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SUMMARY 

ar , r e c i s i o n  o s c i l l a t o r s  and c locks  a re  d i s -  
cussed Thc i n c l u r f p  cesium standards, rub id ium stan-  
dards, hyd 1’7@n masers, and quar t z  c r y s t a l  o s c i l l a t o r s  
A b r i e f  r e v  PW o f  t h e i r  b a s i c  des ign phi losophy and 
performanc 1 b i r a c t e r i s t i c s  i s  g iven.  B lock diagrams 
o f  schema’ i F  nq t h e  phys i cs  packages as w e l l  as o f  
the e l e c t  ‘IC. Yystems a r e  g iven,  and i t  i s  po in ted  
out  quant; t o t i J P l y  (where p o s s i b l e )  which parameter 
changes C i  I e frequency s h i f t s  and/or performance 
d e t v i o r ? t l n n .  P a r t i c u l a r  a t t e n t i o n  i s  focused on 
thoq? pay + - + r r s  which a r e  l i k e l y  t o  change under 
nuc lear  . ~ ~ , ~ a f i o n .  

INTRODUCTION 

This  p a p o r  presen ts  t h e  area o f  p r e c i s i o n  f requency 
s ta -lards aqd c locks  i n  t h r e e  p a r t s .  The f i r s t  p a r t  
int;oduce- :he sub.ject o f  p r e c i s i o n  f requency standards, 
and summari??s +,he presen t  s t a t e - o f - t h e - a r t  i n  f r e -  
quency s t a b i l i t y  and i n  t ime  keeping. The second p a r t  
discusses i n  d e t a i l  t h e  des ign o f  p r e c i s i o n  frequency 
standards which a r e  a v a i l a b l e  today: c r y s t a l  o s c i l l a -  
t o r s ,  rub id ium standards, cesium standards, and hydro- 
gen s tandards.  
e l e c ’  -on i c  c i r c u i t r y ,  as w e l l  as t h e  des ign o f  t h e  
phys :s p-.rkage. The t h i r d  p a r t  a t tempts t o  analyze 
know: e f f e c t s  which may cause frequency s h i f t s ,  i n s t a b -  
i l i t - e s ,  o r  raa l func t i ons  o f  these standards; components 
i n  t ’ e  e lec t r , - ,n ics  and i n  t h e  phys ics package a r e  
Doi:  ed o u t  which may he c r i t i c a l  i n  t r a n s l a t i n g  
de! e r i o u s  e f f e c t s .  Specia l  emphasis i s  p laced on 
e f  t s  p o s c i h l y  caused by nuc lea r  r a d i a t i o n .  Quant i -  
t a  ’e r e l a t i o n s h i p s  a r e  g i ven  where poss ib le .  The 
re .!r shouid understand t h a t  t h i s  t o p i c  has t o  be 
ap ,ached w i t h  c a u t i o n  s ince  l i t t l e  i s  know e x p e r i -  
mer .ally about  t h e  e f f e c t s  o f  nuc lea r  r a d i a t i o n  on 
f r c  uency ‘ tandards, and much o f  what i s  s a i d  i s  o n l y  
a t ’  t guess o f  what m igh t  happen, and more o f t e n  i s  
qua . t a t i v e  than q u a n t i t a t i v e .  

Th is  d i s c u s s i o n  i nc ludes  bo th  t h e  

I .  PERFORMANCE OF P R E C I S I O N  OSCILLATORS 

The s t a b i l i t y  o f  p r e c i s i o n  o s c i l l a t o r s  i s  charac- 
ter-:ed by the  square r o o t  o f  t h e  p a i r  va r iance  ( A l l a n  
v a r  , ice) ;1]. I n  F i g u r e  1, a,,( T )  i s  p l o t t e d  f o r  
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- . I .  Frequency s t a b i l i t y  o f  l a b o r a t o r y  and 
commercial frequency s tandards 

c r y s t a l  o s c i l l a t o r s  and atomic frequency standards; t he  
f i g u r e  i s  adapted f rom Ref. 2. P l o t t e d  a re  t y p i c a l  o r  
average performance f o r  commercial standards and bes t  
measured performance f o r  l a b o r a t o r y  t ype  dev ices.  The 
i n c l u s i o n  o f  l a b o r a t o r y  t ype  dev ices he lps  t o  i l l u s t r -  
a t e  t h e  p o t e n t i a l  f o r  performance improvement p o s s i b l e  
w i t h  t h e  comnercial devices. Only t h e  noise-dominated 
sho r t - te rm performance and t h e  n o i s e - f l o o r  ( b e s t  
p o s s i b l e  s t a b i l i t y )  f o r  these standards a re  p l o t t e d .  
Omit ted i n  t h i s  graph a r e  d r i f t s  which should n o t  be 
covered w i t h i n  t h e  s t a t i s t i c a l  measure a ( T). D r i f t s  
have been measured i n  bo th  cesium standafds and hydro- 
gen dev ices.  However, they a r e  t y p i c a l l y  ve ry  smal l ,  
i .e., l e s s  than 10 ‘* pe r  day. Rubidium standards 
t y p i c a l l y  e x h i b i t  d r i f t s  which a r e  o f  t h e  o rde r  of 
T O - ’  3 p e r  day. C r y s t a l  o s c i l l a t o r s  appear t o  e x h i b i t  
d r i f t  o r  ag ing phenomena fundamental ly which range 
f rom p a r t s  i n  I d ’  pe r  day f o r  t h e  b e s t  c r y s t a l  reso-  
na to rs ,  t o  p a r t s  i n  10’ f o r  r e l a t i v e l y  inexpensive 
c r y s t a l  dev ices.  

One o f  t h e  p r i n c i p a l  a p p l i c a t i o n s  o f  frequency 
standards i s  t h e i r  use as c locks .  I n  a ve ry  r e a l  
sense, any long- term frequency measurement i s  a t ime 
measurement. 
r e l a t e d  t o  t h e  a b i l i t y  o f  frequency standards t o  oper- 
a t e  as c locks  and keep t ime  [3]. 

synchron iza t i on  can be w r i t t e n  as 

The s t a b i l i t y  performance and d r i f t  a r e  

The t ime  e r r o r  T a t  t h e  e lapsed t iw t a f t e r  

where T i s  t h e  t ime  o f  t h e  c l o c k  minus t h e  t ime  o f  t he  
reference ( i d e a l  ” t r u e ”  t ime) ,  T i s  t h e  synchroniza- 
t i o n  e r r o r  a t  t = 0 and R t h e  r i t e  ( f r a c t i o n a l  f r e -  
quency) d i f f e r e n c e  betweefl t h e  two c locks  under com- 
p a r i s o n  averaged around t = 0. 
t i o n a l )  frequency d r i f t  term and E ( t )  con ta ins  a l l  
o t h e r  f l u c t u a t i o n s ;  e.g., those due t o  w h i t e  no ise,  
f l i c k e r  noise,  e t c .  The n s  t ime  dependence o f  
E ( t ) ,  S ( t ) ,  can be c a l c u l a t e d  o r  est imated s t a t i s -  

