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Investigations on  t h e  frequsncy b e h ~ v i o r  
o f  i l T - c ~ ~ t  l u a r t z  crystals i r r a d i a t e d  by 
X -, Y-rays and fas t  neut rons  hsve been 
carried out .  I n i t i a l  i n s t a b i l i t y  in fre- 

q u e n c y  for 7 -  and neutron i r r a d i a t e d  
c r y s t a l s  has been found. A11 t h e  d i f f e r e n t  
r ad i a t ions  f i r s t  give a negative frequency 
s h i f t  at lo we^ doses which are  fo l l owed  by 
p o s i t i v e  frequency shift f o r  increased 
doses. 1411 explanation of the results j.n 
terms of the fundamental crystal structure 
cons ide ra t ion  i s  offered.  App l i ca t ions  of 
t h e  frequency results f o r  r a d i a t i o n  hard- 
ening are proposed. 

I N T R O D U C T I O N  

Toda te ,  rad ia t ion  e f f e c t s  in quartz c r y s t a l s  is a widely 
studied subject. The major stimulus in the area has been 
largely due to the use o f  q u a r t z  c r y s t a l s  as essen t i a l  
electronic components for various types of comnunication, 
t i m e  and frequency s t anda rd i za t i on  a n d  o t h e r  s c i e n t i f i c  
and i n d u s t r i a l  uses. It- is expected tha t  with an increased 
understanding of the relationship of var ious  s t r u c t u r a l  
p r o p e r t i e s  and radiation e f f e c t s ,  t h e  performance charao-  
t e r i s t i c s  of quar tz  ma te r i a i  can be g r e a t l y  improved a c -  
c o r d i n g  t o  requirements. 

Due to the development of high stability quartz crystals, 
it is becoming possible t o  disseminate time and frequency 
signals by using q u a r t z  crystal oscillators i n  flying 
clocks, s a t e l l i t e s  e t c .  ( 1  ). However, f o r  the purpose of 
dissemination to be achieved, it would become necessary t o  
harden the quar tz  crystals against n l t u r a l  i o n i z i n g  (x- or 
y -rays) and particle ( pro tons ,  neu t rons ,  o(-particles e t c .  j 



radiations present i n  space. Alternatively, the effects on 
frequency characteristics of quartz crystals exposed t o  the 
radiat ion environment can be allowed for if t he  frequency 
characteristics of irradiated crystals are properly under-  
stood.411 this indicates  the  need t o  study the effect of 
ionizing and particle radiations on the  frequency and s t r u c -  
tural charac te r i s t ics  of q u a r t z  crystals. 

A number of papers (2-19) have appeared on the radiatior, 
effects on the frequency character is t ics  o f  quartz crystals. 
The frequency changes due t o  i r r a d i a t i o n  by fast neutrons 
are permanent p o s i t i v e  frequency offsets .  The change in 
frequency due t o  ionizing radiations i s  of two kinds; tran- 
sient and permanent, King and Sander (20-24) have extensive- 
l y  s t u d i e d  t h e  t ransient  frequency changes  i n  quartz r e so -  
nators. The transient frequency shift has been found to last 
f o r  about 15 minutes in n a t u r d  crystals  and for a greater 
time (-1 hour) in aynthetic crystals and is due to t h e  
temporary removal of H+ ions  from ~ l 3 +  -centers in the 
quartz l a t t i c e  under t h e  influence of irradiation and their 
back diffusion a f t e r  the terninat ion o f  irradiation. 
Bahadur and Parshad (25 )  have recently given a s imple  method 
to denonstrate the transient frequency shifts in X- o r  G c m a -  
irradiated quartz crystal resonators. The permanent frequency 
change in the quar tz  crystals has been found to be due to 
the  d r i f t  of the d k a l i  ions,  freed from their charge compen- 
s a t i n g  p o s i t i o n s  as  a r e s u l t  of  i r r a d i a t i o n ,  t o  ion t r a p s  
i n  the c-axis, The alkali ions  can be brought back to the 
~ 1 3 *  -centers only by heating the  quartz crystals  (say at 
200°c). The permanent frequency change in natural  quar tz  
due to i r r a d i a t i o n  with ionizing rays i s  negative and i n  the 
synthetic crystals  it is posit ive.  In the case o f  swept 
crystals (H+ ions replacing the alkali ions in the quar tz  
l a t t i c e ) ,  t h e r e  is almost negligible change of frequency(8). 
However, for reasons being investi ated pe r f ec t  radiation 
i n sens i t i v i t y  (radiation hardening has not y e t  been 
achieved (26,27), 

f 
T h i s  paper presents and discusses some new results obtained 
on the frequency characteristics of quartz crystals i rradi-  
ated by X-, Y-rays and fast neutrons.  Some limited data on 
the  subject has been published ea r l i e r  (28). 

