
R A D I A T I O N  EFFECTS IN J. 

CRYSTAL AND ATOMIC: FREQUENCY STANDARDS 

TNTRODECTION 

The i n c r e a s e d  u s e  of p r e c i s i o n  f x ~ q u e n z y  standards i n  
e n v i r o ~ r r l e n t s  where expgsure  to n u c l e a r  2nd natural r a d i a t i o n  
can he e n c o u n t e r e d  has l.ed t o  some dct:ailed : : o n s i c i e ~ - a t i o ~ s  
of t h e  e f f e c t s  cjf s uch  r a d i a t i o n  cn t h e  cpcrahl li ty, s t a G i  l- 
ity , a n d  accura .cy o C ~ r c c i s i o n  f r e q u e n c y  s t a n d a r d s  , Quanti- 
fying t h e s e  considera" ,  i o n s  requires ecirrd~ir-;i?g of r e s u l t s  from 
p r i o r  m o d e l i n g  studies an p r e c i s i o l - :  f r e q u e n c y  standards ( R e f .  
1 , 2 ) ,  f rom z n v e s t i g a t i o n ~  o f  t h e  e f f e ~ t s  o f  r a d i a . t i o n  on 
q u a r t z  crystals (Ref. - 6 )  ; l ~ d  frnn--; an3 , y .;c:~; (or. e i e c t r o r i l c  
s y s t c i r ~ s  ( R e f .  7 )  . I t  Is the purpose cf this paper to 
d e s c r i b c  the r c s ~ l t s  o f  s t u d i e s  t o  d c v e i o p  pwcdictkve rnode1.s 
for p r e c i s l  or, f J-egue:lcy standards i.ri radi. a t - l c ~ n  en-vll.ronments. 

GENERAL EFFECTS OF RADIATION 

W e  f i r s t  c o n s i d e r  t h e  t y p e s  of radla t l .or !  a n d  t h e  effects 
a n  t h e  components  of a precision f r e q a e n c y  s t a n d a r r ? .  For o u r  
example ,  let us  c o n s i d e r  a p r e c i s i o n  f r e q u e n c y  s t a n d a r d  
d e s i g n e d  f o r  s a t e l - l i t c  u s e .  Such a s t a n d a r d  n o t  only m u s t  
survj-ve t h e  r a d i a t i o n  f  rorri the V a n  illlm bc:l ts  but must also 
face t h e  p o s s i b i - 1 - i t y  o f  c x p o s u r c  t o  direct n u c l e a r  r a d i a t i o n  
f rom a n u c l e a r  d e t o n a t i c n  and  t h e  con:equcnt.i.al e n h a ~ c e m e n t  
o f  the e l e c t r o n  b e l t s .  

Thc  i r r a d i a t i n g  p a r t i c l e s  p r o d u c e c  by a n u c l e a r  de tona- ,  
t i o n  i n c l u d e  n c u t r o n s  and qamrne r a y s .  I n  3 d d i t i o n ,  encr- 
g e t i c  e l e c t r o n s  a rc  p roduced  a s  s e c o n d a r y  p a r t i c l - e s  f rom t h e  
i n t e r a c t i . o n  of gamma rays w i t h  m a t t e r . ,  and a r e  e m i t t e d  f rom 
r a d i o a c t i ~ ~ e  f i s s i o n  p r o d u c t s .  The e l e c t r o n s  f r o m  a n u c l e a r  
d e t o n a t i o n  c a n  become t r a p p e d  i n  t h e  earth k m a g n e t i c  f i e l d ,  
t h u s  e n h a n c i n g  t h e  e l e c t r o n  f l u x  i n  the van A l l e n  h e i t s  
(Ref. E )  . 

The t y p e s  of e f f c c t s  t o  bc c o n s l d e r c d  <Ire (I) 3lsplacc- 
ment  e f f e c t s ,  ( 2 )  ionization, a n d  ( 3 )  c h ~ r n i c a l  e f f e c t s .  Dis- 
p l a c e m e n t  e f f e c t s  a r c  c a u s e d  by c o i l i s l o n s  be tween  i n c i d e n t  
n u c l e a r  p a r t i c l e s  and a t o m s  i n  s o l i d s ,  r e s u l t i n q  ln t ' i e  d i s -  
p l a c e m e n t  o f  t h e  s t r u c k  a t o m s  and possik-)ly o t h e r s .  The 

 his w o r k  w a s  s u p p o r t e d  by t h e  Defense  N u c l e a r  Agency 
u n d e r  c o n t r a c t  DNA001-75-C-0247. 



p r i n c i p a l  s o u r c e  o f  d i s p l a c e m e n t  e f f e c t s  i s  t h e  n e u t r o n s .  
I o n i z a t i o n  e f f e c t s ,  p r i m a r i l y  ev idenced  as i n c r e a s e d  conduc- 
t i v i t y ,  a r e  m a n i f e s t a t i o n s  o f  t h e  mobi le  e l e c t r o n s  and i o n s  
produced by t h e  i n t e r a c t i o n  o f  t h e  r a d i a t i o n  w i t h  a tomic  
e l e c t r o n s .  A s s o c i a t e d  w i t h  i o n i z a t i o n  i s  t h e  t r a n s f e r  of 
cha rge  by secondary  i r r a d i a t i o n s  i n  c i r c u i t  e l ements  c r e a t -  
i n g  e l e c t r i c  and magne t i c  f i e l d s  w i t h i n  c a v i t i e s  - even t h o s e  
w i t h  good e l e c t r i c a l  s h i e l d i n g  - and c r e a t i n g  s p a c e  charge  
i n  i n s u l a t o r s .  These l a t t e r  e f f e c t s  a r e  sometimes known a s  
i n t e r n a l  EMP e f f e c t s .  Chemical e f f e c t s  r e f e r  t o  changes i n  
m o l e c u l a r  compos i t ion  t h a t  f r e q u e n t l y  r e s u l t  from recombina- 
t i o n  p r o c e s s e s  f o l l o w i n g  i o n i z a t i o n .  

For  o u r  c o n s i d e r a t i o n  of a  p r e c i s i o n  f requency  s t a n d a r d  
f o r  a s a t e l l i t e ,  we a s s e r t  (Ref .  9)  : 

Neutron f l u e n c e s  a r e  such t h a t  d i s p l a c e m e n t  
e f f e c t s  a r e  o f  concern  o n l y  i n  semiconductor  
d e v i c e s  and i n  q u a r t z  c r y s t a l s  which depend on 
a  h i g h  d e g r e e  of  c r y s t a l l i n i t y  f o r  p r o p e r  o p e r -  
a t i o n .  Des igning c i r c u i t s  w i t h  adequa te  d e s i g n  
margin t o  a l l o w  f o r  semiconductor  d e v i c e  degra-  
d a t i o n  i s  a developed methodology and i s  beyond 
t h e  scope  o f  t h i s  p a p e r .  The e f f e c t s  o f  n e u t r o n s  
on q u a r t z  c r y s t a l s  a r e  a l s o  s m a l l  compared t o  t h e  
e f f e c t s  of t h e  i o n i z a t i o n .  