t i c a l l y  [4 ] , i f  one knows t h e  power laws o f  t h e  no ise  
processes t h a t  model t h e  c locks  i nvo l ved .  For exdmple, 
a d r i f t  o f  D = 10 ‘”per day, a f t e r  10 days, causes an 
accumulated t ime  e r r o r  of 5 x lo-” days o r  about 4vs 
(J (T) a l l o w s  an es t ima te  o f  e ( t ) ;  a reasonable app rox i -  

ma t ion  i s  s imp ly  E ( t )  t (J ( T  = t ) .  As an example, 

D i s  t h e  l i n e a r  ( f r a c -  

Y 

Y 
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F ig .  2. Schematic o f  a qua r t z  c r y s t a l  o s c i l l a t o r  
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uY(' = t = lo's) = lo-" predicts approximately 

q t  = 1 0 ~ ~ )  = 0 . i ~  

11. DESIGN PRINCIPLES OF PRECISION 
OSCILLATORS AND CLOCKS 

The presentation of design principles in this 
chapter will be done in a simplified 'way. The standards 
are separated into functional blocks only to the 
degree necessary to discuss, in the following chapter, 
effects of parameter changes within the standard 
caused by aging or by external influences such as 
nuclear radiation. 

Figure 2 shows a block diagram of a crystal 
oscillator. The crystal oscillator is basically a 
combination of the crystal resonator and a gain 
element with the crystal acting as a narrow band 
filter in the feedback. The oscillator usually 
features a varactor diode which provides voltage 
tunability. At this point it is worth noting that for 
any oscillator, not only commercial oscillators, the 
addition of tunability degrades stability because it 
introduces into the oscillator a variable element 
which is also frequency determining. Thus, the 
tuning element infringes on the primary function of 
the crystal as the only frequency determining element. 
Quantitative values for this degradation depend 
strongly on the particular engineering solution. As 
an example, a varactor tunability over a range of 
lo-'  will-likely preclude any possibility of reaching 
beyond 10 ' *  in stability with a crystal oscillator. 

As in all other frequency standards it is neces- 
sary to introduce isolation between the oscillator 
and its output. 
perturbation at the output would directly affect the 
oscillator. The most serious effect would be a 
frequency close to the oscillator resonance which 
would pull via injection locking. If this extraneous 
frequency is close enough to be within the bandwidth 
of the crystal resonator, the pulling in terms of the 
resonance linewidth will be approximately given by 
the power ratio of the extraneous signal to the 
ocillator signal measured at the resonator. There- 
fore, isolation of u p  to 140 dB is typically found in 
precision oscillators [5]. However, the wideband 
no se from the isolation amplifier may cause addition- 
al short-term frequency instability, especially in 
cr stal oscillators. 

If the isolation is absent, any 

OUTPUT 
FREOUENCY 

E+++? M U L T I P L I E R  

X-TAL 
OSCILLATOR divider 

OUTPUT 
" T I C K "  

Fig. 3.  Schematic of a hydrogen standard (maser 
osci 1 lator) 

A hydrogen frequency standard, based on a hydroger 
maser [ 6 ] ,  is depicted in Figure 3 .  
the hydrogen maser at 1.4 GHz is amplified in a 
wideband amplifier, and then fed into a double hetero- 
dyne receiver which ultimately translates the frequenc.1 
down to dc. This voltage is used to control the 
frequency of the crystal oscillator which drives the 
double heterodyne system. In other words, the crystal 
pscillator is phase-locked to the hydrogen maser 
frequency. Again, the output frequency, typically at 
about 5 MHz, I s  buffered and a clock-tick can be 
obtained by passing this frequency through a divider 
and an output buffer. 
are often called active devices because they are 
based on an active maser-oscillator and the standard 
5 MHz is obtained via phase-locking techniques. 

The output of 

Hydrogen frequency standards 

Fm GHz RANGE DITfCTOR,SlGNAt 

RESONATOR 

SERVO + 
Fig. 4. Schemetic of a passively operating atomic clock 

The basic functional diagram of passive atomic 
frequency standards, e.g., the commercially available 
rubidium gas cell and cesium beam standards, is 
depicted in Figure 4. The atomic resonator acts as a 
frequency discriminator in a servo loop composed of a 
tunable crystal oscillator which feeds into a multi- 
pl ier/synthesi zer/modul ator (MSM) electronics system. 
The MSM provides a frequency modulated microwave 
signal in the GHz range coinciding with the atomic 
resonance frequency, The output of the atomic reso- 
nator, the detector signal, contains the modulation 
of the microwave frequency which is phase-sensitiv 
detected to produce a control voltage which keeps the 
crystal oscillator locked to the atomic resonance. 
Again outputs are obtained after buffering or fre- 
quency division. 

ted in more detail in Figures 5,6, and 7. Figure 5 
shows the most simple solution to the MSM. 
frequency modulation is imposed on the rf. 
modulation can be a frequency modulation, or a phase 
modulation, and may be sinusoidal or squarewave. The 
modulation frequency must be lower than the linewidth 
gf the atomic resonance. As an example, in some 
comercial cesium qtomic standards the linewidth is 
250 Hz. 
100 to 200 Hz. The modulated rf is then multiplied 
to a frequency of several hundred MHz before it is 
fed into a step-recovery diode for further multiplica- 
tion to the GHz range. 

The electronic components of Figure 4 are depic- 

The 
This 

Thus, the modulation frequency typically is 
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I ' g .  5. h l  t i p 1  i e r l S y n t h e s i z e r l H o d u 1  a t o r  b l o c k  diagram: 
s y n t h e s i s  i n  t h e  secondary l o o p  

A 

I-:. 6. Multiplier/Synthesizer/Hodulator b l o c k  diagram: 
s y n t h e s i s  i n  t h e  p r i m a r y  l o o p  

FROM DETECTOR 

CENTERED 
AT f, 

FILTER 

CONTROL VOLTAGE 
TO VARACTOR OF $!- X-TAL OSCILLATOR 

F i g .  7 .  Block  diagram o f  t h e  se rvo  e l e c t r o n i c s  

For optimum signal-to-noise the FM amplitude of 
t h e  modu la t i on  i s  equal  t o  h a l f  t h e  l i n e w i d t h  o f  t h e  
atomic resonance. 
scheme of  F i g u r e  5 .  t h e  c r y s t a l  o s c i l l a t o r  operates a t  
a d i r e c t  subhannonic o f  t h e  atomic resonance f requency.  
T h i s  o f t e n  means t h a t  i t s  f requency i s  n o t  a s tandard 
5 HHz. I n  o r d e r  t o  c r e a t e  a s tandard  5 HHz o u t p u t ,  a 
s y n t h e s i z e r  may have t o  be i n s e r t e d  b e f o r e  t h e  o u t p u t  
frequency i s  generated.  The main l o o p  c o n t a i n i n g  t h e  
atomic r e s o n a t o r  i s  o f t e n  c a l l e d  t h e  p r imary  l oop .  
The syn thes i zed  o u t p u t ,  i f  another  o s c i l l a t o r  i s  used 
f o r  s p e c t r a l  p u r i t y  reasons, i s  c a l l e d  a secondary 

I n  t h i s  most s imp le  s y n t h e s i z i n g  

l oop .  

