceramic f l a t p a c k  has g o l d  e lec-  
trodes deposited upon i t s  surfaces. This provides a minimum o f  s t ress-  
es and i n t e r f a c e  reac t ions .  The i n t e r f a c e  between t h e  go ld  and quar tz  
must a l s o  be clean. Near-atomic c lean l iness  can be obta ined by, amng 
o the r  th ings ,  UVIozone c leaning 1291-1311. 

Adherent e lect rodes are  s t i l l  sub jec t  t o  thermal s t ress  cyc les,  and t o  
s t ress  re laxa t i on ,  regardless o f  how d u c t i l e  t h e  e lec t rode ma te r ia l  may 
be. Means o f  obv ia t i ng  t h i s  problem are: 1. the  use o f  the  SC-cut, 
which i s  i n s e n s i t i v e  t o  e lec t rode s t ress  r e l i e f ,  and 2. t h e  use o f  
a i r  gap designs 1321, [33]. An embodiment o f  t h e  a i r  gap type o f  
mount ing/e lect roding design i s  the  BVA o f  Besson 1231. The absence o f  
e lect rodes d i r e c t l y  on the  v i b r a t o r  sur face r u l e s  ou t  sur face st resses 
and poss ib le  e lec t rode  asymnetry t h a t  would l ead  t o  coupl ings w i t h  
even harmonics and w i t h  f l exu re .  The BVA design a l s o  u t i l i z e s  a r i n g  
s t r u c t u r e  w i t h  mono l i t h i c  quar tz  br idges t h a t  i s o l a t e  the  v i b r a t i n g  
p o r t i o n  from t h e  quar tz  support ing r i n g .  

The o the r  area, contaminat ion con t ro l ,  i s  bes t  summed up by saying t h a t  
a l l  processing, from i n i t i a l  i n p u t  o f  quar tz  blanks and ceramic en- 
closures, t o  f i n i s h e d  resonator  u n i t s ,  must be done under u l t r a c l e a n  
cond i t ions .  The f i n a l ,  most c r i t i c a l  f a b r i c a t i o n  steps must be per- 
fonned i n  u l t r a h i g h  vacuum. An apparatus t h a t  accomplishes t h i s  i s  
shown i n  F igure  12. This i s  t h e  Quar tz  Crys ta l  Fab r i ca t i on  F a c i l i t y  

. (QXFF) 1341. It cons is ts  o f  f i v e  separate chambers: 1. entrance, 



2. UV cleaning-bakeout, 3. g o l d  p l a t i n g  4. seal ing,  5. unloading. 
Chambers 2 , 3 ,  and 4 are under 10-8 t o  10-4 t o r r  cont inuously ,  and never 
see a i r  a f t e r  the  i n i t i a l  pump-down. A l l  chambers are separated by 
u l t r a h i g h  vacuum gate valves, and each chamber i s  separate ly  cryo- 
pumped. The QXFF i s  being developed under ERADCOM cont rac t ;  the  p i l o t  
run f o r  22 MHz fundamental mode h igh  shock c r y s t a l s  i s  scheduled t o  
take  p lace dur ing  1980. The p i l o t  product ion run  f o r  h igh  p r e c i s i o n  
5 MHz and 10 MHz c r y s t a l s  i n  scheduled f o r  1981-82. 

3. Acce lera t ion  

For  acce lera t ions  o u t  o f  the  c r y s t a l  p l a t e  plane, desens i t i za t i on  
o f  t h e  accelerat ion- induced frequency s h i f t  may be p a r t i a l l y  accomp- 
l i s h e d  by use o f  ring-mounted resonators as shown i n  F igure  13 [35]. 
The improvement comes about by t h e  a l t e r a t i o n  o f  t h e  boundary condi- 
t i o n s  a t  the  p l a t e  per iphery  as described a t  t h e  bottom o f  F igure  13. 
When the  acce le ra t i on  i s  i n  t h e  plane of the  p la te ,  one cannot make 
any a p r i o r i  statements concerning the  magnitude o f  the  e f f e c t ,  except 
t h a t  i t  w i l l  be azimuth dependent. The r ing-supported resonator  may 
be f a b r i c a t e d  o f  any cu t .  