2 .  Chemical e f f e c t s  a r e  u s u a l l y  o f  l i t t l e  concern  
because  t h e  changes i n  p r o p e r t i e s  due t o  chemi- 
c a l  r a d i a t i o n  e f f e c t s  become i m p o r t a n t  o n l y  f o r  
exposures  which a r e  l a r g e  compared t o  t h o s e  which 
r e s u l k  i n  e l e c t r o n i c  sys tem d e g r a d a t i o n .  A pos- 
s i b l e  e x c e p t i o n  t o  t h i s  i s  o u t g a s s i n g  from t h e  
w a l l s  o f  a  vacuum chamber. 

Thus, t h e  r e l e v a n t  e f f e c t s  of  r a d i a t i o n  f o r  a  p r e c i s i o n  
f requency  s t a n d a r d  a r e :  

1. Those which r e s u l t  from t h e  i n t e n s e  i o n i z a t i o n  
r e s u l t i n g  from a  n u c l e a r  b u r s t .  The gamma-ray 
i o n i z a t i o n  i s  assumed t o  b e  s u f f i c i e n t l y  i n t e n s e  
t h a t  t h e  semiconductor  d e v i c e s  are d r i v e n  i n t o  
s a t u r a t i o n  and t h a t  darkening o f  any o p t i c a l  com- 
ponen t s  must b e  c o n s i d e r e d .  

2 .  Frequency and Q s h i f t s  from exposure  of t h e  q u a r t z  
c r y s t a l  o s c i l l a t o r  t o  gamma r a y s  and n e u t r o n s .  

3 .  Secondary-e lec t ron  c u r r e n t s  which may a l t e r  t h e  
magnet ic  f i e l d s ,  send l a r g e  c u r r e n t s  down coup- 
l i n g  l i n e s ,  r e s u l t  i n  o u t g a s s i n g  from vacuum 



chamber w a l l s ,  and produce  charge  i n  i n s u l a t o r s .  

4 .  E f f e c t s  of t h e  e l e c t r o n  b e l t s ,  b o t h  n a t u r a l  and 
enhanced. W e  a n t i c i p a t e  changes i n  Q and fre- 
quency o f  t h e  q u a r t z  c r y s t a l s ,  d e g r a d a t i o n  i n  
t h e  c h a r a c t e r i s t i c s  of semiconductor  d e v i c e s ,  
and da rken ing  of o p t i c a l  components from t h e  e l e c -  
t r o n  b e l t  dose .  

EFFECTS O F  R A D I A T I O N  ON QUARTZ 
P K E C I S I O N  FREQUENCY STANDARDS 

When a q u a r t z  o s c i l l a t o r  i s  exposed t o  r a d i a t i o n ,  b o t h  
t h e  e l e c t r o n i c s  and t h e  q u a r t z  r e s o n a t o r  a r e  a f f e c t e d .  Let 
u s  c o n s i d e r  t h e  r e s o n a t o r  f i r s t .  The response  o f  q u a r t z  
c r y s t a l s  t o  r a d i a t i o n  has  been f a i r l y  well documented (Ref .  
3 - 6 ) ,  and t h e  r e s p o n s e s  of v a r i o u s  t y p e s  of q u a r t z  a r e  
reviewed i n  t h e  r e f e r e n c e s .  Tn g e n e r a l ,  it has been found 
t h a t  sweeping ( i . e . ,  e l e c t r o - d i f f u s i n g  a t  e l e v a t e d  tempera- 
t u r e s  a l o n g  t h e  Z a x i s )  r educes  t h e  response  of q u a r t z  t o  
r a d i a t i o n .  The r e d u c t i o n  i n  r a d i a t i o n  s e n s i t i v i t y  i s  such 
t , h a t ,  f o r  p r e c i s i o n  f requency a p p l i c a t i o n s  i n  a r a d i a t i o n  
envi ronment ,  swept  s y n t h e t i c  Z-growth q u a r t z  i s  t h e  m a t e r i a l  
of c h o i c e .  * 

The quartz r e s o n a t o r  i n  a p r e c i s i o n  f requency  s t a n d a r d  
w i l l  g e n e r a l l y  be l o c a t e d  i n  an oven. The m a t e r i a l s  of t h e  
oven p r o v i d e  s u f f i c i e n t  s h i e l d i n g  t h a t  t h e  t o t a l  i o n i z a t i o n  
dose t o  t h e  q u a r t z  r e s o n a t o r  i s  g e n e r a l l y  less t h a n  l o 4  rads. 
The e f f e c t s  o f  t h e  n e u t r o n s  from a p u l s e  r a d i a t i o n  i s  t o  
produce a p o s i t i v e  f requency  s h i f t  which i s  s m a l l  cornpared 
t o  t h e  n e g a t i v e  s h i f t  induced by t h e  i o n i z a t i o n  from t h e  
gamma r a y s  and t h e  e l e c t r o n s .  H e n c e ,  w e  c o n s i 6 e r  o n l y  ion-. 
i z a t i o n  e f f e c t s  i n  t h e  r e s o n a t o r s .  

F o l l o w i n g  a p u l s e  o f  t r a n s i e n t  radiation, changes i n  
f r equency  and Q are  obse rved ,  These chanqcs show a p a r t i a 2  
a n n e a l  t o w a r d  p r e i r r a d i a t i o n  valu~s f o r  a b o u t  2 0  min a f t e r  
t h e  c e s s a t i o n  of r a d i a t i o n ,  after w h i c h  t ime t h e  changes i n  
Q and  f requency  a r e  r e l a t i v e l y  s t ~ ~ b l e .  Changes which anneal  
w i t h ~ n  2 0  min o r  s o  of t h e  cessation o f  r ~ i d i a t i o n  a r e  c a l l c d  
t r a n s i e n t  s h i f t s .  T h e  s t c a d y - s t a t e  s h l  f t s  a]-c n o t  permanent ,  
and long - t e rm d r i f t  i n  t n c  crystal parameters i s  observed.  

 h he equ iva l -en t  s e r i e s  resistance also increases fo l low-  
i n g  a pulse i r r a d i a t i o n ,  and t h e  incw-case can be l a rge  arid 
p e r s i s t e n t  i n  some n d t u r a l  and  unswept li-thiurn-doped syn- 
t h e t i c  m a t e r i a l  (Rcf. 4 ) .  Sweepiny g c n e r < a l i y  r educes  t h l s  
problem t o  i n s i g n i f i c a n c e .  



F i g u r e  1 i s  an  i d e a l i z e d  i - l l u s t r a t i o n  o f  t h e  change  i n  
f r e q u e n c y  a f t e r  i r r a d i a t i o n ,  showing b o t h  t h e  t r a n s i e n t  and 
s t e a d y - s t a t e  s h i f t s  as  a f u n c t i o n  o f  t i m e  f o l l o w i n g  a  p u l s e  
o f  r a d i a t i o n .  The q u a n t i t y  f o  i s  t h e  o r i g i n a l  p r e i r r a d i a t i o n  
f r e q u e n c y ,  fs ,  i s  t h e  s t e a d y - s  t a t c  f r e q u e n c y  t a k e n  a p p r o x i -  
m a t e l y  1 5  t o  20  min a f t e r  e x p o s u r e ,  f  (t.) i s  t h e  i n s t a n t a n e o u s  
f r e q u e n c y  a t  any t i m e  t ,  and Afa i s  t h e  a n n e a l a h l e  p o r t i o n  of 
t h e  f r e q u e n c y  change .  T h i s  n o t a t i o n  i s  from King and S a n d e r  
(Ref. 4 ) .  The a n n e a l a b l e  f r a c t i o n  of t h e  f r e q u e n c y  change  
f o l l o w i n g  a  p u l s e  o f  r a d i a t i o n  r educed  t o  unit d o s e  i s  p l o t -  
t e d  i n  F i g u r e  2 .  The r e s u l t s  o f  s e v e r a l  i n v e s t i g a t o r s  are 
p r e s e n t e d ,  and  t h e r e  i s  remarkab le  agreement  i n  t h e  d a t a  
e v e n  thouqh t a k e n  over a wide  r a n g e  o f  d o s e s  and  a t  d i f f e r -  
e n t  f r e q u e n c i e s .  The b e h a v i o r  o f  t h e  a n n e a l a b l e  f r a c t i o n  i s  
n o t  v e r y  s e n s i t i v e  t o  t h e  t y p c  o f  m a t e r i a l  and  i s  r e a s o n a b l y  
w e l l  r e p r e s e n t e d  by 

where t i s  t h e  t i m e  i n  sec and D i s  the d o s e  i n  rad(Si02). 