EXPERIMENTAL 

The q u a r t z  crystals used f o r  the  investigations were of t w o  
t ypes ;  one, r c t w u l a r  AT-cut plates of dimensions 3.8 x fl 2.8 x 0.04 cm capable of vibrating in t h e i r  fundamental 
thickness-shear mode i n  the frequency region of 1.87 MHz 



and t h e  o t h e r s  AT-circular beveled c e n t r a l l y  plated disks 
of frequency around 5 a d  10 liFIz. The p r e c i s i o n  i n  the  
frequency measurement w l s  _+ 1 Hz as t h e  f r equenc ies  were 
measured d i g i t a l l y ,  

The radiat ions used were X-r@s (30  kV, 12 m a ,  Cu t a r g e t ,  
whi te  r a d i a t i o n s ) ,  7-rays Co. 1000 C i ,  1.25 l e v  average 
energy) and fast  neutrons 41~m-~e). Neutron irradiation h was done by two d i f f e r e n t  4 l h - ~ e  sources ( h d f  life 433 
yea ra ) .  One of t h e  sources,  following the wgll kno-m d-n 

~ - n e u t r o n ~ s e c /  reaction, emit ted  neutron flux of 2.67 x lo-' 
cm2. The a s soc i a t ed  Y-dose ra te  was f e e b l e  0.25 mR sec 
at one meter  from t h e  source). The o t h e r  24  Am-Be source 
emitted fast neutrons w i t h  5verage energy o f  1.5 LIeV and a 
f l u x  of 107 neutrons/sec/cm. zhe strength o f  t h i s s o u r c e  
was 5 Ci having 5 x 3.7 x lo1 d i s i n t e g r a t i o n s  per  second 
and 40% of these  d i s i n t e g r a t i o n s  were accompanied by 
eiuission of 60 ire7: I - r a y s  :md 13% ( o f  disintegrations) by 
emission of 100 keV Y-rays. Other -energies were quite 
low. It may be noted here  that 60 keV and 100 keV ?'-energies 
are  not cons iderable  enough t o  cause nuclear displacements 
in t he  l a t t i c e ,  t h e  main e f f ec t  being due to neutrons, The 
T'( - rays  would infac t  a c t  l i k e  X-rays f o r  their frequency 
effects. 

I r r a d i a t i o n  with I o n i z i n g  Radiations 

The results of X- and  7 - i r r ad ia t ion  were of the  same broad 
pattern with regard  t o  the pemanent  frequency offset. 
However, f o r  7 -irradiation there  was observed a per iod  of 
i n i t i a l  u n s t a b l e  o s c i l l a t i o n s  when the irradiated c r y s t a l s  
were first incor2orated in t h e  self-oscillating c i r c u i t .  
Fig,  1 dep ic t s  a t y p i c a l  result f o r  a natura l  c rys ta l  
exposed to 2000 Rads and al lowed t o  osc i l l a t e .  This insta- 
b i l i t y  in t h e  i n i t i a l  oscillations was to a large extent 
independent of time o f  i d l e  keeping o f  t h e  crystal a f t e r  
the termination o f  i r r a d i a t i o n  and before  t h e  generat ion 
o f  oscillations. For X-irradiat ion,  no such instability o f  
o s c i l l a t i o n s  was n o t i c e d ,  the change in the fsequency 
o f f s e t  being o n l y  steady. 

The na tu re  o f  steady frequency o f f s e t  o r  bo th  X- and Y- 
r ays  was such that for lower doses the frequency decreased 
and with continued i r r ad ia t ion ,  the  frequency, a f t e r  reach- 

I ing  a negative limit star ted increasing t o  a value even 
I 
I greater than t h a t  of the virgin crystal. Many natural 

crystals were investigated f o r  t h i s  behavior.  Figs. 2 
3 d e p i c t  the p l o t  of steady frequency change versus i r r a d -  
i a t i o n  dose for two crystals. It w a s  observed that d i f f e r e n t  



crystal specimens, y i e l d e d ,  for the same accumulated irra- 
d i a t i o n  dose, df fferent  magnitude of frequency off sets.  
This of-course indicates, as is widely accepted to be t he  
case, i n d i v i d u a l  variations in the lattice characteristics 
of the crystal by way of im urity concentration, crystal 
imperfections etc. Table ( I  depicts the  frequency off s e t s  
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for a s e t  o f  t ee different crys ta ls  which were uniformly 
i rradiated by Co with a dose of 48 kRads. Fundamental 
and t h i r d  overtone steady frequencies for virgin and irra- 
d i a t e d  c rys ta l s  are l i s t e d .  It can be seen t h a t  the offsets 
in t he  frequencies of irradiated c r y s t a l s  with regard t o  
those of v i rg in  crystals are always posi t ive .  Table (11) 
d e p i c t s  t he  results f o r  a s e t  of  f ou r  crystals uniformly 
irradiated with a dose of 5 MRads. The p o s t - i r r a d i a t i o n  
frequencies mentioned are those which were measured af te r  
t h e  crystals were al lowed to o s c i l l a t e  a n d  their initial 
i n s t a b i l i t y  was culminated by the  mechanical o s c i l l a t i o n s  
themselves, 