F i g u r e  6 d e p i c t s  an a l t e r n a t e  MSM system which i s  
o f t e n  found i n  comnerc ia l  s tandards.  Here the  synthe- 
s i s  i s  done i n  the  p r imary  ~ O O D .  i n  o t h e r  words, t he  
c r y s t a l  o s c i l l a t o r  i s  a t  a s tandard ( e . g . ,  5 MHz) 
f requency.  The s i g n a l  i s  again n u l t i p l i e d  t o  seve ra l  
hundred HHz, then f u r t h e r  m u l t i p l i e d  i n  a s tep - recove ry  
d iode.  The f i n a l  f requency does n o t  n a t c h  w i t h  the  
atomic resonance frequency; t h e r e f o r e ,  a side-band has 
t o  be c r e a t e d  a t  t h e  a t o m i c  resonance freauency by 
m i x i n g  a syn thes i zed  lower  f requencf  t o  the GHz c a r r i e r .  
A f i l t e r  may be necessary t o  c l e a ?  UD the spect rur .  
before the  s i g n a l  reacqes :he a t o r i c  resona to r .  

F i g u r e  7 d e p i c t s  a s i n o l e  d i a q r a i  o f  t he  servo 
system t y p i c a l l y  found i n  atomic freouency s tandards.  
The s i g n a l  from the  d e t e c t o r  con ta ins .  i n  genera l ,  
i n t e n s i t y  a t  t he  modu la t i on  frequency; however. i f  the  
c a r r i e r  freauency i s  e x a c t l v  on t h e  a t o n i c  resonance 
t h e  o u t p u t  o f  t h e  a t o m i c  r e s a n a t g r  w i l l  c o n t a i n  o n l y  
t w i c e  t h e  modu la t i on  frequency ' i  . e . ,  t he  second 
harmonic),and t h e  fundanenta l  vanishes.  -he i n t e i s i t y  
o f  t he  fundamental o f  t he  -rodu;ation deoends gn the  
de tun ing  of t h e  q icrowave s i g n a l  frm t he  a t o n i c  
resonance s i g n a l .  I t s  phase deoends on t h e  s i g n  o f  
t he  de tun ing .  The phase d e t e c t o r  where the  s i g n a l  i s  
compared w i t h  the o r i g i n a l  i o d u l a t i o n ,  a l l o w s  t h e  
genera t i on  o f  a dc s i g n a l  which w i l l  have a d i s c r i T i -  
n a t o r  c h a r a c t e r i s t i c  w i t h  zero c3rresoonding t o  !he 
c e n t e r  f requency o f  t h e  a t o n i c  resorlance. Th is  s i g n a l  
can then be i n t e g r a t e d  and used r o  c o n t r o l  t he  c r y s t a l  
o s c i l l a t o r  which thus i s  l ocked  t o  the  a t o n i c  resonance. 

I t  i s  i n o o r t a n t  t o  no te  :hat a l t hough  Dhase 
s e n s i t i v e  means a r e  used, t h e  wio:e s j s t e c ,  as dep ic -  
t e d  i n  F i g u r e  4 ,  a c t s  as a f r e o J e n c j  : x k  and no? a s  
a phase- lock.  Th is  d i f f e r e n c e  i s  t he  f,nda-enta? 
reason f o r  t h e  d i f f e r e n t  s t a b i l i t y  c h a r a c t e r i s t i c s  06 
c r y s t a l  and hydrogen standards,  i . e . ,  j hase - lock  
systems, and cesium and r u b i d i m  stacdards,  i . e . ,  
frequency l o c k  s y s t e m ,  a s  d e o i c t e d  i n  F i g u r e  1 .  
u l t i m a t e  n o i s e  oerfonnance o f  a ghase-,lock s j s t r  i s  
such t h a t  t h e  s t a b i l i t y  i no roves  a: - - -  , whereas i n  
a f requency- lock s y s t m ,  such as r g b i d i m  gas c e l l  
or c e s i u n  beams, the  s t a b i l i t y  inloroves o n l y  as - - ¶  

?he atomic resona to rs  a r e  d e o i c t e d  i n  y o r e  
d e t a i l  i n  F igu res  8. 9, and 10. ; t  i s  i i p a r t a n t  t o  
n o t e  t h a t  a l l  t h ree ,  r u b i d i n ,  c e s i m ,  and b y d r y e n ,  
a r e  based on magnetic d i p o l e  t r a i s i s t i m s .  :n o t h e r  
words, t h e  resonance i s  r e l a t e d  t o  a :agnetic o ro3er t . j  
o f  t h e  atom; i t  i s  e x c i t e d  by !he i a g ~ e t i : :  c r m - e n t  
o f  t h e  n icrowave f i e l d ,  and t + e  t r a i s i t i r n  Creadencj 
i t s e l f  i s  s e n s i t i v e  t o  dc i a g n e t i r  C!e;ds. 
magnet ic  D roDer t i es  o f  a t n s  a l i w  s3a t ia :  seza ra t i o r ,  
o f  energy s t a t e s  i n  s o a t i a l l y  ?pncrg$eieo,j  ia ;ce i ic  
f i e l d s .  

The 

'ne 

F i g u r e  8 d e o i c t s  a hydrogec -aser :i.5:. - he 
hydrogen u s u a l l y  i s  oroduced by a rad;: fre2deprj 
d ischarge  from i o l e c u l a r  hydroser,.  
i n t o  a vacuun :ha?ber, gasses a s t a t e  se lec t i n ;  
nlagnet (hexapole:, arld e n t e r s  a zd?rC.z  stcr3;o 

T.ie kea- e+-ie-;es 
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C A V I T Y  
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H2  R E S E R V O I R  

F i g .  8 .  Schematic o f  a hydroqen maser o s c i l l a t o r  

vessel  whose i n s i d e  i s  l i n e d  w i t h  a f l u o r o c a r b o n  
c o a t i n g .  The s t o r a g e  vessel  i s  l o c a t e d  i n s i d e  a 
microwave c a v i t y .  I f  t h e  c a v i t y  l osses  a r e  l ow  enough, 
and t h e  i n t e n s i t y  o f  t h e  s t a t e  s e l e c t e d  hydrogen beam 
h i g h  enough, s e l f  s u s t a i n e d  o s c i l l a t i o n s  occu r  and t h e  
microwave o u t p u t  i s  genera ted  (see F i g u r e  3 ) .  