The magn i tude  o f  t h e  s t e a d y - s t a t e  f r e q u e n c y  s h i f t  i s  var-  
i a b l e  f rom c r y s t a l  t o  c r y s t a l  even  f o r  t h e  same t y p e  o f  
q u a r t z ,  and t h e  r e s p o n s e  shows some changes  which r e f l e c t  t h e  
r a d i a t i o n  h i s t o r y .  The i n i t i a l  e x p o s u r e  t o  a low d o s e  [less 
t h a n  a b o u t  1 0 " a d ( ~ i 0 ~ ) ]  p roduces  a f r e q u e n c y  s h i f t  o f  a 
few p a r t s  i n  l o 8  w h i c h  can be e i t h e r  p o s i t i v e  o r  n e g a t i v e ,  
a f t e r  which t h e  ra te  of f r e q u e n c y  s h i f t  w i t h  dose d r o p s  s i g -  * n i f i c a n t l y .  In t h e  range f r o m  a f e w  t h o u s a n d  r a d s  t o  
a p p r o x i m a t e l y  l o 4  r a d s  , r e s o n a t o r s  o f  good swep t  s y n t h e t i c  
q u a r t z  can  b e  found which  w i l l  shift a b o u t  5 y 10-13 p e r  
rad ( S i 0 2 )  . 

As  ment ioned  above ,  t h e  s t e a d y - s t a t e  f r e q u e n c y  s h i f t  i s  
g e n e r a l l y  measured a b o u t  20 min a f t e r  e x p o s u r e  t o  a p u l s e  o f  
r a d i a t i o n .  The s e l e c t i o n  o f  2 0  min i s  a somewhat a r b i t r a r y  
c h o i c e ,  s i n c e  t h e  f r e q u e n c y  c o n t i n u e s  t o  d r i f t .  However, 
t h e  d r i f t j s e c  i s  s m a l l  compared t o  e i t h e r  the s t e a d y - s t a t e  
(20-min) o r  t h e  t r a n s i e n t  d r i f t  d i s c u s s e d  above. Hence,  i t  
i s  c o n v e n i e n t  t o  d e s c r i b e  t h e  s h i f t s  which o c c u r  a f t e r  20 
min as an  enhanced  drift r a t e .  The magn i tude  o f  t h e  enhanced  
d r i f t  r a t e  i s  n o t  as well documented a s  t h e  e f f e c t s  d i s cus sed  
above. What h a s  been  o b s e r v e d  i s  t h a t  p u l s e s  o f  r a d i a t i o n  

* ~ e s o n a t o r s  f o r  u se  i n  r a d i a t i o n  env i ronmen t s  a r e  o f t e n  
exposed  t o  d o s e s  of a  few thousand  r a d ( S i 0 2 )  p r i o r  t o  instal- 
l a t i o n  i n  t h e  o s c i l l a t o r .  Such e x p o s u r e s  can  h e  used  b o t h  
a s  a s c r e e n i n g  p r o c e d u r e  and a s  a  c o n d i t i o n i n g  p r o c e d u r e  t o  
a c h i e v e  t h c  lower r a d i a t i o n  r e s p o n s e .  



in. t h e  lo3 t o  1 .04 rad r a n y e  r e s u i t  1.n a clrif-k r a t e  o f  a b o u t  
1 x l o y 9  p e r  day or  less f o r  a few d a y s  a f t e r  e x p o s u r e .  I f  
no f u r t h e r  i r r a d i a t i o n  occurs ,  t h e  d r i f t  r a t e  r e t - u r n s  t o  its 
p c e i r r a d i a t i o n  v a l u e  (on  t h e  o r d e r  o f  a few p a r t s  p e r  l . O l l  
per day  w i t h i n  a few d a y s .  

PASS J V F  FRFQUENCY STANDARC MODELING 

Let u s  now t u r n  our a t k e n t i o n  t o  p a s s l v e  f r e q u e n c y  s t a n -  
d a r d s .  By  p a s s i v e  f r e q u e n c y  s t a n d a r d  w e  mcan a d e v i c e  i n  
which a h i g h - q u a l i t y  q u a r t z  o s c i l . l a t o r  p r o v i d e s  the o u t p u t .  
The d r i f t  of t h e  q u a r t z  o s c i l 1 . a t o r  i s  c o r r e c t e d  by a f c e d -  
back l o o p  which r e f e r e n c e s  t h e  quartz f r e q u e n c y  t o  an a t o m i c  
r e s o n a n c e .  The ces ium heam s t a n d a r d  and t h e  rub id ium vapor 
s t a n d a r d  a r e  t h e  mos t  common a f  t h i s  t y p e  and w i l l  be used  
as examples  i n  t h i s  p a p c r .  The re  a re  many ways of  imp1.c- 
men t iny  t h e  c o n c e p t  of a q u a r t z  o s c i l l a t o r  l o c k e d  t e  an 
a t o m i c  r e s o n a n c e  d e v i c e  t h r c u y h  a c o n t r o l  l o o p ,  b u t  a  common 
model ing  methodology  o b t a i n s  for s y s t e m s  w i t h  a f  i . r s t - o r d e r  
control l o o p .  Due t o  the c o m p l e x i t y  o f  ,the s y s t e m s ,  i-t i s  
n o t  p r a c t i c a l  t o  have  one  zo r r~p le t e  model which can  he  a p p l i e d  
i n  a l l  s i t u a t i o n s  i n  a  r a d i a t i o n  env i ronmen t .  T t  i s  more 
c o n v e n i e n t  a n d  i n f o r m a t i v e  t o  u t i l i z e  s e v e r a l  s i m p l e  m o d e l s ,  
e a c h  of which i s  u s e f u l  and a d e q u a t e  f o r  a  p a r t i c u l a r  s i t u a -  
t i o n  b u t  which must  h e  u sed  w i t h  judgment because o f  i t s  
l i m i t a t i o n s .  