It i s  an exper imenta l l y  observed f a c t  t h a t  S C  cuts are considerably 
l ess  s e n s i t i v e  t o  the  e f f e c t s  o f  acce le ra t i on  ( a t t i t u d e ,  shock and 
v i b r a t i o n )  than AT cuts; t h e  improvement may be as much as a f a c t o r  o f  
ten. Beyond t h i s ,  one may use dual resonators w i t h  two c r y s t a l  axes 
a n t i p a r a l l e l  1231, t o  o b t a i n  compensation along these axes, o r  one may 
use enantimorphs i n  a th ree-ax is  a n t i p a r a l l e l  con f i gu ra t i on  t o  produce 
a dual resonator  compensated aga ins t  the  e f f e c t s  o f  an acce le ra t i on  
f i e l d  i n  any a r b i t r a r y  d i r e c t i o n  [36]. 

The enantiomorphous composites may be fashioned as pa i red :  

convent ional resonators 
r ing-supported resonators 
EVA resonators 
stacked resonators 
r ing-supported resonators w i t h  t h e  r i n g  
s t ruc tu res  stacked 

Add i t i ona l l y ,  the  e l e c t r i c a l  connections may be se r ies  o r  p a r a l l e l ,  
and t h e  c r y s t a l  c u t  may be s i n g l y  (AT) o r  doubly (SC) r o t a t e d  [36]. 
Examples o f  stacked c r y s t a l  composites are  g iven i n  F igure  14. 

I n  o rder  t o  render quar tz  v i b r a t o r s  capable o f  w i ths tand ing  shock 
l e v e l s  approaching the  t h e o r e t i c a l  breaking s t reng th  o f  the  ma te r ia l ,  
i t  has been found t h a t  microscratches and imper fec t ions  l e f t  by t h e  
convent ional mechanical p o l i s h i n g  opera t ion  had t o  be completely re-  
moved. Otherwise, the  s t ress  magn i f i ca t i on  t h a t  took p lace as t h e  
s t ress  wave passed over t h e  scra tch  r e s u l t e d  i n  p l a t e  f rac tu re .  The 



I 

method newly in t roduced i n t o  quar tz  resonator  f a b r i c a t i o n  f o r  t h i s  
purpose i s  chemical p o l i s h i n g  [37]- 1391. Chemical p o l i s h i n g  cons i s t s  
o f  e tch ing  the  c r y s t a l  t o  produce pure c r y s t a l l i n e  surfaces t h a t  re-  
veal defects and makes the  p l a t e  much s t ronger .  The proper  etchant  
and procedure i s  dependent on the  o r i e n t a t i o n  angles $ and e .  For  
+foO, even though each sur face may be chemical ly  pol ished, t h e  r e s u l t  
i s  d i f f e r e n t  on each s ide;  t h i s  can be used as a  p o l a r i t y  t e s t  o f  axes 
when using pa i red  p la tes  as enantiomorphous composites. 

I 4. Rad ia t ion  

Temperature grad ien t  e f f e c t s  on resonator  frequency, a r i s i n g  from 
pulsed i o n i z i n g  r a d i a t i o n  can be l a r g e l y  compensated by u t i l i z i n g  SC 
c u t  resonators. Steady s t a t e  r a d i a t i o n  e f f e c t s  depend s t r o n g l y  on 
defects i n  the m a t e r i a l .  Jus t  as anneal ing has been used t o  increase 
t h e  Q o f  quartz,  and t o  attempt t o  reduce aging [40], a  combination o f  
h igh temperatures (below t h e  a-B t r a n s i t i o n  p o i n t )  and s t rong e l e c t r i c  
f i e l d s  ( r e f e r r e d  t o  as "sweeping") has been found t o  produce ma te r ia l  
w i t h  supe r io r  p u r i t y  and thus super io r  r a d i a t i o n  hardness [41]-L431, 
[21]. I n  add i t i on ,  the  sweeping process (done i n  a  vacuum) has been 
shown 1371 t o  produce ma te r ia l  having many fewer etch channels than 
non-swept c u l t u r e d  quar tz .  Etch channels degrade the  s t reng th  (shock 
res is tance)  and serve as r e p o s i t o r i e s  o f  e tchant  t h a t  can produce i n -  
s t a b i l i t i e s .  

