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ABSTRACT 

A special purpose frequency standard and clock is being 
developed featuring a novel combination o f  s t a b i l i t y  and accuracy 
performance, shock and temperature insensi t ivi ty ,  i n s t an t  t u r n  on 
character is t ics  and featuring low weight ,  power consumption, and 
potentially low fabrication costs. 

T h i s  new device is  based on the well-known 3-3 t ransi t ion i n  
ammonia (- 23 GHz) which provides the frequency reference f o r  a 
-. 0.5 G H t  osc i l la tor .  The osc i l la tor  signal is  multiplied i n  one 
step t o  K-band and injected in to  a waveguide cel l  containing 
ammonia. 
G H t  o sc i l l a to r  t o  l i ne  center. A f ixed  output frequency between 
5 and 10 MHz is  provided by d i rec t  division from 0.5 GHz. 
0.5 GHt  osc i l l a to r  is  a novel strip-line t rans is tor  o sc i l l a to r  o f  
high  spectral purity. I t  may n o t  only b e  important f o r  ou r  stan- 
dard b u t  a lso fo r  other atomic standards where acceleration and 
i r radiat ion problems are  encountered. The absorption device may 
well be able t o  f i l l  a metrology need not sa t i s f ied  by presently 
available atomic and quartz crysta'i standards. 

Design goa s of the pres n t  project a re  10-l' s t a b i l i t y  from -. 10 sec. t o  10 sec, and lo-' absolute accuracy. The rather 
broad linewidth o f  ammonia (- 100 kHz) reduces overall resolution 
b u t  allows a short  (< l ms) servo attack ime t h u s  reducing the 
acceleration sens i t iv i ty  o the primary 0 5 G z osc i l la  or. 

temperature sens i t iv i ty  t o  an acceptable evel. Power consump- 
t i o  sh u ld  be < 3 W and expected s ize  o f  a working device 

The absorption feature is  used t o  frequency lock the 0.5 

The 

4 

Work- i n g  a t  low pressure (< lo-' Torr : 1.33 x IO-' Newton/m 5 ) reduces 

-10 9 s  cm . 

* T h i s  research was supported by the Advanced Research Projects 
Agency o f  the Department of Defense and was monitored by 
ARPA under Contract $3140. 
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INTRZDUCTION 

The Special Purpose Atomic Ezmdard Project has developed from a 
need for a frequency standard satisfying specific requirements not 
Lound in other precision oscillators. 
precision oscillators can be divided into two classes: the quartz 
crystal osci 11 ators and atom:':: "c1 ock" osci 11 ators. The quartz crystal 
oscillators, while having goou short-term stability and low cost 
($0.5K to $2000 for. high-quality units) suffer three major drawbacks: 
(1) The frequency f s  not fundamental and is related only to the macro- 
scopic dimensions s f  the quartz crystal. Therefore, calibration is 
required initially and subsequent recalibration is required due to 
"aging" of the crystal. Aging rates of 1 part in lo8 (fractional fre- 
quency change) ver year are considered good. 
is sensitive to vibration and shock. These environmental factors 
affect the macroscopic dimensions of the crystal and therefore can 
cause step shifts in frequency. 
temperature sensitive and requires significant warm-up time to achieve a 
stable output frequency. 

Atomic os illators provide stabilities from one part in 1010 to 
one part in lOf3 per year. Their cost ranges from $3,000 to above 
$20,000 depending upon performance. Their high frequency stability 
and accuracy make recalibration unnecessary for most applications. 
However, the use of presently available atomic oscillators in place of 
crystal oscillators for the purpose o f  avoiding recalibration routines 
or reducing environmental sensitivity is technical "overkill ,'I since 
the excel 1 ent performance o f  today I s atomic osci 11 ators (obtained at 
high cost) is not required for many applications. In addition, their 
warm-up time is slow; and their performance under severe environmental 
conditions (acceleration, vibration, temperature, barometric pressure 
and magnetic fields) is inadequate for sone applications. 