I t  i s  e s s e n t i a l  t h a t  t h e  magnet ic  moments o f  t h e  
hydrogen atoms a r e  s p a t i a l l y  o r i e n t e d  i n  a r e g i o n  o f  
l ow  magne t i c  f i e l d s .  
f i e l d " ,  a magnet ic  f i e l d  w i t h  an o r i e n t a t i o n  p a r a l l e l  
t o  t h e  rf magnet ic  i s  a p p l i e d  and seve ra l  magnet ic  
s h i e l d s  su r round  t h e  c a v i t y .  The need f o r  a h i g h 4  
c a v i t y  i n  o r d e r  t o  ach ieve  s e l f  s u s t a i n e d  o s c i l l a t i o n s  
causes f requency  s h i f t s .  They a r e  r e l a t e d  t o  t h e  f a c t  
t h a t  t h e  presence o f  t h e  c a v i t y  i s  e q u i v a l e n t  t o  t h e  
presence o f  an a d d i t i o n a l  f requency  d e t e r m i n i n g  e lement .  
The c a v i t y  has t h e r e f o r e  t o  be s t a b i l i z e d ,  e s p e c i a l l y  
i n  temperature,  i n  o r d e r  t o  m a i n t a i n  f requency  s t a b i l i t y  
and accuracy.  The r e q u i r e d  tempera tu re  s t a b i l i t y  i s  o f  
t h e  o r d e r  o f  0.001" C depending on t h e  c a v i t y  m a t e r i a l .  

Fo r  t h i s  purpose a s o - c a l l e d  " C -  

I t  i s  w o r t h  n o t i n g  t h a t  u s u a l l y  a v a l v e  i s  i n s e r t e d  
between t h e  m o l e c u l a r  hydrogen r e s e r v o i r  and t h e  d i s -  
s o c i a t o r  beam source i n  wh ich  t h e  a tomic  hydrogen i s  
c r e a t e d  v i a  r a d i o  f requency  d i scha rge .  T h i s  l e a k  v a l v e  
i s  o f t e n  a p a l l a d i u m  l e a k  h a v i n g  t h e  p r o p e r t y  o f  pass- 
i n g  o n l y  hydrogen and no o t h e r  gas when heated.  There- 
f o r e ,  a power supp ly  i s  necessary t o  m a i n t a i n  adequate 
f l o w  c o n d i t i o n s .  

The cesium a tomic  r e s o n a t o r  o r  a tomic  beam t u b e  
[2,7], i s  d e p i c t e d  i n  F i g u r e  9. The cesium beam emer- 
ges f rom an oven ( a t  80" C t o  120" C) i n t o  a vacuum. 
The beam passes t h e  f i r s t  s t a t e  s e l e c t i n g  magnet (A -  
magnet) and then  t r a v e r s e s  two i n t e r a c t i o n  r e g i o n s  of  a 
s i n g l e  c a v i t y  (Ramsey c a v i t y )  where i t  i n t e r a c t s  w i t h  
t h e  microwave s i g n a l .  The microwave s i g n a l  changes t h e  
d i s t r i b u t i o n  o f  s t a t e s  i n  t h e  a tomic  beam, i . e . ,  t h e  
magne t i c  p r o p e r t i e s  o f  t h e  i n d i v i d u a l  atoms. T h i s  i s  
t hen  ana lyzed  i n  t h e  s t a t e  s e l e c t i n g  magnet and de tec -  
t e d  a t  t h e  atom d e t e c t o r .  The d e t e c t o r  c o n s i s t s  o f  a 
h o t  w i r e  i o n i z e r  which c o n v e r t s  t h e  i m p i n g i n g  cesium 
atoms i n t o  cesium i o n s .  The i o n s  a r e  then  c o l l e c t e d  a t  
an i o n  c o l l e c t o r ,  which i n  i t s  s i m p l e s t  f o rm i s  an 
e l e c t r o d e  f o l l o w e d  b y  a f i e l d  e f f e c t  t r a n s i s t o r .  
However, i n  most commercial s tandards,  t h e  c o l l e c t o r  i s  
a mass spec t romete r  f o l l o w e d  by an e l e c t r o n  m u l t i p l i e r .  
Again, a C - f i e l d ,  i . e . ,  a magnet ic  f i e l d  o r i e n t i n g  t h e  

atoms has t o  be c r e a t e d  i n  t h e  c a v i t y  r e g i o n ,  and a 
magne t i c  s h i e l d  has t o  be used t o  reduce t h e  i n f l u e n c e  
o f  env i ronmen ta l  f i e l d s .  

The vacuum pump serves t o  keep low p ressu re  i n  
t h e  cesium beam tube.  However, most o f  t h e  cesium i s  
be ing  absorbed by a s u i t a b l e  g e t t e r  ( t y p i c a l l y  ca r -  
bon) ,  which may be s o l i d  m a t e r i a l  b u t  o f t e n  i s  p a i n t e d  
on t h e  i n s i d e  o f  t h e  vacuum envelope. 

F i g .  9. Schematic o f  a cesium beam tube 
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F i g .  10. Schematic o f  a r u b i d i u m  gas c e l l  system 

A r u b i d i u m  a tomic  r e s o n a t o r  [2] i s  d e p i c t e d  i n  
F i g u r e  10. 
w i t h i n  a s t o r a g e  c e l l  which i s  sea led  o f f  and l o c a t e d  
w i t h i n  a microwave c a v i t y .  The r u b i d i u m  i s  c r e a t e d  by 
an e q u i l i b r i u m  between gas and l i q u i d  phase around 
70" C temperature (a t h e r m o s t a t  i s  needed f o r  t h i s ) .  
The co r respond ing  p a r t i a l  r u b i d i u m  p ressu re  i s  o f  t h e  
o r d e r  o f  abou t  l o - ' +  Pa t o r r ) .  The b u f f e r  gas 
serves s e v e r a l  purposes. I t  c o n f i n e s  t h e  r u b i d i u m  
atoms v i a  f r e q u e n t  c o l l i s i o n s  t o  a v e r y  smal l  r e q i o n  
o f  space w i t h i n  t h e  a b s o r p t i o n  c e l l ,  and t h u s  reduces 
t h e  f i r s t  o r d e r  Doppler  e f f e c t  and w a l l  c o l l i s i o n  
e f f e c t s .  T h i s  r e s u l t s  i n  a much narrower  l i n e  than  
o t h e r w i s e  p o s s i b l e ;  a l s o  r e - r a d i a t i o n  which would 
degrade t h e  s i g n a l  i s  suppressed. The r u b i d i u m  lamp, 
e x c i t e d  by an rf o s c i l l a t o r ,  e m i t s  l i g h t  a t  an o p t i c a l  
t r a n s i t i o n  o f  t h e  r u b i d i u m  atom. T h i s  l i g h t  i s  t r a n s -  
m i t t e d  th rough  a f i l t e r  which c o n t a i n s  t h e  r u b i d i u m  
i s o t o p e  Rb-85 (Rb-87 i s  used i n  t h e  a b o s o r p t i o n  c e l l ) .  
The l i g h t  t hen  goes th rough  t h e  r u b i d i u m  c e l l  t o  a 
p h o t o d e t e c t o r .  If t h e  microwave s i g n a l  i n  t h e  c a v i t y  
c o i n c i d e s  w i t h  t h e  r u b i d i u m  microwave t r a n s i t i o n ,  t h e  
l i g h t  i n t e n s i t y  i s  changed due t o  t h e  s imul taneous 
a c t i o n  of t h e  microwave r a d i a t i o n  and t h e  l i g h t  r a d i a -  
t i o n  on t h e  same a tomic  energy l e v e l :  l i q h t  i n t e n s i t y  

Rubidium and b u f f e r  gas i s  c o n t a i n e d  
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:hanges a r e  t h e  needed d e t e c t o r  o u t p u t  s i g n a l  

I t  i s  p o s s i b l e ,  and has been commerc ia l ly  e x p l o i -  
-ed, t o  combine t h e  f u n c t i o n s  o f  f i l t e r  c e l l  and 
t b s o r p t i o n  c e l l  i n t o  one c e l l ,  u s i n g  a s u i t a b l e  i s o -  
tope m i x t u r e  [a]. T h i s  corresponds t o  a d i s t r i b u t e d  
f i l t e r / a b s o r p t i o n  a c t i o n  w i t h  t h e  f r o n t  p a r t  f a c i n g  
the  r u b i d i u m  lamp a c t i n g  f i l t e r - l i k e .  and t h e  p a r t  
i ea r  t h e  p h o t o c e l l  a c t i n g  a b s o r p t i o n  c e l l - l i k e .  