The use o f  tuned I R  and UV t o  e x c i t e  l a t t i c e  v i b r a t i o n s ,  and impur i t -  
i e s ,  respec t i ve l y ,  t o  a i d  i n  t h e  sweeping process has been proposed 
1441. 

Fur ther  improvements i n  r a d i a t i o n  hardness, Q, and long-term aging o f  
t h e  ma te r ia l  i t s e l f  due t o  d i f f u s i v e  phenomena w i l l  r e q u i r e  f u r t h e r  
developments i n  c r y s t a l  growth. Among these are use o f  de fec t  f r e e  
n a t u r a l  quar tz  seeds, spec ia l  seed prepara t ion ,  use o f  s e l e c t  h igh  
p u r i t y  n u t r i e n t  ma te r i a l ,  spec ia l  c leaning o f -au toc laves ,  and use o f  
p rec ious-meta l - l ined autoclaves. 

I ADDITIONAL CAUSES AND CURES 

I 1. Q u a s i s t a t i c  fo rces  

These i nc lude  thermoelas t ic  forces,  and i n t r i n s i c  s t ress  r e l i e f  
mentioned under long-term aging. For in -p lane fo rces  app l i ed  t o  a  
c i r c u l a r  p l a t e  as shown i n  F igure 15, i t  i s  found t h a t  t he re  are  
azimuth angles such t h a t  app l ied  fo rce-pa i rs  produce no frequency 
change [16]; t h i s  i s  t r u e  even f o r  doubly r o t a t e d  p la tes  on t h e  upper 
ZTC locus 1451-1481. When t h i s  c r i t e r i o n  i s  used t o  l oca te  f o u r  
mounting po in t s  [49], then thermoelas t ic  forces w i l l  have no i n f l u e n c e  
on t h e  resonator  frequency, as long as no asymmetry ex i s t s ,  i .e .  so 
t h a t  bending moments are no t  generated. The s t r u c t u r e  i s  thus on l y  



c o n d i t i o n a l l y  s tab le ,  t h a t  i s ,  o n l y  as long as t h e  fo rces  are c o l i n e a r  
i n  pa i r s .  Another d i f f i c u l t y  i s  t h a t  the  fo rce  c o e f f i c i e n t  has an 
appreciable grad ien t  w i t h  angle about t h e  zero po in ts .  Two means o f  
overcoming t h i s  d i f f i c u l t y  are: 1. use o f  r ing-supported resonators, 
and 2. use o f  spec ia l  polygonal shapes i ns tead  o f  c i r c u l a r  o u t l i n e s .  
Ring-supported s t ruc tu res ,  which can be produced by chemicai e t ch ing  
[49], absorb most o f  the  fo rces  and/or torques app l i ed  and are l ess  
s e n s i t i v e  than convent ional resonators. P la tes  o f  spec ia l  l a t e r a l  
contour have been developed 1501 f o r  s i n g l y  and doubly r o t a t e d  cuts 
t h a t  have the  p rope r t y  o f  being frequency i n s e n s i t i v e  t o  in-p lane 
fo rces  app l ied  normal t o  two p a i r s  o f  edges. The edges are  used f o r  
mounting, and the  s t ress  l e v e l s  a re  g r e a t l y  reduced over point-mounts. 
Moreover, t h e  polygons are s e l f - o r i e n t i n g  i n  t h e i r  holders.  Examples 
o f  t h e  p la tes  are shown i n  F igure  16 (AT cu t ) ,  and i n  F igure  17 (SC 
c u t ) .  