S t i l l  h igher  doses ( ~ 7 . 5  MRads) were given to d i f f e r e n t  spec- 
imens and it was no t i ced  t h a t  f o r  prolonged i r r a d i a t i o n ,  
t h e  re la t ive  change in t h e  magnitude of frequencies were, 
in an apparent unexpected manner, much l e s s  than t he  values 
obtained f o r  r e l a t i v e l y  lower doses. Also, it would be 
signif icant  t o  mention here tha t  the darkening in the crys- 
t a l s  irradiated with doses of 7 * 5  TUiads was r e l a t i v e l y  less 
than what was induced by 5 MRads, as obsemred visually.  
This phenomenon may be attributed t o  what i s  called 'raclia- 
t i o n  bleaching',  Fig. 4 d e p i c t s  t he  i n i t i a l  frequency in s t a -  
b i l i t y  character f o r  a c rys ta l  of 1.87 ?b!Hz a f t e r  it was 
i r r a d i a t e d  with a dose of 7,5 ItAads and made t o  oscillate. 
The p r c - i r r a d i a t i o n  frequency f o r  this specimen was 1869293 
Hz and a f t e r  7.5 MRads irradiation the frequency upturned 
t o  1.870031 Hz (a p o s i t i v e  offset of 738 HZ). Two o the r  
such crys ta ls  were i r r a d i a t e d  with t h e  same dose. Fig ,5  
d e p i c t s  the i n i t i a l  frequency i n s t a b i l i t y  character f o r  one 
of  the crystals .  The pre- i r rad ia t ion  v i r g i n  frequency f o r  
t h i s  crystal was 18701 90 Hz and t h e  p o s t - i r r a d i a t i o n  f r e -  
quency was 1870397 Hz (a pos i t i ve  offset om 207 HZ) .  For  the  
o t h e r  c r y s t a l  t h e  p re - i r rad ia t ion  frequencies for fundarnen- 
tal and third overtone modes were 18701 60 Hz and 5605502 Hz 
respectively. Upon i r r a d i a t i o n ,  these  frequencies changed 
t o  1870450 Hz and 5605963 Hz f o r  t h e  two modes. The t o t a l  
of f se t  for t h e  fundamentd mode was thus +29O Hz while for 
t h e  third overtone it was 4 6 1  Hz. A crystal of 5 HMz (AT- 
cut) drawn from Bharat E l ec t ron i c s  L td .  , Bangalore, Indi a 
was a l s o  invest igated f o r  i t s  frequency b e h ~ v i o r  f o r  heavy 
irradiation. Fig. 6 d e p i c t s  the freauency i n s t a b i l i t y  chara- 
c t e r  in the  i n i t i a l  p e r i o d  of o s c i l l a t i o n s  a f t e r  irradiation, 



T.43LE (I) 

Pre- m d  post-irradi a t i o n  s teady f r e , ~ u e n c i e s  of three d i f f e r e n t  
qua r t z  c rys t ,~ l s  oscillated in f u n d m e n t d  and third overtone 
modes, Each crys tL; l  was i r r a d i a t e d  uniformly by dose o f  48 kEads. 

crystal P r e - i r r a d i a t i o n  P r e - i r r a d i a t i  on P o s t - i r r a d i  z t i o n  Pos t - i r r ad ia -  
No. Fundamental T h i r d  Overtoce E'undamental tion Third 

F r e a u e n c i e s  Fre uencies  F r e  uencies Overtone 
( H Z 7  m? ( my F r e  uencies 

( HZ? 



Pre- a d  post-irradi a t i o n  steady frequencies of four different  
quartz crystals a f t e r  $,,radiating each crystal uniformly by a 
dose of 5 hYRzds using Co (Average energy = 1.25 lV!ev). 

Crystal 
N 0. 

Frequencies of Post-irradiation 
t h e  v i rg in  qua r t z  Fre uencies 
c rys t a l s  (HZ? 
(Hz) 

Permanent offset 
in frequency 
(Hz) 



The frequency of this p a r t i c u l a r  c rys t a l  specimen while it 
w a s  virgin was 4997578 Hz and unon i r r a d i a t i o n  with a dose 
of  7.5 TblRads, t h e  frequency became 4997811 Xz, t h u s  with a 
n e t  chmgs i n  frequzncy o f  +233 Xz. 