Not  o n l y  t h e  a b s o r p t i o n  c e l l ,  b u t  a l s o  t h e  f i l t e r  
c e l l  and t h e  r u b i d i u m  lamp have t o  be heated, t y p i -  
c a l l y  t o  h i g h e r  temperatures than  t h e  a b s o r p t i o n  c e l l .  
The temperature s t a b i l i t y  o f  a l l  t h r e e  the rmos ta ts  i s  " 
c r i t i c a l  t o  t h e  f requency s t a b i l i t y  o f  t h e  s tandard.  
Again, we f i n d  t h e  need f o r  a C - f i e l d ,  and f o r  mag- 
n e t i c  s h i e l d s .  

111. POSSIBLE EFFECTS OF NUCLEAR RADIATION 

Nuc lea r  r a d i a t i o n  can change t h e  p h y s i c a l  p roper -  
t i e s  o f  m a t e r i a l s  o r  t h e  f u n c t i o n a l  parameters o f  
e l e c t r o n i c  components. Both o f  these e f f e c t s  can l e a d  
t o  d e t e r i o r a t i o n  o f  t h e  o u t p u t  s i g n a l  w i t h  rega rd  t o  
che s t a b i l i t y  performance, as w e l l  as t o  sys temat i c  
f requency s h i f t s  o r  d r i f t s .  O f  course, a t o t a l  mal- 
f u n c t i o n  o f  a c l o c k  can a l s o  be induced by n u c l e a r  
r a d i a t i o n .  I n  t h i s  chap te r  we w i l l  . t r y  t o  p o i n t  o u t  
q u a l i t a t i v e l y  where such in f l uences  can be expected 
and, i f  p o s s i b l e ,  g i v e  some q u a n t i t a t i v e  r e l a t i o n -  
sh ips .  

A .  C r y s t a l  O s c i l l a t o r s  

a s c i l l a t o r s  i s  g i ven .  E f f e c t s  i n  t h e  e l e c t r o n i c s  such 
as d e t e r i o r a t i o n  o f  ga in ,  o r  d e t e r i o r a t i o n  o f  n o i s e  
performance o f  t r a n s i s t o r s  i n  t h e  g a i n  element o f  t h e  
o s c i l l a t o r  o r  i n  t h e  i s o l a t i o n  o u t p u t  s tage,  cause 
d e t e r i o r a t i n g  f requency s t a b i l i t y  o f  t h e  s tandard.  
Both t h e  s h o r t - t e r m  s t a b i l i t y  ( T - l  r e g i o n )  and t h e  
no ise  f l o o r  (compare F i g u r e  1 )  a r e  a f f e c t e d .  

Changes i n  t h e  p r o p e r t i e s  o f  t h e  t u n i n g  element 
, v a r a c t o r  d i o d e )  a f f e c t  t h e  f requency d i r e c t l y ;  how- 
ever ,  sys temat i c  f requency s h i f t s  and changes i n  t h e  
d r i f t  o r  ag ing  behav io r  a r e  l a r g e l y  r e l a t e d  t o  t h e  
c r y s t a l  r e s o n a t o r  and q u a r t z  c r y s t a l  p r o p e r t i e s  them- 
se lves.  C e r t a i n  c r y s t a l  m a t e r i a l s  a r e  known t o  have 
w c h  h i g h e r  r a d i a t i o n  t o l e r a n c e  than o t h e r s .  The 
reader  i s  encouraged t o  s t u d y  t h e  l i t e r a t u r e  e x i s t i n g  
on t h i s  t o p i c  [9,10]. 

8. Hydrogen Frequency Standard 

s tandard,  o f  course,  w i l l  change t h e i r  p r o p e r t i e s  
under n u c l e a r  r a d i a t i o n .  Th is  i n c l u d e s  t h e  c r y s t a l  
o s c i l l a t o r  i t s e l f .  Being a phase-locked system no 
systemat ic  f requency o f f s e t  o r  ag ing  should occur ,  b u t  
o n l y  changes i n  f requency s t a b i l i t y .  The e f f e c t  o f  
the  d e t e r i o r a t i o n  o f  e l e c t r o n i c  components, whether i t  
i s  m u l t i p l i e r ,  syn thes i ze r ,  m ixe r ,  o r  a m p l i f i e r s ,  w i l l  
be t h a t  o f  deg rada t ion  o f  t h e  s p e c t r a l  q u a l i t y  o f  , 

s i g n a l s ,  and w i l l  be r e f l e c t e d  i n  a d e t e r i o r a t i o n  o f  
ou tpu t  f requency s t a b i l i t y  o n l y .  S ince t h e  s h o r t  t e rm 
s t a b i l i t y  o f  t h e  hydrogen f requency s tandard  ( T  
reg ion  o f  t h e  s t a b i l i t y )  i s  determined by t h e  n o i s e  of 
the  e l e c t r o n i c s ,  whereas t h e  f l i c k e r  behav io r  o f  t h e  
i yd rogen  maser i s  p robab ly  determined by t h e  hydrogen 
Taser i t s e l f ,  a d e t e r i o r a t i o n  i n  t h e  e l e c t r o n i c s  w i l l  
l a r g e l y  be r e f l e c t e d  i n  t h e  s h o r t - t e r m  s t a b i l i t y  ( 7 ; '  

r e g i o n ) .  