2. L ine  vo l tage changes 

This i s  an o s c i l l a t o r ,  r a t h e r  than a resonator,  c h a r a c t e r i s t i c .  
Def in ing a vo l tage c o e f f i c i e n t  o f  frequency as 

- Vo df 

one has t h e  f o l l o w i n g  t y p i c a l  f i g u r e s  f o r  Vf: 

RTXO l o - 6  
TCXO 5x10-7 

ocxo lo -9  

The RTXO f i g u r e  o f  means ~ f / f  changes 10" f o r  a 10% change i n  
l i n e  voltage. Improvement o f  these f i g u r e s  depends main ly  upon 
c i r c u i t r y  design and improvement. 

3. Resonator d r i v e  l e v e l  

The amp1 i tude-frequency-dr i  ve l e v e l  sur face f o r  a t y p i c a l  AT c u t  
i s  given i n  F igure  18 i n  schematic fashion.  For  h igh  power l e v e l s  the  
sur face becomes p leated,  i n d i c a t i n g  a mu l t i p le -va lued  ampli tude-fre- 
quency curve. A rule-of- thumb f i g u r e  f o r  t h e  frequency change i n  an 
AT a t  low d r i v e  i s  p a r t s  i n  1 0 9 / ) ~ ~ ,  b u t  t h i s  depends on geometry. The 
BT c u t  bends i n  the  opposi te d i r e c t i o n  141, 1511, 1521. I n  t h e  v i c i n -  
i t y  o f  the  SC-cut the  curve does n o t  skew u n t i l  much h igher  l e v e l s  o f  
d r ive .  

Besides t h e  amplitude-frequency e f f e c t ,  another non l i nea r  e f f e c t  may 
occur, v iz. ,  t h e  presence o f  a very h igh  s t a r t i n g  res is tance a t  very 
low power l e v e l s  [53], 1541. I t  i s  s t r o n g l y  suspected t h a t  surface 



p r e p a r a t i o n  i s  r e s p o n s i b l e ;  chemical  p o l i s h i n g  and p r o c e s s i n g  under 
u l t r a c l e a n  c o n d i t i o n s  s h o u l d  e l i m i n a t e  t h i s  f e a t u r e .  

4. S t a t i c  charge - dc f i e l d  s e n s i t i v i t y  [55] 

The e l e c t r i c  f i e l d  c o e f f i c i e n t  o f  f requency i s  d e f i n e d  as 

I n  terms o f  t h i s  c o e f f i c i e n t ,  measured va lues f o r  t h r e e  q u a r t z  c u t s  
a r e  [55] : 

AT c u t  0.04 pm/V 
SC c u t  2.3 
LC c u t  16.7 

F o r  ro ta ted -Y-cu ts ,  t h e  e f f e c t  s h o u l d  v a n i s h  f o r  e l e c t r i c  f i e l d s  i n  
t h e  p l a t e  t h i c k n e s s  d i r e c t i o n ;  b u t  any x component o f  f i e l d  w i l l  p ro -  
duce a  c o n t r i b u t i o n  f o r  any c u t .  I n  a  c lean ,  d r y  environment,  s t a t i c  
charges on i n s u l a t i n g  s u r f a c e s  can produce many kV w i t h  r e s p e c t  t o  
ground. From t h e  f i g u r e s  above i t  i s  seen t h a t  t h e  SC c u t  i s  more 
s u s c e p t i b l e  t o  t h i s  e f f e c t  than t h e  AT c u t .  I t  i s  g o t t e n  r i d  o f  i n  a  
s i m p l e  manner, by  p l a c i n g  a  h i g h  r e s i s t a n c e  i n  p a r a l l e l  w i t h  t h e  
v i b r a t o r .  