Briefly, currently available 

(2) The crystal oscillator 

(3) The quartz crystal oscillator is 

Therefore, a s ecial purpose oscillator or clock with fr uency 
to 

Fig. 3 

acc acy in the 10-8 range and frequency stability in the 
loeyT range would satisfy the needs of many technical applications if 
low cost and insensitivity to environment could be obtained. 
(solid line) shows the frequency stability desired in the present work. 

In order to meet the above requirements we might hope t o  look for 
a system which incorporates the desirable features o f  both the atomic 
oscillators (high accuracy, stability) and crystal oscillators (low 
cost) and includes features of environmental insensitivity and possible 
fast warm-up. Since we do not require ultimate accuracy and stability, 
we might make sacrifices in this regard. 
quency reference the ( 3 - 3 )  transition in ammonia 

scheme was used in the first "atomic" clock in 1948 [Z]. 
this basic device was pursued until about 1955 but was discontinued 

We have chosen as the fre- 
N15H gas ( -  23 GHz) 

which is contained in a simple closed cell. Historica 7 ly, this same 
Research on 
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then because new methods, a1 t h o u g h  more complicated, promised better 
accuracies and s t a b i l i t i e s  than a gas ce l l  absorption device. In 1955, 
the accuracy of an ammonia device was about 5 parts i n  108 w i t h  approxi- 
mately 1 part  i n  108 s t a b i l i t y ,  and the apparatus was quite complicated 
and expensive, sui table  only as a laboratory instrument [3]. However, 
since tha t  time, vast improvenents have been made i n  RF and microwave 
electronics;  these coupled w i t h  new i n s i g h t s  into the electronic and 
physical problems encountered suggest t ha t  the amnonia absorption cell 
idea could be used t o  provide the "special purpose" osc i l l a to r  described 
above . 

The basic scheme used f o r  the standard is shown i n  Fig. 2. For 
simplicity and economy, the primary osc i l l a to r  i n  t h e  system is a t  -.5 
GHz. W i t h  th i s ,  one can multiply i n  one step t o  -23 GHz w i t h  ample out- 
p u t  power t o  detect  the amonia t ransi t ion.  
d i rec t ly  divide the .5 GHz signal t o  produce a fixed output frequency 
between 5 and 10 MHz, which is  harmonically related to the ammonia 
t ransi t ion frequency. 

In addition, one can 

APPROACH \ 

I t  m i g h t  be possible t o  use an existing atomic osc i l l a to r  ( r u b i -  
dium, hydrogen, cesium) t o  accomplish the goals of the special purpose 
frequency standard. 
cation of these devices which results i n  their  superior performance 
a re  just the factors  w h i c h  increase t h e i r  cost  and decrease their reli- 
a b i l i t y  i n  an adverse environment. 
primarily t o  make the reference t ransi t ion f r e e  from f i rs t -order  Doppler 
broadening. 
accuracy and s t ab i l i t y .  In the approach chosen here we contain the 
reference "atom," the amonia molecule, i n  a closed waveguide c e l l .  
The l i n e w i d t h  is  limited by Do pler broadening t o  g i v e  a fundamental 

of the h i g h  performance atomic osc i l la tors  [4]: 

However, the increased complexity and sophisti-  

T h i s  sophistication is  introduced 

T h i s  resul ts  i n  increased line-Q and therefore increased 

upper limit on l i ne  Q = 3 x 10 8 . T h i s  can be compared t o  the l ine Q ' s  

Q(Rb) - - 3 x lo7 Q(Cs) .., 3 x 10 7 . 
- 

Therefore, sacr i f ic ing resolution, we obtained a much simpler system 
resulting i n  a s ignif icant ly  reduced cost and increased r e l i ab i l i t y .  
Also, the lower l i ne  Q allows f a s t  servo loops  within the standard, 
thus reduciiq acceleration sensi t ivi ty .  