I t  i s  p robab ly  a d i f f e r e n t  s t o r y  w i t h  t h e ' e f f e c t s  
o f  n u c l e a r  r a d i a t i o n  on t h e  phys i cs  package, i . e . ,  t h e  
qydrogen maser i t s e l f .  
SOould f i r s t  ana lyze  e l e c t r o n i c  e f f e c t s  

Only a c u r s o r y  rev iew  o f  t h e  e f f e c t s  i n  c r y s t a l  

The e l e c t r o n i c  components o f  a hydrogen frequency 

I f  we s tudy  F i g u r e  8, we 

on t h e  phys i cs  package v i a  power s u p p l i e s .  The most 
c r i t i c a l  power supp ly  i s  probab ly  t h e  C - f i e l d  supp ly  
s ince  t h e  r e q u i r e d  C - f i e l d  s t a b i l i t y  i s  ve ry  h igh .  An 
equa t ion  which t r a n s l a t e s  C - f i e l d  s t a b i l i t y  i n t o  maser 
f requency s t a b i l i t y  i s  g i v e n  i n  t h e  f o l l o w i n g  [ l l ]  

A w  = 55 x lo1 '  H t.H (2) 

where hv i s  t h e  frequency chanqe ( i n  Hz) due t o  a 
f i e l d  change ?,H ( i n  T ) ;  H i s  t h e  C - f i e l d  s t r e n s t h  ( i n  
T ) .  Fo r  t y p i c a l  C - f i e l d s  o f  l o - '  T a c u r r e n t  chanqe 
o f  1 pe rcen t  causes a f r a c t i o n a l  frequency s h i f t  o f  

Next on t h e  c r i t i c a l  l i s t  o f  power s u p p l i e s  i s  

10-13 

t h e  c a v i t y  the rmos ta t .  C a v i t y  p u l l i n q  i s  impor tan t  i n  
hydrogen masers and can be desc r ibed  by 

where r ~ v  i s  t h e  o u t p u t  f requency s h i f t  due t o  d c a v i t y  
f requency shift:.', . The p u l l i n q  f a c t o r  i s  t h e  r a t i o  o f  
c a v i t y - Q  t o  hydrohen resonance-3; t y p i c a l l y  t he  p u l l -  
i n g  f a c t o r  i s  o f  t h e  o r d e r  o f  p a r t s  i n  10 . 

F o r  t y p i c a l  c a v i t i e s ,  a c a v i t y  temperatur? chanqe 
o f  appro-ximately 0.01- C causes an o u t p u t  f reouency 
change o f  10 ".  Thus, chanqes can be induced e i t h e r  
v i a  changes i n  t h e  temperature servo b u t  most l i k e l y  
v i a  changes i n  t h e  temperature sensor i t s e l f  ( u s u a l l y  
a t h e r m i s t o r ) .  A l so ,  temperature chanqes i n  t h e  b u l k  
m a t e r i a l  c o u l d  be induced by a b s o r p t i o n  o f  r a d i a t i o n .  

t h e  rf d i s s o c i a t o r ,  may cause beam i n t e n s i t y  chanqes 
o r  i p  extreme cases t o t a l  f a i l u r e  o f  t he  u n i t .  Beam 
i n t e n s i t y  chanqes l a r q e l y  a f f e c t  t h e  frequency s t a b i l -  
i t y  performance o f  t h e  s tandard b u t  can a l s o  cause 
smal l  d r i f t s  v i a  c a v i t y  p u l l i n g ,  i . e . ,  change o f  Q, 
due t o  spin-exchanqe [ 6 ] .  

E f f e c t s  on t h e  o t h e r  power s u p p l i e s ,  i n c l u d i n g  

Wi th rega rd  t o  m a t e r i a l  p r o p e r t i e s ,  chanqes i n  the  
s h i e l d i n g  around t h e  c a v i t i e s  c o u l d  be impor tan t .  
S h i e l d i n q  f a c t o r s  o f  1 0 - c a r e  t y p i c a l l y  employed, and 
thus changes i n  the  r h i e l d i n q  f a c t o r  o r  i n  t h e  r e s i d u a l  
magne t i za t i on  o f  t h e  s h i e l d s  would cause changes. 
Again, we use equa t ion  ( 2 )  t o  i l l u s t r a t e  t h i s .  A 
change o f  l o - '  T i n s i d e  o f  t h e  s h i e l d e d  r e q i o n  would 
cause a f requency s h i f t  o f  n e a r l y  10'". 

Changes i n  t h e  c a v i t y  t u n i n q  due t o  m a t e r i a l  
e f fec ts  which change t h e  c a v i t y  resonance f requency a r e  
p robab ly  n o t  impor tan t .  However, t h e  hydroqen atoms 
a r e  s t o r e d  i n  t h e  f l uo roca rbon  coated b u l b  f o r  a t ime  
o f  about  one second, e q u i v a l e n t  t o  about  l o 4  bounces. 
These bounces a r e  n o t  p e r f e c t l y  e l a s t i c ,  i n  o t h e r  
words, phase s h i f t  occurs a t  each c o l l i s i o n  r e s u l t i n g  
i n  a t o t a l  frequency s h i f t  o f  t h e  o r d e r  o f  l o - "  f o r  
t y p i c a l  bu lbs .  I n  o r d e r  t o  m a i n t a i n  a f requency accu- 
r a c y  of  1 x the re fo re ,  t he  p r o p e r t i e s  o f  t he  
c o a t i n g  have t o  remain s t a b l e  t o  w i t h i n  one pe rcen t .  
Nuc lea r  r a d i a t i o n  may a l t e r  t h e  p r o p e r t i e s  o f  t h e  
f l uo roca rbon  f i l m  and u l t i m a t e l y  c o u l d  des t roy  t h e  
f i l m .  Thus, f requency chanqes a r e  t o  be expected, and 
under h i g h  r a d i a t i o n  loads,  t o t a l  f a i l u r e  c o u l d  occu r .  
T o t a l  f a i l u r e  would a l r e a d y  occu r  i n  t y p i c a l  masers, i f  
t h e  number of p o s s i b l e  e l a s t i c  bounces i s  reduced by a 
f a c t o r  of 2 t o  5, because t h e  q a i n  a v a i l a b l e  f rom t h e  
hydrogen atoms would then be i n s u f f i c i e n t  t o  m a i n t a i n  
se l f - sus ta ined  o s c i l l a t i o n s .  

C .  Pass ive Atomic Standards 

Rubidium gas c e l l  dev i ces  and cesium beam f requen-  
CY standards a r e  pass i ve  dev ices.  A s  such, t hey  share 
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t h e  p r i n c i p l e  o f  F i g u r e  4, i . e . ,  a f requency l o c k e d  
system u s i n g  an a tomic  r e s o n a t o r .  Frequency l ocked  
systems a r e  s e n s i t i v e  a g a i n s t  b iases  anywhere i n  t h e  
l o o p .  Fo r  example, i f  t h e  c r y s t a l  o s g i l l a t o r  i s  
o f f s e t  by a c e r t a i n  amount, i . e . ,  10- , and t h e  t o t a l  
l o o p  g a i n  i s  l o 6  ( t h i s  i n c l u d e s  t h e  e l e c t r o n i c  ga in,  
as w e l l  as t h e  e q u i v a l e n t  ga ins  o f  t h e  v a r a c t o r  
t u n i n g  and t h e  d e t e c t o r ) ,  t h e  sys temat i c  o u t p u t  
frequency b i a s  o f  t h e  whole s tandard  i s  lo- " .  I f  i n  
such a system, n u c l e a r  r a d i a t i o n  causes t h e  c r y s t a l  
o s c i l l a t o r  t o  change i t s  i n h e r e n t  f requency by 
approx ima te l y  t h e  s tandard  w i l l  expe r ience  a 
co r respond ing  sys temat i c  o u t p u t  f requency s h i f t  o f  
1 0 - l 2 .  
c o r r e s p o n d i n g l y  causes f requency s h i f t s .  E q u i v a l e n t  
frequency s h i f t s  a r e  t o  be expected i f  b iases  i n  t h e  
servo i t s e l f ,  such as dc v o l t a g e s  a t  t h e  i n t e g r a t o r  
o r  phase d e t e c t o r ,  a r e  changed o r  produced by t h e  
a c t i o n  o f  r a d i a t i o n .  A l so  s a t u r a t i o n  o f  e l e c t r o n i c  
components c o u l d  occu r  as a r e s u l t  o f  i r r a d i a t i o n  
w i t h  r e s u l t i n g  ( temporary)  f a i l u r e  o f  t h e  servo l o o p  
as w e l l  as f requency o f f s e t s  and ( tempora ry )  d r i f t s .  