5. O ther  n o n l i n e a r  e f f e c t s  

r e f f e c t  o f  bonding on f - T  curve 1561 
r p i e z o e l e c t r i c  h y s t e r e s i s  [57] 
r n o n l i n e a r  p e r m i t t i v i t y  [58], [59] 
r p a r a m e t r i c  e x c i t a t i o n  [60]- [62] 

It remains t o  be seen i f  these  e f f e c t s  a r e  reduced i n  s i z e  f o r  c e r t a i n  
doubly  r o t a t e d  o r i e n t a t i o n s .  I t  has been e s t a b l i s h e d  t h a t  t h e  SC c u t  
i s  remarkably  f r e e  o f  a n o t h e r  n o n l i n e a r  e f f e c t - a c t i v i t y  d i p s .  

CONCLUSION 

I n  many o f  t h e  papers p r e s e n t e d  a t  t h e  1979 PTTI mee t ing  t h a t  d e t a i l e d  
system requ i rements ,  i t  was heard  aga in  and aga in  t h a t  i t  was h i g h l y  
d e s i r a b l e  o r  i m p e r a t i v e  t h a t  f requency sources be developed t h a t  pos- 
sess fast-warmup c a p a b i l i t i e s ,  and t h a t  a r e  i n s e n s i t i v e  t o  a c c e l e r a -  
t i o n s  and o t h e r  env i ronmenta l  e f f e c t s .  

T h i s  paper  r e p o r t s  developments t h a t  make these  requ i rements  r e a l i s t i c  
f o r  t h e  f u t u r e .  The p a t h  i s  open f o r  t h e  r e a l i z a t i o n ;  no "b reak -  
throughs"  a r e  r e q u i r e d  t o  reach t h e  goa l .  T h i s  i s  n o t  t o  say t h a t  t h e  
goal  has been reached a l r e a d y !  Ahead l i e s  an e x c i t i n g  p e r i o d  c o n s i s t -  



i n g  o f  p u t t i n g  t o g e t h e r  c o h e r e n t l y  t h e  developments r e p o r t e d  i n  t h i s  
paper. I t  w i l l  r e q u i r e  t i m e  and s u p p o r t  on t h e  p a r t  o f  t h e  i n t e r e s t e d  
systems users .  

Tab le  5 shows a  comparison r e l a t i n g  t o  h i g h  s t a b i l i t y  o s c i l l a t o r s .  The 
f i r s t  column g i v e s  f i g u r e s  d e r i v e d  f r o m  manufac tu re rs '  s p e c i f i c a t i o n s  
as t o  what can be bought  today  o f f - t h e - s h e l f ,  i n  sma l l  q u a n t i t i e s .  
The second column p r o v i d e s  a  "guesst imate"  o f  t h e  s t a t e - o f - t h e - a r t  i n  
p r e c i s i o n  o s c i l l a t o r s  as o f  1989 i f  t h e  developments r e p o r t e d  here  a r e  
c a r r i e d  o u t .  P r i c e s  a r e  i n  1979 d o l l a r s .  The 50,000 q u a n t i t y  i n c l u d e s  
t h e  sum o f  JTIDS, GPS, NIS, SINCGARS, SEEK TALK, e t c .  
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A m  STATIC 

Bs DYNAMIC 

2. TIME 

A ,  SHORT TERM (NOISE) 

B. INTERMEDIATE TERM (OVEN FLUCTUATIONS) 

c .  LONG TERM (AGING) 