14e f i r s t  d i s t i n g u i s h  between c a t a s t r o p h i c  e f f e c t s  which 
c a u s e  e f f e c t i v e  f a i l u r e  o f  t h e  s t a n d a r d  and e f f e c t s  which 
l e a v e  t h e  standard operating b u t  with degraded  pe r fo rmance .  
F o r  t h e  p u r p o s e s  of  t h i s  p a p e r ,  c a t a s t r o p h i c  e f f e c t s  a r e  
t h o s e  which  r e s u l t  i n  a c e s s a t i o n  o f  f u n c t i o n  o f  some c r i t -  
i c a l  e l e m e n t  oi t h e  s y s t e m  ( f o r  example ,  a s e m i c o n d u c t o r  
d e v i c e  b u r n o u t ) .  Des ign  s o l u t i o n s  t o  s u c h  p rob lems  a r e  n o t  
u n i q u e  t o  a f r e q u e n c y  s t a n d a r d  b u t  a r e  part a£ t h e  l i b r a r y  
of t r i c k s  o f  t h e  r a d i a t i o n  e f f e c t s  c i r c u i t  e n y i n e e r ,  and  
w i l l  l a r g e l y  be i g n o r e d  i n  t h i s  p a p c r .  What w e  w i sh  t o  do 
i s  model  t h e  p r i n c i p a l  r a d i a t i o n  effects i n  p r e c i s i o n  f r e -  
quency  s t a n d a r d s .  

R e f e r r i n g  t o  F i q u r e  3 ,  w e  assume a f i r s t - o r d e r  l o o p  i n  
which t h e  a t o m i c  r e s o n a n c e  dev ice  i s  p r e s e n t e d  as a b l a c k b o x  
t h a t  p u t s  o u t  a l i n e a r  e r ro r  v o l t a g e  equa l  t o  Kg A f / f o  p l u s  
some n o i s e .  T h i s  v o l t a q e  i s  ampllf l e d  ( A )  and coup led  t o  t h e  
i n p u t  of an  i n t e g r a t o r .  The i n t e g r a t o r  can  t a k e  many forms  
b u t  b a s i c a l l y  h a s  an  o u t p u t  which s t o r e s  t h e  i n t e g r a l  of  t h e  
e r r o r  v o l t a g e  o v e r  t i m e .  Thc  o u t p u t  v o l t a q e  o f  the i n t e -  
g r a t o r  corrects  t h e  o s c i l l a t o r  wkl-ch p r o v i d e s  t-he p r i m a r y  
o u t p u t .  



The o u t p u t  o f  t h e  o s c i l l a t o r  i s  t h e  nominal f r equency  f l  
p l u s  a  c o r r e c t i o n  p r o p o r t i o n a l  t o  V o  p l u s  some phase  n o i s e .  
The f requency  f l  i s  m u l t i p l i e d  by a  c o n s t a n t  M which g i v e s  a 
f requency  c l o s e  t o  t h e  a tomic  resonance  f requency .  S i n c e  t h e  
a tomic  resonance  f requency  i s  u s u a l l y  n o t  an i n t e g r a l  m u l t i -  
p l e  of t h e  b a s i c  o s c i l l a t o r  f r equency ,  a  s e p a r a t e  s y n t h e s i z e r  
i s  used t o  make up t h e  d i f f e r e n c e .  T h i s  s y n t h e s i z e r  i s  locked  
t o  t h e  b a s i c  o s c i l l a t o r ;  w e  have r e p r e s e n t e d  a  d i g i t a l  t e c h -  
n i q u e  f o r  d o i n g  t h a t  l o c k .  The i n t e g r a l  m u l t i p l e  o f  t h e  
o s c i l l a t o r  f r equency  i s  added t o  t h e  s y n t h e s i z e r  f requency 
t o  g i v e  t h e  i n p u t  f r equency  t o  t h e  a tomic  resonance  d e v i c e .  

The o v e r a l l  l o o p  g a i n  o f  t h e  sys tem,  as  d e s c r i b e d  by 
F i g u r e  3,  can  be  w r i t t e n  as 

where K O  re la tes  t h e  e r r o r  s i g n a l  t o  t h e  f requency  d i f f e r e n c e  
a s  s e e n  by t h e  C s  tube and Kg r e l a t e s  t h e  f requency  e r r o r  
i n t o  t h e  C s  t ube  t o  t h e  e r r o r  v o l t a g e  a t  t h e  i n p u t  o f  t h e  
i n t e g r a t o r .  A s  E q .  2 i n d i c a t e s ,  t h e  l o o p  t i m e  c o n s t a n t  T~ 
i n v o l v e s ,  b u t  i s  n o t  e q u a l  t o ,  t h e  i n t e g r a t o r  t i m e  c o n s t a n t  
RC . 

For  modeling n o n - c a t a s t r o p h i c  r a d i a t i o n  e f f e c t s ,  errors 
are c a t e g o r i z e d  as (1) s t e a d y  o f f s e t  e r r o r s ,  ( 2 )  random 
e r r o r s ,  and ( 3 )  t r a n s i e n t  e r r o r s .  A c a t a l o g  of e r r o r s  which 
must b e  c o n s i d e r e d  under  each o f  t h e s e  c a t e g o r i e s  can b e  
d e r i v e d  by c o n s i d e r i n g  t h o s e  f a c t o r s  which a f f e c t  s t a b i l i t y  
and a c c u r a c y .  A c e r t a i n  s u b s e t  o f  t h o s e  f a c t o r s  i s  pe r -  
t u r b e d  by r a d i a t i o n  and must b e  modeled a s  one o f  t h e  t y p e s  
o f  e r r o r s  above.  

For  s m a l l  p e r t u r b a t i o n s ,  t h e  e q u a t i o n  of motion for t h e  
sys tem ( c l o s e d  l o o p )  can  be  approximated as 

where F ( t )  i s  some e x t e r i o r  f r equency  p e r t u r b a t i o n  such  a s  
a n  open-loop o s c i l l a t o r  d r i f t  r a t e ,  and KL i s  as i n  E q .  2 .  
A s t e a d y  o f f s e t  i m p l i e s  

and by s u b s t i t u t i n g  t h e  a p p r o p r i a t e  open- loop F ( t ) ,  t h e  
s t e a d y - s t a t e  o f f s e t  can b e  c a l c u l a t e d .  



Random e r r o r s  a r e  modeled a s  n o i s e  g e n e r a t o r s  and t h e  
model i s  s i m i l a r  t o  t h a t  developed by C u t l e r  and S e a r l e  (Ref.  
I). Dominant n o i s e  s o u r c e s  i n  p a s s i v e  f requency s t a n d a r d s  
are t h e  q u a r t z  o s c i l l a t o r  phase  n o i s e  and t h e  n o i s e  i n  t h e  
a tomic  resonance  c e l l .  

For  t h e  t r a n s i e n t  e r r o r s  which r e s u l t  from a n u c l e a r  
b u r s t ,  t h e  n o n l i n e a r  e f f e c t  o f  s a t u r a t i o n  o f  t h e  e l e c t r o n i c s  
i s  combined w i t h  E q .  3 ,  which i s  a p p l i e d  when t h e  sys tem 
r e t u r n s  t o  l i n e a r  o p e r a t i o n .  L e t  us  now app ly  t h e s e  models 
t o  t h e  dominant env i ronments .  