Systemat ic  f requency s h i f t s  can a l s o  occu r  v i a  
chanqes i n  t h e  performance o f  t h e  MSM. Changes i n  
t h e  e l e c t r o n i c  components o f  t h e  MSM cause changes o f  
t h e  microwave spectrum. Systemat ic  o u t p u t  f requency 
s h i f t s  can occu r  as a r e s u l t  of asymmetric microwave 
spec t ra  [ll]. 
MSM systems such as p i c t u r e d  i n  F i g u r e  6 where synthe-  
s i s  i s  done i n  t h e  p r i m a r y  l o o p  r e s u l t i n g  i n  a na tu -  
r a l l y  asymmetric spectrum which t h e r e f o r e  may be much 
more s e n s i t i v e  t o  changes i n  e l e c t r o n i c  parameters 
i n c l u d i n g  power, m i x e r  performance and s y n t h e s i z e r  
performance. 

A lso,  microwave power changes cause f requency 
s h i f t s  [12]. Depending on t h e  p a r t i c u l a r  p r o p e r t i e s  o f  
t h e  i n d i v i d u a l  p h y s i c s  package, s h i f t s  o f  up t o  p a r t s  
i n  10'' inay be caused by 1 dB power change. The s t e p  
recove ry  d iode  may be an e s p e c i a l l y  s e n s i t i v e  compon- 
e n t  i n  t h i s  rega rd .  Wi th  t h e  e x c e p t i o n  o f  a square- 
wave frequency modu la t i on ,  t h e  modu la to r  c o u l d  a l s o  
cause sys temat i c  o f f s e t s ,  because any c o n t e n t  o f  
second harmonic i n  t h e  o u t p u t  o f  t h e  MSM i s  e q u i v a l e n t  
t o  a second-harmonic c r e a t e d  by a f requency o f f s e t  o f  
t h e  microwave s i g n a l  f rom t h e  atomic resonance f requen-  
c y .  Nuc lea r  r a d i a t i o n  e f f e c t s  i n  e l e c t r o n i c  compon- 
e n t s  c o u l d  change t h e  r e l a t i v e l y  d e l i c a t e  ba lance 
needed i n  t h e  modu la to r  t o  suppress adequate ly  second- 
harmonic components and thus  c r e a t e  f requency s h i f t s  
o f  t h e  whole s tandard.  

Changes i n  g a i n  of  t h e  whole se rvo  l o o p  

Th is  may be e s p e c i a l l y  i m p o r t a n t  f o r  

I n  a d d i t i o n  t o  these  sys temat i c  e f f e c t s  d e t e r i o r -  
a t i o n  o f  t h e  e l e c t r o n i c s  i n  genera l  may cause d e t e r i o r -  
a t i o n  o f  t h e  s t a b i l i t y  c h a r a c t e r i s t i c s  o f  t h e  s tandard  
as was mentioned a l r e a d y  i n  t h e  case o f  t h e  hydrogen 
standard.  
t h e  s h o r t - t e r m  s t a b i l i t y  ( t-i r e g i o n )  b u t  a l s o  t h e  
n o i s e  f l o o r  i s  determined i n  p a r t  by e l e c t r o n i c  e f f e c t s  
f o r  b o t h  cesium and r u b i d i u m  standards [13,14], t h e  
whole c u r v e  i n  F i g u r e  1 c o u l d  d e t e r i o r a t e  as a r e s u l t  
o f  d e t e r i o r a t i o n  o f  g a i n  o r  n o i s e  performance o f  
e l e c t r o n i c  components. 

C-1 Cesium atomic r e s o n a t o r  

As was d iscussed  f o r  t h e  case o f  hydrogen, t h e  
C - f i e l d  power supp ly  i s  a s e n s i t i v e  component a c t i n g  
v i a  t h e  magnet ic  f i e l d  s e n s i t i v i t y  o f  t h e  cesium reso -  
nance. The magnet ic  f i e l d  s e n s i t i v i t y  o f  cesium i s  
g i v e n  by [ll] 

Since t h e r e  i s  some ev idence t h a t  n o t  o n l y  

b~ = 8.54 x l o l o  H AH (4) 

u s i n g  u n i t s  as n o t e d  i n  Eq. ( 2 ) .  

Typical C - f i e l d s  i n  cesium standards a r e  6 x 10+T; 
t h e r e f o r e  a change i n  t h e  c u r r e n t  qenera t i nq  t h e  
C - f i e l d  o f  0.1 pe rcen t  may c r e a t e  a sys temat i c  f requen-  
c y  s h i f t  o f  t h e  s tandard  o f  t h e  o r d e r  o f  l o - ' . ' .  
d e t e c t o r  power supp ly  i s  a l s o  s e n s i t i v e  s i n c e  a 
change i n  i t s  performance causes a chanqe i n  t h e  
i o n i z a t i o n  e f f i c i e n c y  which c o u l d  n o t  o n l y  l e a d  t o  
d e t e r i o r a t i o n  o f  s t a b i l i t y  b u t  t o  sys temat i c  s h i f t s  
v i a  t h e  r e d u c t i o n  i n  servo l o o p  q a i n  as d iscussed 
above. Pump power supply  and oven h e a t e r  power supply  
a r e  p robab ly  r a t h e r  i n s e n s i t i v e ,  s h o r t  o f  t o t a l  
f a i l u r e .  The m a t e r i a l  p r o p e r t i e s  o f  t h e  maqnetic 
s h i e l d  may a f f e c t  t h e  f requency o f  t he  cesium reso -  
nance i n  a way v e r y  s i m i l a r  t o  t h e  one d iscussed i n  
connec t ion  w i t h  hydrogen above. Usinq equa t ion  4, a 
change o f  T co r respond ing  t o  a chanqe o f  about 1 
p e r c e n t  i n  t h e  s h i e l d i n g  f a c t o r  c rea tes  a f requency 
s h i f t  o f  about 

spect rometer  and e l e c t r o n  m u l t i p l i e r ,  t h e  r a d i a t i o n  
s e n s i t i v i t y  o f  t h e  e l e c t r o n  m u l t i p l i e r  has t o  be 
watched. These e f f e c t s  a c t  l a r q e l y  v i a  reduced q a i n  
(see above) o r  may cause t o t a l  f a i l u r e .  Hea t inq  
e f f e c t s  due t o  n u c l e a r  r a d i a t i o n  should n o t  be o f  
p a r t i c u l a r  impor tance due t o  t h e  i n h e r e n t  i n s e n s i t i v -  
i t y  o f  t h e  cesium tube towards temperature changes. 