Irradiation with Fas t  Neutrons 

D i f f e r e n t  virgin quartz crystals,after their f r equznc ies  
were measured, were g iven  varying accumulated doses o f  nzu- 
trons and their p o s t - i r r a d i ~ t i o n  frequency behavior  was 
recorded.  L ike  t h e  case of  y - i r r3 . .d ia t ion ,  t he  r e s u l t s  fall 
i n  t w o  broad c l a s s i f i  cat ions.  F i r s t l y ,  following the termin- 
a t i o n  of i r r a d i a t i o n ,  t h e  crystals when put i n t o  oscillations 
( t h e  fundamental mode being used) showed an i n i t i a l  insta- 
b i l i t y  for some t i m e  when the  o s c i l l a t i o n  frequency w a s  
u n s t a b l e  and afterwards t h e  frequency was stabilized. This 
initial i n s t , ~ b i l i t y  also was found to be independent o f  the 
t i m e  of  i d l e  keeping of  t h e  q u a r t z  crystals  spaced between 
the termination o f  i r r a d i a t i o n  and genera t ion  of  mechanical 
o s c i l l a t i o n s .  T h i s  r e g i o n  of frequency i n s t a b i l i t y  in terms 
of time required f o r  s t a b i l i z a t i o n  and the frequency changes 
again depended upon individual specimen and accumulated dose. 
The s t eady  frequency o f f s e t  due to neutron i r r a d i a t i o n  was 
t h e  value which the crystals attained a f t e r  culminating the 
region o f  frequency i n s t a b i l i t y .  These results resemble the  
i r radiz t ion-f requency character  due to 7-rays. However, the  
d i s t i n c t  results with neutrons and gamma irradiation a r e  
t h e  manner i n  which t h e  frequency stabilizes and i s  described 
below. 

A c rys ta l  was irradiated vrith a d o s e  o f  4 x 10'~nvt. It was 
observed that as t h e  crystal s t a r t e d  o s c i l l a t i n g ,  there was 
a region of unstable frequency which p e r s i s t e d  f o r  a p e r i o d  
of about an hour. The frequency, du r ing  t h i s  t ime,  ap- 
proached towards t h e  p r e - i r r a d i a t i o n  v a l u e .  A f t e r  t h e  r e g i o n  
of frequency i n s t a b i l i t y  w a s  o v e r  t h e  f r e q u e n c y  o f f s e t  a t  a 
value which was almost t h a t  for t h e  v i r g i n  crystal, The 
maximum frequency d r i f t  dur ing  t h i s  p e r i o d  o f  s t a b i l i z a t i o n  
was about 50 Hz, Anot3 r c r y s t a l  specimen was i r r a d i a t e d  
with 3 dose o f  7 x 101&nvt and i t s  frequency behavior is 
shown in fig.?. I n  this case t h e  frequency changed by an 
ex ten t  of t h e  order of 90  Hz m d  after about  an hour and 
half t h e  frequency was s t a b i l i z e d .  I n  this  case a l s o ,  it 
was found tha t  t5ere w;is h:lrdly any s teady offset within 
t h e  limit of accuracy of exper inents l  o b s e r v ~ t i o u .  d third 
c rys t a l  was given t h e  dose o f  9.2 x 1Ol0 nvt. This crystal 

I 

showed a steady offset of about -50 Hz, t h e  frequency stab- 
ilizing a f t e r  about an hour long mechanical o s c i l l a t i o n s  
of the crystal .  The m a x i m u m  frequency d r i f t  was of the order  



of 45 Hz i n  the  region of i n i t i a l  frequency i n s t a b i l i t y .  
Fig. 8 d e p i c t s  t he  oscillation characteristics af a neutron- 
i r r a d i a t e d  crystal with a dose o f  16 x 101~nvt. The steady 
frequency o f f s e t  i n  t h i s  case was of t h e  order  o f  110 Hz 
and the frequency i n s t a b i l i t y  region extended for about an 
hour with a maximum frequency d r i f t  of about -90 Hz. With 
prolonged irradiation, i t  w a s  found t h a t  t he  extent of s teady 
o f f s e t  was increas in  l y  negative. d d i f fe ren t  crystal w a s  
exposed to 20.7 x tOf/o wt. The frequency offset was about 
-200 Hz. The i n s t a b i l i t y  continued for about two hours in 
t h i s  case with a maximum frequency d r i f t  o f  t h e  o rde r  of 
250 Hz ( ~ i g . 9 ) .  

It nay be seen from Figs.7 t o  9 tha t  during t h e  course of 
culmination of reg ion  of frequency i n s t a b i l i t y  after neutron 
i r radiat ion,  the  frequency of o s c i l l a t i o n s  t ends  always to- 
wards t he  value of the frequency of the virg in  crystals a d  
in most cases, in the region of m a t a b l e  fxlequency, there i s  
a l i nea r  variat ion of frequency ivith t i m e .  This character is 
d i f fe ren t  from t h a t  ex i s t ing  for y-ir radiat ion.  There, i n  
t h e  ~ e g i o n  of cu lminat ion  of initial frequency instability 
t he  frequency va r i a t ions  were  up and down 'before the freq- 
uencies go-t s t a b i l i z e d ,  