DOSE-RATE EFFECTS FROM ELECTRON BELTS 

Consider  f i r s t  which e r r o r  t e rms  a r e  s i g n i f i c a n t  i n  t h e  
p r e s e n c e  o f  t h e  e l e c t r o n  f l u x  i n  t h e  enhanced r a d i a t i o n  
b e l t s .  The f l u x  i n  t h e  enhanced b e l t s  i s  r e l a t i v e l y  low ( 3  
x l o 8  t o  l o 9  e / cm2-sec ) ,  s o  t h a t  t h e  semiconductor  d e v i c e  
o p e r a t i o n  i s  n o t  p e r t u r b e d  by p h o t o c u r r e n t s .  Thus, w e  can 
n e g l e c t  d i s t u r b a n c e s  i n  most e l e c t r o n i c  c i r c u i t s .  However, 
t h e  low-ra te  background w i l l  i nduce  some n o i s e  i n  t h e  detec- 
t o r  i n  t h e  resonance  d e v i c e  ( e l e c t r o n  m u l t i p l i e r  i n  a C s  
beam t u b e  o r  t h e  o p t i c a l  d e t e c t o r  i n  t h e  R b  gas cell). W e  
t r e a t  t h i s  n o i s e  from t h e  e l e c t r o n  b e l t s  as a  w h i t e  n o i s e  
which i n f l u e n c e s  t h e  A l l  an v a r i a n c e  th rough  

where t h e  0 ' s  d e s i g n a t e  t h e  A l l a n  v a r i a n c e ,  S / N  i s  t h e  s i g n a l -  
t o - n o i s e  r a t i o  from t h e  resonance  d e v i c e ,  and t h e  s u b s c r i p t s  
i n d i c a t e  a z e r o  o r  a 4 e l e c t r o n  f l u x ,  r e s p e c t i v e l y .  The  mag- 
n i t u d e  of  t h i s  e f f e c t  i s  system-dependent .  The e x i s t e n c e  o f  
t h i s  n o i s e  s o u r c e  h a s  been v e r i f i e d  i n  a s i m u l a t i o n  e x p e r i -  
ment performed a t  N R L ,  and  a t  3 x l o 8  e/crn2-sec, an  approx i -  
mate i n c r e a s e  o f  208 i n  t h e  u ( 2  , T )  curve  was obse rved  f o r  a  
Frequency and Time Systems,  Tnc. ,  C s  beam t u b e .  The ef fec t?  
s h o u l d  b e  l e s s  f o r  a  R b  sys tem o p t i c a l  d e t e c t o r ,  b u t  t h e  
e f f e c t  i s  so dependent  on t h e  amount and t y p e  o f  m a t e r i a l s  
s u r r o u n d i n g  t h e  d e t e c t o r  t h a t  t h e  exper iments  shou ld  be p e r -  
formed f o r  each  d e v i c e  c o n s i d e r e d .  

EFFECTS O F  DOSE FROM ELECTRON BELTS 

The i o n i z a t i o n  d o s e  due t o  t h e  enhanced e l e c t r o n  b e l t s  
t o  e l e c t r o n i c  d e v i c e s  beh ind  0.040-inch AR boxes accumula tes  
a t  a b o u t  l o 5  rad/day.  An i o n i z a t i o n  dose  of t h i s  magnitude 
c a u s e s  s u r f a c e  charge  b u i l d u p  i n  semiconductor  d e v i c e s .  The 



m a n i f e s t a t i o n s  i n  t e r m i n a l  c h a r a c t e r i s t i c s  a r e  g a i n  degrada-  
t i o n  i n  t r a n s i s t o r s ,  changes i n  r e f e r e n c e  v o l t a g e  e l e m e n t s ,  
and i n c r e a s e d  o f f s e t s  i n  o p e r a t i o n a l  a m p l i f i e r s .  For most 
c i r c u i t s ,  t h e  d e s i g n  and p a r t s  s e l e c t i o n  methods a r e  not 
unique  t o  t h e  p r e c i s i o n  f requency  s t a n d a r d s ,  b u t  c e r t a i n  
a s p e c t s  a r e  of s p e c i a l  impor tance .  

The changes i n  v o l t a g e  r e f e r e n c e  e l e m e n t s  which d e t e r -  
mine t h e  r e s o n a t o r  magne t i c  f i e l d  r e q u i r e  c r i t i c a l  c o n s i d e r -  
a t i o n ,  a s  do  o f f s e t s  i n  l i n e a r  i n t e g r a t e d  c i r c u i t s  i n  v o l t -  
age r e g u l a t o r s .  Changes i n  t h e  C - f i e l d  c u r r e n t  a r e  p a r t i c u -  
l a r l y  t roub lesome.  For changes i n  C - f i e l d  c u r r e n t ,  Af / fo  
= 3 . 5  x 1 0 - l o  AI/I f o r  C s ,  and Af/ fo  = 2 . 5  x AI/I f o r  
R b .  Thus, t o  h o l d  t h e  f requency t o  2 x 10-13, t h e  C - f i e l d  
c u r r e n t  must n o t  change by more t h a n  0 . 3 C %  f o r  C s  and 0 . 0 0 8 %  
f o r  R b .  T h i s  p l a c e s  a s e v e r e  h a r d e n i n g  requ i rement  on t h e  
power s u p p l i e s .  

O f f s e t s  i n  t h e  i n t e g r a t o r  o p e r a t i o n a l  a m p l i f i e r  produce 
l a r g e  f requency o f f s e t s  which i n c r e a s e  w i t h  r a d i a t i o n .  The 
c o n d i t i o n  f o r  n u l l  i n  t h e  c o n t r o l  l o o p  of F i g u r e  3 is  z e r o  
c u r r e n t  i n  t h c  i n t e g r a t o r  c a p a c i t o r .  Thus, t h e  l o o p  w i l l  
compensate by a  f r equency  e r r o r  f o r  o f f s e t  c u r r e n t s  and o i f -  
s e t  v o l t a g e s  i n  t h e  i n t e g r a t o r  o p e r a t i o n a l  a m p l i f i e r .  The 
t o t a l  e r r o r  v o l t a g e  a t  t h e  i n t e g r a t o r  o u t p u t  from o f f s e t s  i s  

A f r equency  e r r o r  a t  t h e  C s  t u b e  w i l l  r e s u l t  which produces  
an e r r o r  s i g n a l  a t  t h e  i n t e g r a t o r  i n p u t s  t o  c a n c e l  Ve. The 
l o o p  a g a i n  w i l l  t h e n  be n u l l ,  S i n c e  t h e  e r r o r  Vol tage  a t  
t h e  o u t p u t  o f  t h e  C s  t u b e  i s  

t h e  c o n d i t i o n  f o r  n u l l  i s  

The IoS and VoS are  f u n c t i o n s  o f  dose.  T o  o b t a i n  f requency 
e r r o r ,  e m p i r i c a l  f u n c t i o n s  for 10s and  VOS as a f u n c t i o n  of 
dose  must b e  s u b s t i t u t e d  i n t o  E q .  8.  A s  a  numer ica l  example, 
assume RC = 1 s e c ,  K O  = 10-12,  TL = 10 s e c ,  and Kg = 1 0 l l .  
G e n e r a l l y ,  t h e  r a d i a t i o n - i n d u c e d  VOS dominates  and A f / f  = 
10"13 VOS (mV) . O p e r a t i o n a l  a m p l i f i e r s  a r e  a v a i l a b l e  which 
do n o t  change VOS s i g n i f i c a n t l y  a t  l o 5  r a d s  and which change 



I 
by 3 t o  5 mV a t  l o 6  xads. Thus ,  a A f / f o  o f  3 t o  5 x 1 0 - l k /  
day  i s  achievable by c a r e f u l .  par -ks  s e l e c t i o n .  Lower o f f s e t s  
can be  a c h i e v e d  w i t h  modes t  s h i e l d i n g .  