C-2 Rubidium atomic r e s o n a t o r  

The C - f i e l d  c o n s i d e r a t i o n s  f o r  t h e  r u b i d i u m  
s tandard  a r e  s i m i l a r  t o  those f o r  hydroqen and cesium 
above. The co r respond inq  equa t ion  f o r  r u b i d i u m  i s  

The 

I f  the  i o n  c o l l e c t o r  i s  a combinat ion o f  mass 

= 11.46 x l o l o  H LH ( 5 )  
T y p i c a l  C - f i e l d s  a r e  o f  t h e  o r d e r  o f  l o - '  T. 

The re fo re ,  a f i e l d  change o f  T a t  t h e  qas c e l l  
l o c a t i o n ,  i . e . ,  a C - f i e l d  c u r r e n t  change o f  0.1 pe rcen t ,  
l eads  t o  about  f requency s h i f t .  The the rmos ta ts  
f o r  lamp, f i l t e r  c e l l ,  and a b s o r p t i o n  c e l l  a r e  c r i t i -  
c a l .  The lamp the rmos ta t  i s  t h e  l e a s t  c r i t i c a l  and 
t h e  a b s o r p t i o n  c e l l  t he rmos ta t  t h e  most c r i t i c a l .  A s  
a q u a n t i t a t i v e  example, temperature s e n s i t i v i t i e s  o f  
t h e  a b s o r p t i o n  c e l l  o f  p a r t s  i n  10" t o  p a r t s  i n  10" 
p e r  degree a r e  t y p i c a l  depending on t h e  p a r t i c u l a r  
c h o i c e  o f  b u f f e r  gas o r  b u f f e r  gas combinat ion [ 1 5 ] .  
I n  t h i s  regard,  h e a t i n g  o f  t h e  phys i cs  package as a 
r e s u l t  o f  i r r a d i a t i o n  may be o f  c o n s i d e r a b l e  i n f l u e n c e  
on f requency s t a b i l i t y  as w e l l  as f requency s h i f t s  and 
d r i f t s .  

The i n t e n s i t y  and s p e c t r a l  d i s t r i b u t i o n  o f  t h e  
lamp i n t e n s i t y  corresponds t o  a f requency s h i f t  o f  
t h e  o r d e r  o f  l o - " .  
e x c i t e r  and t h e  lamp temperature have e f f e c t s  which 
t r a n s l a t e  v i a  t h i s  i n t e n s i t y  s h i f t .  However, more 
i m p o r t a n t  t han  i n t e n s i t y  changes a r e  s p e c t r a l  changes. 
The l i g h t  i s  n a t u r a l l y  n o t  o f  symmetric s p e c t r a l  
d i s t r i b u t i o n  because o f  t h e  f i l t e r i n g  a c t i o n  o f  t h e  
f i l t e r  c e l l .  Thus, changes i n  t h e  temperature o f  lamp 
and f i l t e r  can change t h e  s p e c t r a l  d i s t r i b u t i o n .  A l so  
t h e  o p t i c a l  p r o p e r t i e s  of t h e  g lasses  i n v o l v e d  a r e  
i m p o r t a n t .  The g lasses  of  lamp, f i l t e r  c e l l  and 
a b s o r p t i o n  c e l l  c o u l d  a l l  change a b s o r p t i o n  c o e f f i c -  
i e n t  and s p e c t r a l  d i s t r i b u t i o n  o f  a b s o r p t i o n  under 
n u c l e a r  r a d i a t i o n  and thus  cause f requency s h i f t s .  
r e l i a b l e  da ta  on r e l a t e d  e f f e c t s  a r e  a v a i l a b l e  t o  t h e  
b e s t  knowledge of  t h e  a u t h o r  a t  t h i s  t ime  [16]. 

Changes i n  t h e  g l a s s  s t r u c t u r e  o f  t h e  lamp, 
f i l t e r  and e s p e c i a l l y  t h e  a b s o r p t i o n  c e l l  due t o  
r a d i a t i o n  may l e a d  t o  t h e  e v o l u t i o n  o f  gasses as w e l l  
as t o  changes i n  t h e  a b s o r p t i o n  and d i f f u s i o n  p roper -  
t i e s .  A l l  o f  t h i s  u l t i m a t e l y  may a l t e r  t h e  r u b i d i u m  
d e n s i t y  and t h e  gas compos i t i on  i n  k i n d  and p a r t i a l  
pressures o f  components. Th is  c o u l d  s e r i o u s l y  a f f e c t  
a l l  o p e r a t i o n a l  parameters o f  t h e  s tandard.  

Thus, t h e  power o f  t h e  lamp 
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Nuc lea r  r a d i a t i o n  can o f  course a f f e c t  t h e  
s m i t i v i t y  o f  t h e  pho to  c e l l ;  
d ? t e r i o r a t i o n  o f  the f requency s t a b i l i t y  performance 
oi t h e  s tandard,  such e f f e c t s  o f  servo l o o p  g a i n  
cqange as d iscussed above can r e s u l t  i n  f requency 
. , l i f t s .  As i n  t h e  case o f  cesium, r u b i d i u m  standards 
are p a r t l y  e l e c t r o n i c s  - l i m i t e d  n o t  o n l y  i n  t h e  
sho r t - te rm performance, b u t  a l s o  i n  t h e  n o i s e  f l o o r .  
Thus, t h e  e f f e c t s  which were d i scussed  so f a r  q i v i n g  
r i s e  t o  f requency s h i f t s  can a l s o  a f f e c t  t h e  funda- 
nen ta l  f requency s t a b i l i t y  performance o f  F i g u r e  l. 
60th r u b i d i u m  gas c e l l  and cesium beams a r e  "pass i ve "  
standards, t h e r e f o r e  e f f e c t s  on t h e  c a v i t y  t u n i n g  a r e  
n e g l i g i b l e  because o f  t h e  fundamental i n s e n s i t i v i t y  
~f t h e  s tandard  a g a i n s t  c a v i t y  p u l l i n g .  I n  t o d a y ' s  
rub id ium and cesium standards,  t h e  p u l l i n g  equa t ion  
,iomp. Eq. 3 )  i s  

i n  a d d i t i o n  t o  t h e  

'he p u l l i n g  f a c t o r  i s  t y p i c a l l y  10- ' to  IO-", i . e . .  
).ather l a r g e  Av can be t o l e r a t e d  b e f o r e  Av becomes 
Jf s i g n i f i c a n t  hagn i tude .  

I n  conc lus ion ,  t h e  a u t h o r  wishes t o  emphasize 
again t h a t  t h i s  paper i s  o n l y  an a t tempt  a t  p o i n t i n g  
ou t  problem areas i n  p r e c i s i o n  f requency s tandards 
subjected t o  n u c l e a r  r a d i a t i o n .  It i s  obv ious t h a t  
- u i h  remains t o  be done i n  a d d i t i o n  t o  t h e  ve ry  
l i m i t e d  i n f o r m a t i o n  which i s  p r e s e n t l y  a v a i l a b l e ,  
s s p e c i a l l y  r e g a r d i n g  atomic c l o c k s  [16]. 
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