(a )  k i crowave Source 

In specifying a possible fundamental osc i l la tor  for  the stan- 
d a r d ,  one has reasons fo r  n o t  u s i n g  a microwave osc i l la tor .  They are:  
( 1 )  Fundamertal osci l la tors  a t  K-band draw too much power, are  t o o  ex- 
pensive, and are  n o t  stable enough (by a factor o f  a t  l e a s t  10)  i n  short 
te rn  t o  be useful a s  a primary osc i l la tor .  ( 2 )  I n  order t o  conpare an 
output frequency of  between 5 and 10 MHz t o  the amonia t ransi t ion 
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frequency we require a multiplier chain. 
ceed 1 GHz input frequency; therefore, we could not divide directly 
from -23 G H t . )  
more practical as shown in the diagrams of Figs. 2 and 3. 

(Note that few dividers ex- 

The development of a special -.5 GHz oscillator is 

(b) Gas Cell 

The advantages of using the ammonia gas cell as a reference 

(1) The microwave transition o f  interest provides an absorption 
are: ' 

signal which is orders of magnitude stronger than those of other inter- 
esting molecules or atoms [SI. This is a significant advantage because 
it means that the desired signal-to-noise is obtained without resorting 
to impractically large microwave cell sizes as would be necessary for 
amost any other gas. 

range o f  interest (-40 to +60 C) the device has instant turn-on 
capability. 
fore temperature) dependent frequency shift; this is discussed more 
fully below. 

(2) Since ammonia remain8 in the gas phase for the temperature 
One must, however, note the existence o f  a pressure (there- 

(3 )  The frequency o f  the amonia transition is fundamental in 
nature and therefore essentially eliminates the need f o r  calibration 
o f  the device. 

(4) The ammonia transition linewidth is fairly broad (-100 kHz). 
This is a disadvantage in terms o f  the ultimate accuracy obtainable, 
but it allows the primary oscillator to be locked to the ammonia refer- 
ence in very short times (< 1 ms). The advantage is that the vibration 
sensitivity o f  the primary -.5 GHz oscillator is reduced-by as much as 
the open loop gain o f  the servo system at the vibration frequency of 
interest. Such a technique is not feasible with other currently avail- 
able high precision oscillators because of the inherent narrow line- 
widths. 

RESULTS 

(a) Introduction 

For ease of discussion and clarity, it is convenient to 
divide the system into four components: 

(1) 

(2) 

-.5 GHz primary oscillator and divider. 

-.5 GHz to 23 GHz multiplier, 

( 3 )  ammonia gas cell, 

( 4 )  servo electronics and integrated system. 
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(b) .5 GHz primary osc i l la tor  and d i v i d e r  

designs, i t  appeared tha t  
d be investigated. Ad- 

In reviewing the possible osci 11 a t o r  
an oscillator using a simple LC resonator shou 
vantages t o  t h i s  des ign  include: 

(1 ) wide tunabil i t y ,  

(2)  continuous operation under very 
conditions (shock, vibration),  

(3 )  good short-term- s t ab i  1 i ty ,  

(4)  low cost. 

adverse 

An o sc i l l a to r  was developed operating a t  about 0.5 GHz and having a 
The  curves include a d i v i d e r  
These data were computed 

free-running s t a b i l i t y  as  shown i n  Fig.  1.  
chain (t 100) a f t e r  the .5 GHz osci l la tor .  
u s i n g  the two-sample variance fo r  different  averaging times [l]. 
bandwidth of the measurement system af fec ts  the variance i n  the case o f  
w h i t e  and f l i cke r  of phase type noise; therefore, two curves a re  plotted 
around the averaging times of in te res t  (-10 ms). 
a P.C. board etched strip as a transmission line resonator (stripline 
resonator). 
we must address three principal problems [SI: 

The  

The o sc i l l a to r  features 

In the  des ign  of a high-performance strip1 ine osci 1 l a to r ,  

(1) minimization of resonator losses, 

(2 )  minimization o f  additive t rans is tor  noise, and 

(3 )  shock and vibration isolation o f  the resonator. 

There a re  other problems which mlrst be looked a t ,  b u t  these three repre- 
sent the major contributors t o  degradation i n  s t ab i l i t y .  