A crystal was i r radia ted  in r3tages and its frequency charilc- 
t e r  was observed.  Fig. 13 depic t s  t h e  p l o t  of  s teady frequency 
o f f s e t s  when ~ ~ c c u m u l a t e d  doses were given t o  t h e  crystal, 
these  d o s e s  corresponding t o  the  p o i n t s  A,B,C,D,E and F. At 
t h e  p o i n t  A ,  t h e  accumulated dose given to the crys ta l  was 
2 x 101gnvt. It can be zeen t h a t  there was n o t  much ch-nge 
of frequency at t h i s  stage. As t h e  i r r a d i a t i o n  procaede(1to 
20 x 1 0 1 ~  nvt (point 3)  t h e  frequency decreased by a n e g a -  
t i v e  o f f s e t  of abou t  100 H z .  W i t h  f u r t h e r  i r r a d i a z i o n  up lo 
36 x 1 0 1 ~  nvt (point 61, ~t may be seen that t he  frequency 
decreased still further, As the i r r a d i a t i o n  w a s  still. ad- 
vanced  t o  60 x 1 0 l O n v t  ( p o i n t  D ) ,  t h e  n e t  f r e q u e n c y  change  
s t a r t e d  u p t u r n i n g  and w i t h  80 x l 0 l 0 n v t  ( p o i n t  E ) ,  t h e  f re- -  
quency  was a t  a v a l u e  h i g h e r  t h a n  t h a t  of t h e  v i r g i n  c r y s t a l .  
Nith still prolonged i r r a d i a t i o n  o f  4 x 10llnvt (point F) 
the frequency continued t o  increase. This obse rva t ion  ( i n -  
c r e a s e  of fr-equency w i t h  n e u t r o n  irradiation) fits w e l l  w i t h  
those  r epo r t ed  in l i t e r a t u r e  (29-31 ). 

Two c r y s t a l s  were i r r a d i a t s d  by fast neutrons w i t h  a dose 
of  2 x 1012 nvt. Fig.11 depicts the post-irradiation osc i : l l a -  
tion c h a r a c t e r ,  f o r  one o f  t h e  crystals. The chsractez 
broad ly  resembles t h e  one r e p o r t e d  in t h e  preceding parag- 
raphs. The c r y s t a l  required about  40 minutes of  mechanical 
o s c i l l a t i o n s  for the region of i n i t i a l  frequency i n s t a b i l i t y  



t o  be culminated. It i s  s i z n i f i c a n t  to mention here  tha t  
in t h e  specimens i r r a d i a t e d  by 7-rays or. neutrons,  the 
r eg ion  of frequency i n s t a b i l i t y  cou ld  be  l a r g e l y  reduced  o r  
e v e n  el iminated if t h e  crystals w e r e  warned to about l0O0C 
f o r  a p e r i o d  of 20-25 minutes. The crystal o f  which the 
frequency character is shown in Pi.:. 11 had i t s  frequency 
1869981 1-15; when i t  was in t h e  v i r g i n  s t a t e  and aft r being 
irradiated by f a s t  neut rons  with a dose of  2 x 1 0 l ~ n v - t  t h e  
s teady frequency o f  t h e  q u a r t z  c r y s t a l  becme 1870288 Hz. 
I t  can thus be seen t h a t  in t h i s  case t h e  n e t  frequency 
change was p o s i t i v e  by 307 Hz, he o t h e r  specimen, i r r a d i -  
a ted w i t h  t h e  same dose ( 2  x 1 gl'nvt), a l s o  t o o k  about  40 
minutes f o r  the f r e : ~ u e n c y  t o  s t a b i l i z e .  During t h i s  p e r i o d  
the maximum frequency change w a s  about 13  Hz. The pre- m d  
p o s t - i r r a d i a t i o n  f r e q u e n c i e s  were 1570007 and 137021 5 Hz 
r e s p e c t i v e l y  showing a n e t  p o s i t i v e  change o f  21 Hz. This 
crystal was given f u r t h e r  i r r a d i a t i o n  o f  6 x 1013 nvt. The 
steady frequency f o r  t h i s  crystal after t h e  second i rradi-  
a t i o n  was 1870377 Hz. 

A crystal which was given a dose of  8 x 10I2nvt a t  a s t r e t c h  
showed t h e  frequency chnracter d e p i c t e d  in Fi 3.12. The 
c r y s t a l  r equ i red  about  half an hour  f o r  t h e  culmination of 
i n i t i a l  frequency i n s t a b i l i t y .  The v i r g i n  c r y s t a l  o s c i l l a t e d  
at t h e  f requency of 18 0037 Hz while a f t e r  the  neutron 2 i r r a d i a t i o n  of 8 x 101 nvt ,  the steady frequency value was 
1870331 Hz. Thus a net positive steady frequency change of 
about 300 Hz was caused by neut ron  i r r a d i a t i o n .  