D. THERMAL HYSTERESIS 

3.  ACCELERATION 

A. ATTITUDE 

B O  VIBRATION 

CI SHOCK 

4 RADIATION 

Table 2 
ErnerginglIrnproving Technologies 

1. SC-CUT 
2. BVA DESIGN 

3, NEW FABRICATION TECHNIQUES 

A ,  SURFACE CLEANING 

B, CHEMICAL POLISHING 

C. ULTRAHIGH VACUUM FABRICATION 

Da CERAMIC FLATPACKS 

En POLYGONAL PLATES 

F ,  DUAL RESONATORS 

G.  AUTOMATED X-RAY ORIENTATION/ANGLE CORRECTION 

4, QUARTZ GROWING AND SWEEPING 

5. BETTER THEORETICAL UNDERSTANDING 

6. Low TEMPERATURE STUDIES 



Table 3 
SC-Cut vs. AT-Cut 

ADVANTAGES 

1, PLANAR STRESS COMPENSATED (LOWER AGING, LESS HYSTERESIS) 

2. THERMAL TRANSIENT COMPENSATED (FASTER WARMUP) 

3.  LOWER ACCELERATION S E N S I T I V I T Y  

4. LOWER D R I V E  LEVEL S E N S I T I V I T Y  

5 .  HIGHER CAPACITANCE RATIO (LESS A F  FOR OSCILLATOR REACTANCE 
HIGHER Q FOR FUNDAMENTAL MODE RESONATORS OF SAME GEOMETRY) 

6. LOWER AF DUE TO EDGE FORCES AND BENDING 

7, IMPROVED S T A T I C  F VS. T, WITH FEWER A C T I V I T Y  D I P S  

8. LOWER S E N S I T I V I T Y  TO R A D I A T I O N  

DISADVANTAGES 

1. MORE D I F F I C U L T  TO MANUFACTURE 

2.  FAST SHEAR (B-MODE) EXCITED 

30 MORE S E N S I T I V E  TO ELECTRIC B I A S I N G  F I E U I S  

CHANGES, 

Table 4 
SC-Cut Frequency Change vs. Oven Parameters 



Table 5 
High Stability Oscillators 

1979 
STABILITY: 1 SEC 1 PP 1 0 l 2  

24 HOURS 2 PP 10" 

5 YEARS 5 PP l o 8  
RETRACE PP 109 

ACCELERATION 1 PP 1 0 9 / G  

R A D I A T I O N  2 PP 1 0 ' 2 / ~ ~ ~  

-40 TO +75OC 5 PP 1 0 1 ' ( ~ o  600C) 

WARMUP 2 PP 10' I N  1 HOUR 

POWER AFTER WARMUP, AT -400C = 3 W  

S I Z E  > 4 0 0  CM 

P R I C E  I N  QUANTITY >$1,000 

1989 GUESSTIMATE 

PP 1014 

PP 1013 

PP 131° 

PP 10" 

PP 1012/6 

PP 10' 5 / ~ ~ ~  

PP 10 l2  

PP 10" I N  1 M I N  

< 2 5 0  MW 
10 CM ' 
< $ 3 0 0  

I 

OSCILLATOR C I R C U I T  AND OVEN DESIGN C R I T I C A L  

QUANTITIES REQUIRED FEW 

LESS C R I T I C A L  

=50,000 



Figure 1 .  Crystal Resonator Figure 2. Doubly Rotated Quartz Cuts 
Equivalent Circuit 

I I I 

REFERENCE 1 

' F  O V E N  C Y C L I N G  RA16E 

. - 

- - 
- - 

T E M P E R I T U R E  
I I I I 

Figure 3. Static Frequency-Temperature Behavior 
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'a T WARMUP CHARACTERISTICS of AT and SC-cut RESONATORS 

Figure 4. Warmup Characteristics of AT & SC Resonators 
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Figure 5.  Dynamic Frequency- 
Temperature Behavior 
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Figure 6. Resonator Frequency Venus Time 

TYPICAL HYSTERESIS 

Figure 7. Thermal Hysteresis 
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Figure 8. Acceleration-Frequency Behavior 

Figure 9. Resonance Spectrum Under Vibration, Showing 20dB Sideband 
Increase Upon x 10 Frequency Multiplication 
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Figure 10. Frequency-Temperature-Angle Plots, SC Cut 







CRYSTAL RESONATORS 

CONVENTIONAL RING- S U P W R T E D  
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Ib) NO EDGE TORQUES, NONZERO SLOPES (b) EDGE TORQUES. ZERO SLOPES 

Figure 13. Conventional and Ring-Supported Resonators 

Figure 14. Stacked Crystal Enantiomorph5 
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Figure 17. SC-Cut Polygon 

Figure 18. Frequency-Power-Amplitude Pleated Surface 



QUESTIONS AND ANSWERS 

QUESTION: 

Is there any availability today comercially for SC cut crystals? 