Radiative loss is minimized by adopting a three-layer sandwich etch 
technique. 
bottom surfaces of the P.C. board w i t h  the s t r ip l ine  centered i n  the 
d ie lec t r ic .  F ig .  4 shows a cross-section of the l ine.  Fiberglass-teflon 
i s  
lo-!, t h u s  keeping loss a t  a m i n i m u m .  Thestripline i t s e l f  i s  a 7 cm 
length of copper which i s  1 cm wide and 2 mm thick. 
i s  minimized by u s i n g  silver-solder on a l l  connections. The unloaded 
Q 
nator i s  maximized by the use of a f ie ld-effect  t ransis tor  as the active 
element [7].  
a h i g h  cut-off frequency. 

In this design, two ground planes are  used on the top and 

sed fo r  the d ie lec t r ic  which has a small loss tangent o f  about 

Contact resistance 

Loaded Q of the reso- of  the l i ne  resonator a t  - 5  GHz i s  about 400. 

I t  i s  chosen to  have a h i g h  forward transconductance and 

Additive t ransis tor  nois? i s  due priniarily t o  lozi frequency (near 
ca r r i e r )  f l i cker  noise behavior and h i g h  frequency ( f a r  from ca r r i e r )  
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white phase noise. 
many instances. 
which i s  manufactured with care and i n  a clean environment, since f l i cke r  
noise may r e l a t e  t o  sporadic conductance through the device due t o  
impurities. 
due t o  operation of the device a t  room temperatures. One can then 
resort  t o  devices capable of h i g h e r  current densities i n  order t o  i n -  
crease signal-to-noise. A tradeoff exists between w h i t e  phase and 
fl icker noise, however, since h i g h e r  device currents usually aggravate 
the flicker noise problem. 
which  depends directly on the application of the osc i l la tor .  
shown i n  Fig. 1 represent a much h i g h e r  device drive level than is 
common i n ,  say, quartz crystal  osci l la tors .  

Flicker behavior is  d i f f i c u l t  t o  characterize i n  
Helpful  i n  the reduction of f l i cker  noise is a t rans is tor  

White phase noise is usually associated w i t h  thermal noise 

Usually, we ar r ive  a t  a compromise solution 
The curves 

A t  frequencies around .5 G H t  , transistor package parameters (induc- 
tance and capacitance) and s t ray paras i t ic  el ements such a s  connecting 
lead inductance and s t ray  capacitance a l l  contribute t o  the fundamental 
resonance. 
i n g  1 x 
capicatance values s table  t o  this level. 
maintaining high induc t ive  and capacitive s t a b i l i t y  is vibration sensi- 
t i v i t y  of the osc i l la tor .  
by using the three-layer P.C board and r ig id ly  mounting a l l  components 
and leads w i t h  a low-loss doping compound. The  osc i l la tor  is i n  t u r n  
r igidly fixed t o  an aluminum block which acts  as the s h i e l d  f o r  the 
components. The tes t  block weighs about 3 kg. 
t i o n ,  one can r ig id ly  mount or  soft  m o u n t  the osc i l la tor  in to  a system. 
I f  r igidly mounted, structure-born vibration is d i rec t ly  applied t o  the 
osc i l la tor .  A s o f t  mount designed t o  i so la te  the osc i l l a to r  from vibra- 
t i o n  can reduce the transmitted vibration a t  h i g h e r  frequencies a t  the 
cost  o f  increasing the vibration sens i t iv i ty  a t  a lower frequency. 
Damping material can also be used t o  a l t e r  the vibration response. 

If one i s  t o  achieve a re la t ive  frequency s t a b i l i t y  approach- 
t h e n  i t  is imperative t o  maintain resonator inductance and 

T h i s  problem of microphonics has been reduced 

The greatest  deterrent t o  

Depending on the applica- 

In the ammonia standard, the problem of vibration sens i t i v i ty  of the 
fundamental o sc i l l a to r  is only significant i n  extreme cases of shock and 
vibration where the dynamic range of the servo system is exceeded o r  the 
period of the vibration is  shorter than the servo attack time. The servo 
attack time can b e  smaller than .1 ms, since the N H 3  resonance is 
wider than 10 kHz. T h u s ,  the design of the osc i l la tor  mount should yield 
a vibration response i n  which frequencies of 10 kHz and above a re  suit- 
ably attenuated. 