The q u a r t z  o s c i l l a t o r  e x p e r i e n c e s  an i n c r e a s e d  d r i f t  r a t e  
due  t o  t h e  accumula t ed  d o s e  f r o m  t h e  e l e c t r o n  b e l t s .  To u s e  
another example, i f  t h e  oven  m a t e r i a l s  a r c  e q u i v a l e n t  t o  0 . 5  
c m  ( 1 . 3 5  g/cm2 A R ,  t h c  a v e r a g e  1-day dose from t h e  enhanced  
b e l t s  i s  abou t  104 rads .  F o r  a  qooci swept  s y n t h e t i c  r e s o -  
n a t o r ,  t h e  f r e q u e n c y  of t h e  q u a r t z  w i l l  d r i f t  a b o u t  5 r 1 0 - ' /  
day  o r  6 x ~ ! I " ~ " / s c c .  Since thc ~ : ~ i a n c ~ r  1s sr ra ' l  IP a time 
TL, w e  can t r e a t  t h i s  a s  a d r i f t  term and compute t h e  f r e -  
quency e r r o r  f rom Fq.  3 :  

For T L  = 1.0 sec ,  the f r e q u e n c y  e r r o r  i s  abou t  6 >- 10-" a t  
t h e  end o f  one day .  

Th.e  glasses in a rcb gas c e l l  w i l l  e x p e r i e n c e  some d a r k -  
e n i n g  a s  a r e s u l t  o f  t h e  accumula t ed  d o s e ,  This will r e d u c e  
the l i g h t  i n t e n s i t y  a t  t h e  c e l l  and  a t  t h e  de t cc : to r .  Quali- 
t a t i v e l y ,  t h e  l i g h t  i n t e n s i t y  h a s  two e f f e c t s  cn t h e  o p e r a -  
t i o n  of t h e  gas c e l l  s t a n d a r d -  A d e c r e a s e  i n  t h e  l i g h t  
i n t e n s i t y  d e c r e a s e s  t h e  s i g n a l - t o - n o i s e  r a t i o ,  and  a cliangc 
i n  t h e  1- ight  i n t e n s i t y  i n d u c e s  a  f r c q u e n c y  s h i f t .  The may- 
nitude o f  t h e  light i n t e n s i t y  s h i f t  i s  d e p e n d e n t  on  the 
b u f f e r  g a s  p r e s s u r e ,  m a g n e t i c  f i e l d ,  and o p t i c a l  pumping 
c o n d i t i o n s .  k ' i yu re  4 shows t h e  l i g h t  i n t e n s i t y  s h i f t s  
o b t a i n e d  by  t h r e e  d i f f e r e n t  g r o u p s  o f  i n v e s t i g a t o r s .  The 
b u f f e r  g a s  p r e s s u r e  and pumping c o n d i t i o n s  a r e  i n d i c a t e d  on 
t h e  f i g u r e .  These  e x p e r i m e n t s  p r o v i d e  some bounds f o r  t h e  
l i g h t  i n t e n s i t y  s h i f t s ,  which r a n c y  f r ~ r ?  2 t o  10 :: l ~ + ~ l / %  
change  i n  i n t e n s i t y .  Data  t a k e n  a t  room t e r n p e r a t u r c  on 
b o r o s i l i c a t e  g l a s s e s  would seem t o  i n d i c a t c  t h a t  t h e o  
r a d i a t i o n - i n d u c e d  a b s o r p t i o n  c o e f f i c i e n t s  near 7 8 0 0  A a r c  
a b o u t  2 x l o d 3  cm/rad.  Rased on this e s t i m a t e ,  w e  would 
e x p e c t  f r e q u e n c y  s h i f - t s  i n  t h e  v i c i n i t y  o f  s eve ra l .  p a r t s  i n  
1012 f o r  l o 3  .ads. However, t h i s  data i s  t a k e n  a t  room t e m -  
p e r a t u r e  r a t h e r  t h a n  a t  t.he R b  c e l l  o p e r a t i n g  t e m p e r a t u r e .  
The s h i f t s  e x p e c t e d  from t h i s  data a r e  undoub ted ly  t o o  l a r g e .  

EFFECT OF A PULSE FROM A NUCLEAR BURST 

The l i s t  o f  f a c t o r s  which  a f f e c t  t h e  a c c u r a c y  and s t a -  
b i l i t y  o f  a  f r e q u e n c y  s t a n d a r d  i s  a  l o n q  o n e ,  b u t  f o r t u n a t e l y  
mos t  e r r o r  s o u r c e s  do n o t  change  s i g n i f i c a n t l y  w j t h  r a d i a t i o n .  
T h e  i m p o r t a n t  e f f e c t s  o f  a n u c l e a r  b u r s t  a r e  t h o s e  l i s t e d  



b r i e f l y  i n  S e c t i o n  2 .  I n  t h i s  s e c t i o n  w e  d i s c u s s  each  i n  a s  
q u a n t i t a t i v e  a way a s  p o s s i b l e .  

The e f f e c t s  o f  a  n u c l e a r  b u r s t  on t h e  open-loop q u a r t z  
o s c i l l a t o r  have been d i s c u s s e d  above. When t h e  q u a r t z  o s c i l -  
l a t o r  i s  coupled  t o  an  a tomic  resonance  d e v i c e  i n  a c o n t r o l  
l o o p ,  t h e  open-loop f requency  e r r o r s  w i l l  u l t i m a t e l y  b e  
n u l l e d  t o  i n s i g n i f i c a n c e .  Phase  e r r o r s ,  which a r e  propor-  
t i o n a l  t o  (Af/fOlSS TL, w i l l  r e s u l t  f o r  steady o f f s e t s  i n  
q u a r t z .  A s  l o n g  a s  t h e  c o n t r o l  l o o p  remains l i n e a r ,  t h e  
e f f e c t s  o f  t h e  a n n e a l a b l e  p o r t i o n  o f  t h e  open-loop f requency 
s h i f t  w i l l  i n t e g r a t e  t o  z e r o  phase  e r r o r  i n  a  few t i m e  con- 
s t a n t s .  S i n c e  t h e  e l e c t r o n i c s  s a t u r a t e  as a r e s u l t  of t h e  
i o n i z a t i o n  and s i n c e  t h e  t r a n s i e n t  f r equency  s h i f t  r e s u l t i n g  
from i o n i z a t i o n  may a l s o  s a t u r a t e  t h e  l o o p  e l e c t r o n i c s ,  t h e  
l o o p  i s  n o t  e x p e c t e d  t o  b e  l i n e a r  th rough  t h e  n u c l e a r  b u r s t .  
Thus, t h e  phase  c o r r e c t i o n  i s  n o t  p e r f e c t ,  and t h e  amount o f  
e r r o r  must b e  c a l c u l a t e d  f o r  e a c h  sys tem and environment .  

The i n c r e a s e d  d r i f t  r a t e  f o l l o w i n g  a p u l s e  of  n u c l e a r  
r a d i a t i o n  w i l l  r e s u l t  i n  a  c losed- loop  f requency e r r o r  of  
less t h a n  2 . 3  x 10- l4  T L .  T h i s  f requency e r r o r  w i l l  p e r s i s t  
f o r  a few days  a f t e r  t h e  b u r s t .  