DR. BALLATO: 

For SC cut crystals? Yes. They are-- Well, it depends upon the 
quantity. John, would you like to say a few words about that? 

DR. VIG: 

Yes. I would like to comment on the fact that, no, you cannot buy 
quantities of SC cut crystals and the ideas that are presented are, 
at this time, many of them are ideas, and they need to be reduced 
to practice and they need to be worked out, and there is a lot of 
work that needs to be done before we get to the point where we can 
mass produce SC cut crystals at a reasonable cost. 

There are a couple of manufacturers who can provide very small 
quantities of SC cut crystals, whose angle controls is very poor. 
In other words, the turnover temperature is all over the place. 
There is no way you can buy an SC cut crystal with a turnover of 
95 degrees, for example, if that is what you want. In order to get 
one of those, you might have to make a few hundred and select the 
one that meets your specification. So, there is a lot of work 
that needs to be done on manufacturing technology before we get to 
the point where we can afford to buy quantities of SC cut crystals. 

QUESTION: 

What about all the cases where they are needed, the majority. Not 
everybody needs 10, 11, 12, 13 crystals. If you need one today, 
what do you do? 

DR. VIG: 

If you reset your turnover temperature control, it doesn't make 
any difference. Okay? The SC cut plate is difficult itself to 
make today. You don't have the methods of angle control. As Art 
pointed out, you need to control both the Theta and the Phi angles 
to within a couple of seconds of arc. That is extremely difficult. 

Okay'? In theory the SC cut is going to be a beautiful cut. 
In practice, before you can buy it off the shelf, a lot of work 
needs to be done. 



DR. WALLS: 

Something of a comment I guess. From the work at the Bureau and 
work that we have done with Raymond Buisson and Jean-Jacques 
Ganupoint, I would guess that stress probably plays a greater role 
in frequency instability than what temperature contamination does 
and that the range between one second and a thousand seconds is 
dominated by temperature fluctuations in the AT as you have dem- 
onstrated in the last couple of talks and what we have seen. But 
beyond that, I would think that stress relaxation, stress in the 
mounting, stress in the plating is more important than contamina- 
tion. Even at 10 to the minus 9 torr, you are still going to get 
monolayer exchanges of contamination within your enclosure at 
1,000 seconds, so really it is an equilibrium between absorbed 
stuff on the inside of the enclosure and on the crystal blank. So 
I would guess that beyond 1,000 seconds it is really stress, and 
as we get better resonators, the aging and the long-term stability 
will be dominated by circuit parameters isolation in the output 
stage because of feedback and other things and it is my guess the 
architecture of our crystal oscillators must drastically change 
if we are going to achieve the stabilities of 10 to the minus 13 
for long periods of time. 

I DR. BALLATO: I I 
You are right, Fred. But stress is very very important, espe- 
cially in the long-term. Also, some other rather subtle phenom- 
ena, that is to say diffusion of electrodes, if you have elec- 
trodes. Of course you don't need electrodes, or diffusion of 
impurities in the lattice. You need a lot of work on getting 
better quartz. Those will contribute significantly to long-term 
aging. 

QUESTION: I I 
How does the electromagnetic pulse change the frequency and stress? 

DR. BALLATO: 

How does that change the frequency? By heat effect. 

QUESTON: 

I Heat? I : 
DR. BALLATO: 

Yes. 