(c)  Step recovery d iode  multiplier 

I t  i s  desirable t o  make a mul t ip l ie r  module w i t h  f a i r l y  low 
o u t p u t  Q ( Q  E 10) and o u t p u t  power - 100 vW. 
art step-recovery diodes i n  a waveguide multiplier module. 
terms, the problem is  one o f  impedance matching f o r  b o t h  the  i n p u t  and 
o u t p u t  frequencies. For example, fo r  the i n p u t  c i r cu i t  (- .5 GHz) the 

We have used state-of-the- 
I n  simplest 
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a- 

dynamic d iode  impedance i s  Z 
were cascaded t o  match t o  the 50Q output impedance o f  the .5 GHz amplifier. 
Approximately 0.5 t o  0.75 W i n p u t  power i s  needed t o  "snap" the diode 
properly. 
was used. 
module were integrated in to  one package i n  order t o  avoid in s t ab i l i t i e s  
due t o  connections. 
and i r i s  coupling t o  form a cavity Q - 10 with the diode matched t o  
the character is t ic  impedance of the narrow height waveguide. 
in te res t  of r i g i d i t y  and simplicity, shims were used ra ther  than movable 
plungers. 
i n  F ig .  5 was obtained. T h i s  power is more than 5 times what i s  needed 
i n  the system. 

12. Therefore, two T section transformers 

To accomplish t h i s ,  a microstrip hybrid class  "C" amplifier 
The  amplifier, microstrip matching c i r cu i t  and multiplier 

The o u t p u t  c i r cu i t  i s  composed of a shorting s t u b  

In the 

With -0.6 W i n p u t  power t o  the diode, output power as  shown 

(d )  Ammonia gas cel l  

The ammonia gas cell i s  straightforward i n  principle b u t  must 
be refined t o  compensate f o r  those e f fec ts  which influence frequency 
s t a b i l i t y  and accuracy. 
(50 cm - 100 cm long) were constructed of K o r  X band waveguide. In 
order t o  study pressure related effects  ( i  .e., broadening and sh i f t s ) ,  
a flow system was constructed as shown i n  Fig.  6. The waveguide ce l l s  
a r e  sealed us ing  mica windows and indium seals. 

For i n i t i a l  experiments, re la t ively short  c e l l s  

(e) Pressure problems 

I t  should be noted tha t  standard X o r  K band c e l l s  w i t h  copper 
surfaces a re  not s u i t a b l e  fc r  fina! permanently sealed c e l l s .  This is 
because ammonia s t i cks  to  most surfaces (including copper). T h i s  
accentuates the pressure s h i f t  because the gas  density a l so  increases 
w i t h  temperature. 
operate a t  a pressure as h i g h  2s possible b u t  not ave the l ine be 
broadened by pressure. This occurs f o r  p - .4 N/m 
We have measured the s h i f t ,  and  i t  has been previously reported [9] 
t h a t  the fractional frequency s h i f t  due to  pressure i s :  

I f  there were no pressure s h i f t ,  we would l i k e  t o  
5 (1 Torr - 133 'r4/m2). 

v-vo - 1.5  IO-^^ - 
1 1  
"0 

2 Therefore, i f  we 

obtain lov9 accuracy, we would need t o  
For the long-term s t a b i l i t y  goal of 10 
temperature o f  the gas t o  0.3OC (assum 
the walls). 

is  i n  N/m . 
where - 7  N/m 5 we incur an absolute frequency 
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operated a t  7 pressure of 
s h i f t  o f  10- . In order t o  
know the pressure t o  1 percent. 
10, we would have t o  hold the 
n g  no sticking o f  ammonia t o  



u- 

Three approaches ex i s t  t o  overcome these basic pressure effects: 

(1) We m u s t  f i r s t  ensure tha t  st icking on the walls is k e p t  t o  a min i -  
mum. To minimize t h i s  e f fec t ,  a sui table  "non-sticky" surface will b e '  
sought; f o r  example, tests have begun u s i n g  teflon- and paraffin-coated 
ce l l  wall s. 