The o p t i c s  i n  t h e  Rb c e l l  w i l l  darken w i t h  t h e  p u l s e ,  
and some o f  t h e  d a r k e n i n g  w i l l  a n n e a l  i n  p e r i o d s  e x t e n d i n g  
o v e r  s e v e r a l  seconds .  A t  p r e s e n t ,  we know of  no d a t a  on 
t h e  magnitude o r  p e r s i s t e n c e  o f  t h e  e f f e c t .  

S a t u r a t i o n  o f  t h e  e l e c t r o n i c s  c a u s e s  s i g n i f i c a n t  p e r t u r -  
b a t i o n  o f  t h e  e r r o r  loop.  S a t u r a t i o n  o f  t h e  l i n e a r  I C s  
i m p l i e s  t h a t  t h e  o u t p u t  o f  t h e  e r r o r  a m p l i f i e r  ( A )  and o f  
t h e  i n t e g r a t o r  w i l l  assume t h e  power supp ly  v o l t a g e s  and 
both I C s  may assume t h e  same p o l a r i t y ,  The i n p u t  t o  t h e  
i n t e g r a t o r  w i l l  remain s a t u r a t e d  f o r  a recovery  t ime  (on t h e  
o r d e r  of  s e c ) ,  b u t  t h e  v o l t a g e  a t  t h e  o u t p u t  o f  t h e  
i n t e g r a t o r  w i l l  p e r s i s t  a t  t h e  power supp ly  v o l t a g e  u n t i l  
removed by a c o r r e c t i v e  e r r o r  s i g n a l ,  Depending on  t h e  sys -  
tem, t h i s  c o u l d  be a c a t a s t r o p h i c  e f f e c t  s i n c e  t h e  f u l l -  
s c a l e  o u t p u t  o f  t h e  i n t e g r a t o r  may s h i f t  t h e  o s c i l l a t o r  more 
t h a n  a  r e s o n a n t  l i n e  width of  t h e  a tomic  d e v i c e .  Locking on 
t h e  wrong r e s o n a n t  peak o r  s imply  n o t  hav ing  enough s i g n a l  
t o  a l l o w  recovery  o f  t h e  i n t e g r a t o r  i n  a r e a s o n a b l e  t i m e  
cou ld  r e s u l t .  C l e a r l y ,  a  n o n - v o l a t i l e  i n t e g r a t o r  i s  
r e q u i r e d  f o r  a  p u l s e d  n u c l e a r  environment .  

Usua l ly  t h e  s y n t h e s i z e r  i s  phased-locked t o  t h e  main 
o s c i l l a t o r .  S a t u r a t i o n  o f  t h e  e l e c t r o n i c s  w i l l  c ause  some 
r e l a t i v e  phase  e r r o r  t o  appear i n  t h e  s y n t h e s i z e r  l o o p ,  



which w i l l  be c o r r e c t e d  by a s y n t h e s i z e r  f r equency  s h i f t .  
T h i s  s h i f t  w i l l  produce a t r a n s i e n t  f r equency  e r r o r  which 
w i l l  be n u l l e d  o u t  when t h e  s y n t h e s i z e r  l o o p  r e g a i n s  l o c k .  

I n  t h e  Rb c e l l ,  s i n c e  t h e  f requency  of t h e  r e s o n a n t  
t r a n s i t i o n  i s  tempera ture-dependent ,  a  p u l s e  of  n u c l e a r  
r a d i a t i o n ,  which w i l l  cause  a r ise i n  t e m p e r a t u r e  o f  t h e  gas 
cell, w i l l  p roduce  a  f r equency  e r r o r .  For  t y p i c a l  c o n d i t i o n s ,  
t h e  f requency t e m p e r a t u r e  dependences a r e  l i n e a r  and i n  t h e  
range of 5 t o  7 x 10-1°/Oc. For  a d o s e  of D r a d s ,  t h e  tem- 
p e r a t u r e  rise i n  t h e  m a t e r i a l  i s  g i v e n  by 

where C is  t h e  s p e c i f i c  h e a t .  T h i s  r e s u l t s  i n  a A f / f o  o f  t h e  
o r d e r  o f  2 x 10-15 D ,  which i s  a  s i g n i f i c a n t  e f f e c t  f o r  a  
d o s e  o f  103 r a d s  o r  g r e a t e r .  T h i s  e f f e c t  of  t h e  t e m p e r a t u r e  
r i s e  will d i s a p p e a r  as t h e  g a s  c e l l  r e t u r n s  t o  i t s  normal 
t e m p e r a t u r e .  

SUMMARY 

C o n s i d e r a t i o n  of t h e  s t a b i l i t y  and accuracy  o f  p a s s i v e  
a tomic  f requency  s t a n d a r d s  i n  a  r a d i a t i o n  envi ronment  have 
l e d  t o  models which can  be used t o  p r e d i c t  e r r o r  b u d g e t s .  
Some t e r m s  i n  t h e  e r r o r  budget  must be de te rmined  experimen- 
t a l l y .  The e r r o r  budge t  i n  a  r a d i a t i o n  envi ronment  i n d i c a t e s  
t h a t  a hardened i n t e g r a t o r  and C - f i e l d  supp ly  are  c r i t i c a l  
i t e m s .  When t h e  e l e c t r o n i c s  a r e  hardened,  t h e  r a d i a t i o n -  
induced s h i f t s  i n  t h e  q u a r t z  o s c i l l a t o r  w i l l  dominate t h e  
e r r o r  budget .  
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T I M E  

f,., = O R I G I N A L ,  P R E I R R A D I A T I O N  FREQUENCY 

= STEADY-STATE FREQUENCY ( ~ 1 5  M I N  
fss  AFTER EXPOSURE) 

f ( t )  = INSTANTANEOUS FREQUENCY A T  ANY T I M E  t 

= ANNEALABLE PORTION O F  FREQUENCY CHANGE 

F i g u r e  1. Typica l  behavior  of frequency versus t i m e  
f o r  q u a r t z  r e s o n a t o r s  fo l lowing  an x-ray 
exposure pu l s e  ( R e f .  4 )  
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F i g u r e  3 .  Block diagram of pass ive  atomic f requency s tandard  
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E'igure 4. L i g h t  shifts ir, 2b ( 0 , O )  hfs r e sonance  m e a s u r e d  
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QUESTION AND ANSWER P E R I O D  

DR. WINKLFR: 

Can you gi .ve  u s  any e s t i m a t e  of  t h e  d i f f i c u l t i e s  o f  p r o t e c t -  
i n g  Eydrogen Masers i n  s u c h  i n c l e m e n t  c o n d i t i o n s ,  remernber- 
i n g  t h a t  t h e  c o e f f i c i e n t  f o r  the m a g n e t i c  s e n s i t i v i t y  i.s 
a b o u t  42 , t i m e s  l a r g e r  t h a n  i . t  i s  f o r  ce s ium?  On t h e  o t h e r  
h a n d ,  you o p e r a t e  a t  a b o u t  50 t i m e s  s m a l l e r  m a g n e t i c  I i e l d s  
s o  you r e g a i n  t h a t ,  b u t  s t i l l  you  have  t o  c o n t r o l  t h e  
m a g n e t i c  f i e l d  o f  1 r n i l l i g a u s s  t o  about .01 p e r c e n t  o f  i t s  
v a l u e ,  s o  what i s  g o i n g  t o  b e  t h e  e f f e c t  of t h a t  r a d i a t i o n  
on t h e  s h i e l d  and on t h e  c u r r e n t  supply '?  