SUEhARY OF RESULTS 

From t h e  foregoing ,  it c m  be seen t h a t  t h e  f o l l o w i n g  
experimental r e s u l t s  a b o u t  t h e  irradiation characteristics 
of  q u a r t z  crystals have been obts ined .  - 

( 1 ) The i n i t i a l  frequency i n s t a b i l i t y  is caused by Y- and 
neu t ron  i r r a d i a t i o n  b u t  not  by I - i r rsdia t i  on. 
( 2 )  F o r  low doses of neutron, X- and y- i r radia t ion ,  t he  
steady frequency s h i f t  is negative. F o r  t h e  h igher  doses, 
t h e  frequency s h i f t  becomes p o s i t i v e  for the t h r ee  d i f f e r e n t  
k i n d s  o f  i r r a d i a t i o n .  I n  between,  a stage would of-course 
be  reached when t h e r e  is no r e s u l t a n t  frequency shift due 
to irradiation. 

D I S C U S S I O N  OF RESULTS 

Before  proceeding f u r t h e r ,  it should  be  mentioned t h a t  
while t h e  negative frequency s h i f t  f a r  i o n i z i n g  r ad ia t ions  
has been observed by a number of workers (2-4,6,8), t h e  
p o s i t i v e  frequency shift has e a r l i e r  Seen observed only in 



a few investigations ( 3 0 , 3 2 ) .  Again, while the  p o s i t i v e  
frequency shifts by neu t ron  irradiation i s  already known 
(29-31), t h e  negative frequency shift for low enough doses 
of neu t rons  was not observed before.  

In the following we will at tempt  t o  explain the above results 
i n  terms of the l a t t i c e  s t r u c t u r e  of  t he  quartz c r y s t a l s .  

Initial Frequency I n s t a b i l i t y  

The neutron and 7- i r rad ia t ion  cause nqclear displacements.  
While t he  displacements caused by neu t rons  a r e  straightfor- 
ward knock-on processes, those caused by Y-rays are by 
i n d i r s c t  mechanism through the  high energy Compton e lec t rons  
released by '/-rays c a s i n g  Coulombic i n t e r a c t i o n  with the  
n u c l e i ,  I n  the case o f  X-rays the re  w i l l  be no nuclear 
displacement caused since the Compton e l e c t r o n s  do not have 
s u f f i c i e n t  energy t o  penetra te  t he  e l e c t r o n  cloud of atoms, 

I t  is  o u r  o p i n i o n  t h a t ,  among t h e  atomic d i s p l a c e m e n t s  caused 
by appropr i a t e  r a d i a t i o n s ,  a  f r a c t i o n  of t h e s e  are  i n d e e d  v e r y  
near t h e  equilibrium a t o m i c  p o s i t i o n s  and hence the  atoms 
s o  d i s p l a c e d  can be brought  back t o  t h e  o r i g i n a l  p o s i t i o n s  
by very low activation e n e r g i e s  s u p p l i e d  by vibrations 
themselves or by warming. 

Steady Frequency S h i f t s  by Ioniz ing Radia t ions  

The negative frequency shifts are now wel l  known t o  be 
caused by t h e  genera t ion  of A-centers from their p r e c u r s o r s  
the  ~ 1 3 +  - cen te r s ,  by $on isa t ion  of e l ec t rons  o f  one o r  more 
0-atoms bonded with A1 +. Regarding the positive frequency 
s h i f t  these  i s  no mechanism y e t  propounded. 

We bel ieve  t h a t  the crys ta l  defec t s  a r e  the source of pos i -  
t i ve  frequency sh i f t  in two d i f fe ren t  ways. When the defec ts  
a r e  created due t o  heavy ?(-bombardment o r  neutrons, a poai-  
t i ve  frequency shift i s  produced, Also, these  defects,  
whichever of  them are e l e c t r o n  t r a p s ,  will give additional 
p o s i t i v e  frequency s h i f t  when e l e c t r o n s  are t rapped therein. 
Apart f ~ o m  these c r y s t a l  defects o t h e r  impur i ty  centers, 
except the ~l!+ like t he  a l k a l i  ions t rapped i n  t h e  c-axis 
a t  G e ,  T i  o r  o t h e r  t r a p p i n g  sites will a l s o  give a p o s i t i v e  
frequency s h i f t  when popula ted  by t rapped electrons. Inci- 
d e n t a l l y , s O m e  o f  these  crystal defec t s  on trapping of  e l ec -  
trons dl1 form c o l o r  centers which apart from giving t h ~  
o p t i c z l  absorp t ion ,  also give, un l ike  the  case of A-centers, 
EPR a t  room temperature. I n  our observations, we recorded a 
number of t h e s e  paramagnetic resonances both sharp and b road  