(2)  
pressure. T h i s  degrades signal-to-noise b u t  can be compensated by i n -  
creasing ce l l  s ize .  
(-10-4 Torr) and if  ammonia "sticking" can be  kept t o  a 
would expect a basic temperature sens i t i v i ty  of 6 x 10-lT/oC. T h i s  is 
t o  be compared t o  the basic (uncompensated) tempe ture sens i t i v i ty  of 
the rubidium atomic clock, which is about 1 x 10-y8/oC. 

(3 )  
and compensation is made i n  the o u t p u t  frequency. 

must employ schemes t o  make i t  convenient i n  a compact package. 
straightforward way t o  make the ce l l  larger  is t o  make i t  longer; 
can then form i t  into a sp i r a l .  
tubes which a re  metal plated on the outside (foming c i rcu lar  cross- 
section waveguide) and are  formed i n t o  sp i r a l s  (-25 cm diameter) and 
mated t o  standard waveguide flanges. 

T h e  temperature effect can also be reduced by operating a t  a lower 

If  we operate a t  a pressure of 1.3 x 10-2 Newton/m2 
i n i m u m ,  we 

Compensation schemes can be used whereby the pressure is sensed 

Since the projected ce l l  site may be as  large as 1000 cm3, we 
A 

We 
Our preliminary experiments use glass 

Servo electronics and integrated system 

A l t h o u g h  the performance of the device i s  not  hfgh when compared 
t o  a state-of-the-art atomic clock, the demands on the servo system 
i n  the f ina l  system are rather high. T h i s  is  because we a re  t rying t o  
resolve t e ra ther  broad resonance feature ( i . e . ,  " s p l i t  the line") t o  
about lo-' o r  0.001 percent. This i s  within an order o f  magnitude of 
the servo requirements on a laboratory cesium standard. This means we 
m u s t  be par t icular ly  careful about harmonic dis tor t ion i n  the FM modu- 
la t ion used and about D.C. offsets  i n  the feedback integrators.  The 
most important problems which we face are: 
frequency dependence in the source o u t p u t  power and detected power 
(source-detector profile), ( b )  frequency p u l l  i n g  due t o  the  resonant 
cavity seen by the ammonia (cavity pulling). ( c )  frequency p u l l i n g  due 
t o  ammonia l i n e  d i s to r t ion ,  and (d)  frequency pulling due t o  o f f se t  
voltages and dis tor t ions in the servo electronics (servo o f f se t s ) .  
In Fig. 2 ,  the basicscheme i s  i l l u s t r a t ed .  FM modulation (1-10 kHz) 
i s  used on the .5 GHz osc i l la tor ;  the servo demodulates the detected 
microwave s i g n a l  and forces the multiplied osc i l la tor  t o  l i ne  center. 

( a )  frequency pulling due  t o  

( a )  Source-detector-prof i 1 e 

The source power o u t p u t  and detector efficiency are, in 
genwal ,  frequency dependent; thus the observed t ransi t ion rides on t o p  
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of a broad profile.  
tu re  a t  the t ransi t ion frequency, i t  may d i s to r t  the line s l igh t ly  and 
cause a frequency shift .  Since t h i s  background prof i le  may change i n  
time (due, f o r  example, t o  temperature change), i t  a f fec ts  both long- 
term s t a b i l i t y  and accuracy. 
n ique  used i n  s tabi l ized laser  work [lo]. 
harmonic o f  the FM rather  than the fundamental. 
can n u l l  the th i rd  derivative o f  the slope t o  a high degree ra ther  
than first.  T h i s  is  useful because i t  lowers the prof i le  p u l l i n g  by 
approximately the square o f  the r a t io  of the background curvature t o  
the curvature o f  the resonance l ine.  The e f fec ts  of such a 3rd harmonic 
lock a re  shown i n  Fig. 1 ,  where a def in i te  improvement i n  s t a b i l i t y  
is  observed ( u n t i l  other e f fec ts  dominate). 