M R .  FLANAGAN : 

Le t  m e  t a k e  t h e  Isst o n e  f i r s t ,  namely ,  t h e  e f f e c t  on t h e  
s h i e l d .  We have  done some c u r r e n t  i .n, : jection t e s t s  on mag- 
n e - t i c  s h i e l d  m a t e r i a l s  and have  -- : f i r s t  of a l l ,  o u r  
i n t u i t i v e  f e e l i n g  was t h a t  f o r  very s h o r t  p u l s e s ,  which 
t h e s e  e l e c t , r o n  c u r r e n t s  a r c ,  - t h e r e  is  n o t  enough t ime  t o  
s w i t c h  t h e  domains .  Tha t  was J u s t  :L rough f e e l i n g  we h a d .  
We d i d  some e x p e r i m e n t s  on some Frec.l~xency and Timc Sys.tern 
s h i - e l d s  and t h a t  seerried T O  have  been b o r n e  o u t .  We d i d  n o t  
measu re  w i t h  t h e  kind o f  preci .s ic . )n  r h a t  you wcre - t ;a l lc ing 
a b o u t ,  n o r  a t  t h e  k i n d  o i  m a g n c t i c  f i e l d  l e v e l s  b e c a u s e .  
of c o u r s e ,  t h e  1 evels a r c  r a t h e r  hi .gh [or c c s j u n ~ ,  

I would s a y  t h a t  one  of the f i r s t  t h i . n g s  t h a t  1 would .look 
a t  would be t o  compute t h e  i n d u c e d  c u r r e n t s  and t h e n  do 
some good cu r ren t  i n j e c t i o n  t e s t i n g  t o  f i n d  o u t  ~ ~ i l e t l l e r  o r  
no-t we had s e e n  a n y t h i n g .  It; h a s  beer? a. c o n c e r n  o f  mine 
s i n c e  t h e  a r e a  o r  t h e  volume of t h e  magne t i c  s h i e l d  i n  t h e  
maser i s  so  much l a r g e r .  

With r e s p e c t  t o  t h c  sccoricl p o i n t ,  T i l e  c;oritrol.li .rig of t h e  
m a g n e t i c  f i e l d  c u r r e n t  supp i .y  , :.is I s:lj 45, hy c a r c f  ul d e s i g n ,  
by par t ;  s e l e c t i o l l  ailcl by s h i e l d i n g ,  i i' :,ou can design :i 

supp1.y whic:h w i l l  s u ~ v i v e  f j r.c years of' ~iorrnai cumponen?; 
agri.r?.g ~ ~ i t l z o u t  deg rac i i ng .  t l l e r l  re c a n  design o n c  t h a t  w i 1 3  
clo t h e  same thi . i lg in t h e  s p a c e  e n ~ r i r o ~ l r n e n t .  The re  a r e  
o t h e r  areas of c o n c : e r n ,  narne.1.y ot.1 r gassing f r n m  chztmbers 
and d e g r a d a t i o n  ~;f ~ v a l l s  t h a t  one starts t o  get. concer 'ncd 
a b o u t  and I don ' t, have e ~ l o i ~ g l ~  cmpi 1. i r :al  infc)rnl;:ct:ion rbi.f;lit 
now t o  be  able t o  s a y  a x v t h i n g  aljout t h : i l .  



MR. RUEGER: 

One of  t h e  most s e r i o u s  p rob lems  a b o u t  t h e s e  r a d i a t i o n  
h a r d e n i n g  o f  t i m e  s o u r c e s  i s  t o  k e e p  c o n t i n u i t y  o f  t h e  s i g -  
n a l  o u t p u t .  Have you some s o l u t i o n  t o  g ive  t h e  n e c e s s a r y  
f l y w h e e l s  s o  t h a t  t h e r e  i s  no i n t e r r u p t i o n  i n  t h e  q u a l i t y  
o f  t h e  p i c k u p  on p h a s e  o f  t h e  o u t p u t  t i m i n g  s i g n a l s ?  

MR. FLANAGAN:  

I t h i n k  i t  h a s  been  b o r n e  o u t  a  l i t t l e  b i t  by computer  
a n a l y s i s  and  somehwat by t e s t s  and  it h a s  t o  do  w i t h  u s i n g  
t h e  f i n a l  o u t p u t  c i r c u i t r y  a s  a f l y w h e e l .  You j u s t  have  
t o  de s ign  your  s y s t e m  i n  s u c h  a way t h a t  t h e  f i n a l  o u t p u t  
c i r c u i t r y  h a s  a  l a r g e  enough Q w i t h  t h e  s e m i c o n d u c t o r  
s a t u r a t e d  s o  t h a t  i t  w i l l  c o n t i n u e  t o  f l y w h e e l  u n t i l  t h e y  
r e c o v e r .  

If t h e  Q of t h e  s y s t e m  is s u f f i c i e n t l y  h i g h ,  t h e n  it w i l l  
c o n t i n u e  t o  f l y w h e e l  even  i n  t h e  a b s e n c e  o f  d r i v i n g  o r  
a m p l i f y i n g  component .  

DR. VESSOT: 

With r e g a r d  t o  m a g n e t i c  f i e l d  c o n d i t i o n s  i n  t h e  hydrogen  
m a s e r ,  what D r .  Wink le r  s a y s  i s  c o r r e c t .  I have  j u s t  done  
a  t h u m b n a i l  c a l c u l a t i o n .  I t  t u r n s  o u t  t h a t  r u n n i n g  a t  a 
h a l f  a m i l l i o e s s t e d  which i s  t h e  way w e  r u n  t h e  maser f o r  
o u r  s p a c e  e x p e r i m e n t ,  t h e  e f f e c t  is a p a r t  i n  1012 t i m e s  
d e l t a  I o v e r  I ,  which  compares  q u i t e  f a v o r a b l y  w i t h  3 .5  
in 10" and 2 . 5  i n  10' fo r  c e s i u m  and r u b i d i u m ,  T h i s  
comes about  by t h e  f a c t  t h a t  t h e  f i e l d  i s  r u n n i n g  sub- 
s t a n t i a l l y  l o w e r  a s  was p o i n t e d  o u t  ea r l i e r .  

The o t h e r  t h i n g ,  t h o u g h ,  t h a t  seems t o  m e  a l m o s t  i n t u i t i v e  
is t h e  p h a s e  l o c k  l o o p  i s  f a r  l ess  l i k e l y  t o  b e  p e r t u r b e d  
i n  t e r m s  o f  l o n g  t e r m  f r e q u e n c y  t h a n  a  f r e q u e n c y  l o c k ,  
n o t a b l y  t h a t  i t  does n o t  have  t h e  l o n g  t e r m  i n t e g r a t i o n  
t h a t  c h a r a c t e r i z e s  s o  many o f  t h e  f r e q u e n c y  l o o p s  t h a t  w e  
know are u s e d  on  ce s ium i n s t r u m e n t s  and  r u b i d i u m  i n s t r u -  
m e n t s .  S o ,  I t h i n k  t h e r e  may b e  a n  a d v a n t a g e  t h e r e ,  
a l t h o u g h ,  i t  is p r o b a b l y  a p r e t t y  s l e n d e r  o n e  i n  t h e  fact  
t h a t  t h e  d o s e  r a t e s  t h a t  are b e i n g  men t ioned  h e r e  a r e  
r a t h e r  c a t a s t r o p h i c .  