(331. In our  op in ion ,  these 8PR resonmces  are good e v i -  
dence f o r  t h e  presence of t h e  c r y s t a l  defects  g i v i n g  t h e  
p o s i t i v e  frequency s h i f t .  A s  t o  why t h e  crystal defec t s  when 
produced should give a positive frequency shift may be seen 
in the following wsv. These defects d i s r u p t  t h e  otherwise 
p e r f e c t  a t omic  a r ragement  i n  t he  c r y s t a l ,  making i t  more 
d i f f i c u l t  than be fo re ,  due t o  the  a d d i t i o n a l  p o t e n t i a l  
barriers created by t h e  d e f e c t s ,  f o r  atomic displacements 
t o  t a k e  p l a c e ,  p a r t i c u l a r l y  under a s h e a r  stress. Thus, with 
increase of shear modulus of rigidity, the frequency of t h e  
AT-cut and o t h e r  resondtors shou ld  inc rease .  d s u p p o r t  t o  
t h i s  argument is provided  by the f a c t  t h a t  hardness o f  t h e  
crystals was found t o  inc rease  as , r e s u l t  o f  Y -  and neut-  
ron irradiation. H<irdness would of-course inc rease  when it 
becomes m o r e  d i f f i c u l t  for t h e  a t o m s  to make transverse 
d isp lacements  due to the hin3er inpy potential bnrriers caused 
by t h e s e  d e f e c t s .  

A s  t o  why t h e  electron t rapping of t h e  de f ec t s  should cause 
p o s i t i v e  frequency s h i f t ,  i. e. an increase of e l a s t i c i t y  i s  
n o t  c l ea r  a t  t h i s  a tage .  Probably, t he  trapped electrons 
contribute to extra electrical forces leadip& to t h e  i n -  
creased e l a s t i c  moduli. A t  a n y  r a t e ,  t h e  f a c t  t h a t  e l e c t r o n  
trapping a t  t h e  defects causes a p o s i t i v e  frequency shifg 
is suppor ted  by t h e  f o l l o w i n g  experimental obsemations.  
Qua r t z  r y s t a l s  were irradiated with u l t r a - v i o l e t  l i g h t  
( c 3 6 5 0  g) .  In a l l  the  cases a p o s i t i v e  frequency shift, 
unaccompanied by any initial negative frequency s h i f t  was 
recorded. The uv l i g h t  would of-course not be a b l e  t o  form 
A-cent ers ( which would y i e l d  a negative frequency s h i f t ) ,  
but  would be able t o  fi.11 at least  some o f  t h e  o t h e r  c rys t a l  
defects with  e l ec t rons  ionized o f f  from atoms by uv radia- 
t ions .  Thus, i t  f o l l o w s  t h a t  the e l e c t r o n  t r a p p i n q  of  
crystal d e f e c t s  causes a p o s i t i v e  frequency shift. 

The r o l e  of c r y s t a l  defec ts  in causing positive frequency 
shift is also supported by the fact that all those crystals 
which gave t h e  p o s i t i v e  shift were n o t  o p t i c a l l y  clear 
quartz, t h i s  fac t  indicating t h e  presence o f  de fec t s  and 
other impur i t i e s  i n  t h e  l a t t i c e  which become c o l o r  centers.  
Optically c lea r  quartz, d i d  n o t ,  i n  accordance with e a r l i e r  
r e s u l t s  of Capone et.a1.(8), King (4) and Frondel (1,2) give 
p o s i t i v e  f r e q u e n c y ~ h ~ t ,  

With a l l  the above in view, the f o l l o w i n g  seems t o  be 
taking place by y-irradiation of quar tz  crysta ls .  

In the early stages o f  y - i r r a d i a t i o n ,  the ionization of  
the ~ 1 3 +  -centers, due t o  their higher c r o s s  section, 
* 
Deta i l s  of  t h i s  work w i l l  be published separately. 



t & e s  place predominantly giving r i s e  t o  negative frequency 
shift. With continued irradiation, crystal defec ts  and 
o t h e r  i m p u r i t y  centers having a l e s se r  cross s e c t i o n  g e t  
increasingly t rapped with t he  e l ec t rons ,  a l l  this producing 
the t u r n  over of frequency shift observed. For higher  
doses of \/-irradiation, t he  magnitude of pos i t i ve  fre- 
quency shift is all t he  g r e a t e r  due t o  t h e  genera t ion  o f  
de fec t s  by Y-rays themselves. 

Steady Frequency S h i f t s  due t o  Neutron I r r a d i a t i o n  

The r o l e  o f  crystal defec t s  in causing a p o s i t i v e  frequency 
shif t  straightforwardly explains the e f f e c t  of higher doses 
of neutrons in causing the frequency increase. 

Regarding the effec t  of l o w  doses of neutron i r r a d i a t i o n  
causing the negative frequency s h i f t ,  no straightforward 
fundamental explanation can be given at t h e  present. 
However, the decrease of frequency is in accordance with 
t he  obse rva t ion  of expansion of the quartz lattice under 
neutron i r r a d i a t i o n  (34 ) .  The expansion would lead t o  
decrease o f  interatomic forces  a n d  t h e  associated moduli o f  
e l a s t i  city. 

ilt the higher neu t ron  doses, t h e  l a t t i c e  expansion no doubt  
t a k e s  place increasingly but the  r o l e  o f  expansion in 
c-using the decrease of frequency seems to be exceeded 
( a t l eas t  for reasonable neutron doses used for obtaining 
frequency o f f se t s )  by the  r o l e  o f  de fec t s ,  so generated by 
neutrons, in causing the frequency s h i f t .  That t h e  r o l e  o f  
defects on the elastic moduli particularly the shear modulus 
is preponderant is shown by t h e  increase of  hardness by 
neutron i r rad ia t ion  r e f e r r e d  to above. 