Because t h i s  background may have a slope and curva- 

To solve this problem, we borrow a tech- 
We can demodulate the t h i r d  

By doing t h i s  we 

( b )  Cavity p u l l i n g  

T h i s  i s  a familiar problem i n  a l l  atomic clocks t o  varying 
degrees and has been documented elsewhere Ell]. Very simply, the 
ammonia and microwave cavity form a system o f  coupled osc i l la tors .  
Therefore, varying the frequency o f  one (say the cavity) changes the 
observed frequency o f  the other (amonia t ransi t ion) ,  We have 

QC 

Q, 
v (observed) - vo = K - (vC - v0) 

where wo = unperturbed ammonia frequency, 

Qc = microwave cavity Q ,  

Q, = ammonia t ransi t ion 9 .  

vc = cavity frequency, and 

K = a parameter near 1 which depends on the FM harmonic 
observed and on the FM amplitude. 

Ideally, the p u l l i n g  e f fec t  could be eliminated by us ing  a cel l  con- 
s i s t i ng  of a piece of  waveguide terminated by i t s  character is t ic  impedance 
a t  a l l  frequencies. However, the d i f f icu l ty  i n  designing such apparatus 
due t o  various parasi t ic  effects  present under  practical conditions pre- 
cludes the use of such a ce l l .  The importawe o f  this e f f ec t  can be i l lus 
t ra ted by example: i f  Qc 2 x lo5 we would have t o  tune the 
cavity t o  .1)2 percent of i t s  linew'dth t o  achieve 

these problems are circumvented by servoing the center 0-F the cavity t o  
l ine  center. T h i s  can be accomplished, knowing t h a t  K i n  the above 
expression i s  d i f fe ren t , i f  we lock t o  the 3rd harmonic rather  t h a n  the 
5 t h  hamonic (extension o f  the 3rd harmonic technique). 

50 ,  QQ 
accuracy; tem- perature sens i t iv i ty  would be -10- A / O C  f o r  a copper cavity. Both of 
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Therefore, as  shown i n  F ig .  3 ,  we use the 3rd harmonic t o  lock the 
osc i l l a to r  t o  the apparent l ine center, then use the 5th harmonic to 
lock the cavity t o  the osc i l la tor .  
the above expression and therefore eliminates cavity pul Ying. 

This ensures t h a t  (v - vo) = 0 i n  

(c)  Fundamental l ine  d i s t o r t i o n  

The NI4H3 (3-3) t ransi t ion is s l igh t ly  asymmetric due to 
quadrupole hyperfine structure in the molecule [5]. Therefore, the 
apparent center frequency of the l ine  depends on FM amplitude and micro- 
wave power; s t a b i l i t y  is correspondingly affected a these parameters 

of these fundamental dis tor t ions and fo r  which a well- fined center 
frequency exis ts .  ( I n i t i a l  tests have also used the N H3 isotope.) 

change. We therefore use the (3-3) t r ans i t i on  i n  N 7 5H which is f ree  

(d )  Servo offsets  

A t  the present time, 2nd harmonic FM d i s to r t ion ,  voltage offsets  
and voltage o f f s e t  d r i f t s  i n  the servo system along w i t h  the pressure 
s h i f t  problem seem t o  l imit  long-term s tab i l i ty .  For example, an of fse t  
voltage can ex is t  on the i n p u t  o f  the f i r s t  integrator i n  the t h i r d  
harmonic loop (see Fig. 3 ) .  With the system locked, a residual 3rd 
harmonic signal m u s t  be present t o  provide a D.C. level out  of the mixer 
t o  compensate t h i s  offset .  To reduce these offset  problems, d ig i ta l  de- 
modulators a re  being investigated. 

ENVIRON?lENTAL FACTORS 

Sensi t ivi ty  t o  environmental factors  is most easi ly  determined 
experimentally, and t h i s  will be straightforward once some of the 
obvious problems limiting long-term s t ab i l i t y  are  solved. 
theoretical  estimates can be made of magnetic f i e ld  and e l ec t r i c  f i e ld  
sens i t i v i ty ,  and other remarks are appropriate for vibration and tempera- 
tu re  sens i t iv i ty .  

Nevertheless, 

Magneti c f i el d s  
First-order Zeman effects  cause a sp l i t t ing  of the l ine  on the 

order of 10 MHz per Tesla. This s p l i t t i n g  i s  symmetric and therefore 
causes only (usually negligible) broadening except t h a t  some asymmetry 
may be present due t o  s l i g h t  differences of the Zeeman ef fec t  (uncoupling 
of the spins) i n  the two inversion levels .  
the order of 1 Hz a t  Measurements need to be made t o  quant i -  
t a t ive ly  assess th i s  effect .  
f o r  one simple magnetic shield for some applications i n  very h i g h  f ie lds .  
The second-order Zeeman effect  i s ,  of course, exceedingly small: 
re la t ive  s h i f t  i s  about  2 x H2 (H in Tesla) and thus i s  negligible).  

This asymmetry may be of 
Tesla. 

The worst anticipated outcome is  the need 

the 
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E l  e c t r i  c f i e lds  

Electric f i e lds  are  only of importance i n  the construction de ta i l s  
of the g a s  ce l l  where themo-electric and contact potential problems 
may be present. A worst estimate can be based on the most sensi t ive 
hyperfine co PO ent of  the (3-3)  l ine ;  f o r  t h i s  we have a re la t ive  s h i f t  
of about lo-' E' ( E  i n  V/cm). Since e l ec t r i c  f ie lds  surely can be limi- 
ted t o  less than 0.1 V/cm, we do not ant ic ipate  any problems. 

Temperature sens i t iv i ty  

T h i s  has already been discussed above. For best performance i t  may 
be necessary t o  provide some minimal temperature compensation ( i  .e.,  a 
frequency compensation based on the temperature). 
ten improvement could be expected here; t h i s  would t h e n  reduce the over- 
a l l  temperature sens i t iv i ty  by a factor  of ten. 

A t  l e a s t  a fac tor  of 

Vibration sens i t iv i ty  

I t  is d i f f i c u l t  t o  predict a priori  what the limits t o  vibration 
sens i t i v i ty  will be, since i n  many cases they vary w i t h  mechanical 
construction imperfections which a re  most easi ly  eliminated direct ly .  
However, some general comments could be made i n  this regard. To a h i g h  
degree the amonia cel l  and servo electronics should  be vibration insen- 
si t ive.  We can expect then that  the vibration sens i t iv i ty  of the 500 MHz 
primary osc i l l a to r  should be reduced by the open loop g a i n  of the feed- 
back servo. Therefore, i f  the attack time of the servo is T = 0.1 ms, 
then the vibration sens i t iv i ty  o f  the locked osc i l la tor  a t  say 100 Hz 
should be reduced by a factor  of approximately lo4  over the free-running 
osc i l la tor .  

OVERALL PHYSICAL PARAMETERS 

Power requirements 

The basic e l ec t r i c  compon i ts  o f  the present standard configuration 
A t  the present time, power requirements f o r  specif are  shown in Fig.  2. 

portions are: 

(1)  .5 GHz osc i l la tor ,  .5 GHz 
amp1 i f i e r  with mu1  tip1 i e r  5 . 5 Id 

( 2 )  divider chain (i 100) 1 . 0 I.1 

1 . 0 \.I 
7 . 5 I.! 

The . 5  GHz power amplifier i s  the ma jo r  drain on the power supply. 
Kult ipl ier  step-recovery diode needs abod t  1 CJ inpgt, and the efficiency 
o f  our  present amplifier i s  a b o u t  20 percent. In  an actual system we 
could expec t  t o t a l  power requirements to  be approximately half o f  t he i r  
present value, o r  -3 W. 

-- (3 )  detector amplifier and servo 

The 
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Size requirements 

The lower l imit  on s ize  will primarily be limited by the s i z e  of 
the amonia c e l l .  I t  i s  expected t h a t  the cel l  should occupy no more 
than 1 l i t e r  volume; hence, the overall package may be from 1-2 l i t e r s  
i n  volume. 

Weight requirement 

With proper choice o f  materials the expected f ina l  package weight 
should be l e s s  than 3 Kg. 
shielding may have t o  be included; t h i s  will increase weight  by approxi- 
mately 1/2 Kg. 

For operation i n  extreme magnetic f i e l d s ,  

- 
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