APPLICATIONS 

The present work, apart f rom giving explanations for some 
of the frequency e f f e c t s  o f  irradiation, also ind ica te s  
app l i ca t ions  towards radiation hardening of crystals, this 
radiation hardening making i t  poss ib le  t o  use quar tz  crystals 
in space satellites t o  genera te  p r e c i s e  frequencies and 
time intervals. It is clear tha t  at t h e  extreme o f  the  
negative frequency s h i f t  the  d i f f e r e n t i a l  o f  t h e  frequency 
shift with continued i r rad ia t ion  vani shes. It follows t h a t  
the crystal  w i l l  assume r ad ia t ion  hardness f o r  some range 
of irradiation dose if the c r y s t a l  has already been i r r ad i -  
zted enough for obtaining the  maximum of the negative 
frequency shif t .  T h i s  technique would apply both  for Y- 



2nd neutron ~ r r a d i a t i o n  wi th  t he  greater r e t u r n s  for neutron 
i r r a d i a t i o n  s ince  f o r  this no o t h e r  technique has y e t  been 
deve loped .  In contrest , f o r  Y - i r r a d i a t i o n  t h e  method 0% 
using vacuum swept crystils ( 35) for s . . i t isfactory radiat ion 
hardening (though not p e r f e c t )  has already beer,  est: iblished. 
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0 

+ TIME IN MINUTES 

Fig. I Frequency behavior o f  a quartz crystal (AT-cut ,1.87 MHz)  
after irrodiation with gamma rays (dose= 2000Rads, 
using 60Co)and allowed to oscillate. 

Fig, 2 Steady frequency o f f  sets o f  a n a t u r a l  
AT-cut ,luzrt: crystal i r r : ~ d i . - ~ t e d  in starcap 3 d d  

, 3 , .  E Accu~nu!ated d o m s  at B = 
8,000 Rads, at  C = 16,000 Rads ,  rt D = 
40,000 Rads, at E = 64,000 Rads and at 
F = 88,000 Rads. 



-*DOSE IN K I L O R A D S  

Flg 3 Steodr f requency o f f s e t s  of a no tu ro l  quartz c r y ~ f o  (AT-cut ,  

1 8 7 M H z )  ~ r r o d l a l e d  by gamma rays  In s tages  A,9,L P 
( u s ~ n q w o )  A c c u m l a t e d  doses a t  A =8000 Rods, ot  6 - I G G O C  
Rods, a t  C =40,G00 Rods, c t  D *64,000 Rods, at E - 88 OOL 
Rods, a t  F =112,000 R o d s  c t  G =136.00(3 Rods.  and  0 '  H = G L . L L  

.Rods 



Initial ,fie uency instability characteristics 
of a n a t u m ?  AT-cut quartz c r y s t a l  (1.87 1511~) 
after i r a d i a t i o n  by gamrna rays (dose  - 7.5 LlRads) 
using 66Co and a l lowed t o  o s c i l l a t e .  

- T i m e  in minutes 

Initial f'requency i n s t a b i l i t y  characteristics 
o f  a n a t u r a l  AT-cut ( 5  MHZ) quar tz  crystal after 
i r r a d l  i o n  by x m a  r a y s  ( d o s e  = 7.5 MRads) 
u s i n g  ZhC, and allowed t o  o s c i l l a t e .  
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Fig- 7 Frequency stability characteristic of o quartz crystal, 
' 10 

irradiated by hot neutrons with a dose of 7x10 nvt, 

after setting it into oscillations 

Fig. 8 Frequency behavior  of a n a t u r a l  AT-cut quartz 
c r y s t a l  ( 1  "87 YHZ) irra i a t e d  b y  fast neut rons  
w i t h  a dose  of 1 5  x ,018 nv t  and a l lowed  t o  
oscillate. 



Fiz.9 Frequency behavior of a natural  AT-cut q u a r t z  
c r y s t a l  ( 1.87 E : H ~ )  i r radla tec l  b y  fast neutron:;  
w i t 1 1  a dose of  20.7 x 101'3 nvt and al lovred 
t o  o s c i l l a t e ,  

lo" 10" 10" - Neutron dose in nvt 
Strady  fraquancy offsets of o quartz crystal of 1.87 My irrodiotad O! dlfflrml 

occvmJotad nautron doses. using Am - Be, oft* tho ~ ~ W W Y  fttpuancy ~snlqbtllt 
hs been remould. ~ o s s s  01 A 2r l o u  nvt ,8-20.10'~nvt ,  ~ * 3 6 * l O ~  nvt, O.60~  ! o ~ ~ ~  




