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ABSTRACT 

The work a t  EG&G, Inc., on a m i n i a t u r e  r u b i d i u m  frequency s tandard  
f o r  t h e  SEEK-TALK program has now reached t h e  p r o t o t y p e  stage. 
Th is  paper descr ibes  t h e  des ign o b j e c t i v e s  and approach, t h e  more 
impo r tan t  des ign fea tu res ,  and t h e  r e s u l t s  ob ta ined  thus f a r .  

INTRODUCTION 

EG&G, Inc., w i t h  suppor t  f rom t h e  U.S. A i r  Force E l e c t r o n i c  Systems D i v i s i o n ,  
has developed a t a c t i c a l  r ub i d i um f requency s tandard (TRFS) f o r  t h e  SEEK-TALK 
program. Th is  e f f o r t ,  which i s  now e n t e r i n g  t h e  p r o t o t y p e  stage, i s  d i r e c t e d  
toward t h e  es tab l i shment  o f  a  p roduc t i on  c a p a b i l i t y  f o r  m i n i a t u r e  r ub id i um 
c l o c k s  o f  medium s t a b i l i t y  capable  o f  f a s t  warmup and extreme ruggedness f o r  
m i l i t a r y  a v i o n i c s  a p p l i c a t i o n s .  The o v e r a l l  u n i t  w i l l  c o n s i s t  o f  an u l t r a -  
m i n i a t u r e  phys i cs  package and f o u r  p l u g - i n  c i r c u i t  boards i n s i d e  a  2h- inch 
square by  4 - i nch  box. Th i s  s i z e  i s  achieved w i t h o u t  t h e  ex tens i ve  use o f  h y b r i d  
m i c r o c i r c u i t r y ,  y e t  i s  be l i eved  t o  be t he  sma l l es t  atomic f requency s tandard 
y e t  developed. A  mockup o f  t h e  u n i t  i s  shown i n  F i gu re  1. 

The phys i cs  package i s  about t he  s i z e  and shape of a  " D "  f l a s h l i g h t  b a t t e r y .  
I t  combines t h e  bes t  f ea tu res  o f  t h e  i n t e g r a t e d  and d i s c r e t e  f i l t e r  c e l l  
approaches by us ing  separate  f i l t e r  and abso rp t i on  c e l l s ,  both  of which a re  
i n s i d e  t h e  microwave c a v i t y .  Small s i z e  i s  achieved by d i e l e c t r i c  l oad ing  of 
t h e  c a v i t y  and by a  un ique e l e c t r i c  f i e l d  mode o f  lamp e x c i t a t i o n .  Performance 
i s  enhanced by  e x c e l l e n t  l i n e  homogeneity made p o s s i b l e  by an o p t i c a l  design 
g i v i n g  u n i f o r m  l i g h t  d i s t r i b u t i o n ,  separate  h y p e r f i n e  f i l t r a t i o n ,  and a  un i f o rm  
C - f i e l d .  Low n e t  temperature c o e f f i c i e n t  i s  achieved by c a n c e l l a t i o n  o f  t h e  
i n d i v i d u a l  f i l t e r  and absorp t ion  c e l l  c o e f f i c i e n t s .  The d i s c r e t e  f i  1 t e r  c e l l  
a l s o  a l l ows  zero  l i g h t  s h i f t  t o  be c o n v e n i e n t l y  ob ta ined  by a d j u s t i n g  c a v i t y  
temperature.  The o v e r a l l  phys ics  package assembly i nc l udes  a  low-noise photo-  
d e t e c t o r  and microwave mu1 t i p 1  i e r ,  as we1 1  as lamp e x c i t e r  and V C X O  c i r c u i t s  and 
a second magnet ic s h i e l d .  

The TRFS e l e c t r o n i c  b lock  diagram has a  s i n g l e  f requency l ock  l oop  t h a t  con ta i ns  
a  wide bandwidth A / B  PLL syn thes i ze r  as a  subloop. A p a r t i c u l a r l y  s imp le  rf 
cha in  i s  used t h a t  has no m ix i ng  and a few tuned c i r c u i t s .  The s e r v o  a m p l i f i e r  
i s  a low-complex i t y  cascade d e t e c t o r  c o n f i g u r a t i o n  and t h e  power supp ly  and 
temperature c o n t r o l l e r  sec t i ons  use e f f i c i e n t  h i g h  f requency s w i t c h i n g  tech-  
n iques. 



Figure 1. Photograph of TRFS Mockup Un i t .  



SPEC IF ICATIONS 

The specifications f o r  t he  TRFS are shown i n  Table 1 and are based on t h e  general 
requirements of t he  SEEK-TALK program, 

Table 1. TRFS condensed specifications. 

Output Frequency, MHz 

ou tpu t  Level, v rms i n t o  50 ohms 
Harmonics, dBc 

Spurious components, dBc 

Phase N o i s e 5 ( f  ), dBc/Hz 

f = l H z  

f = 100 Hz 

f = 1 kHz 

DC Power, wat ts  

Steady S ta te  a t  25OC 

Wannup 

DC Inpu t  Voltage, v o l t s  

Warmup, minutes 

from 25°C 

from -55°C 

D r i f t  

per  month 

per  year 

Shor t  Term Frequency S t a b i l i t y  

1 sec 

10 sec 

100 sec 

Tr im Range 

Vol tage C o e f f i c i e n t  

Temperature C o e f f i c i e n t .  -54 t o  +71°C 

Retrace 

Storage Temperature, O C  

Magnetic S u s c e p t i b i l i t y ,  (wors t  a x i s )  

A l t i t u d e  f rom SL t o  50,000 fee t  

Humidity, Y 

Shock 

Acce le ra t i on  

S inuso ida l  V i b r a t i o n  

Random V i b r a t i o n  

R e l i a b i l i t y ,  a i r bo rne  inhabi ted, hours 

Size, inches 

Weight, pounds 

c4 x 10-11 

c 1  x 10-11 

c4 x 10-12 

23  10-9 

<l x 10-11/10% 

< 3  x 10-10 

53 x 10-11 

-62 t o  +85"C 

(2 x 10- l l /kauss 

<1 x 10-13/mbar 

100 

30 g peak 

(4 x 10-11/10 g 

4 g peak 

0.04 g 2 / ~ z  
>20,000 

24 x 24 x 4 

(2.0 



BLOCK DIAGRAM 

A block diagram of the  TRFS i s  shown i n  F igure  2. This block diagram combines 
h igh  performance, simp1 i c i t y ,  and manufacturabi 1  i ty.  The major sect ions are: 

a. The physics package which ac ts  as a frequency d i sc r im ina to r  t o  produce an 
e r r o r  s igna l  which i nd i ca tes  the  magnitude and sense o f  t he  d i f f e r e n c e  i n  
frequency between the  app l ied  rf e x c i t a t i o n  and the rubid ium atomic reso- 
nance. 

b. A servo amp l i f i e r  which processes the  e r r o r  s igna l  t o  produce a c o n t r o l  
vo l tage f o r  a  vo l tage  c o n t r o l l e d  c r y s t a l  o s c i l l a t o r  ( V C X O ) .  

c. A VCXO sec t ion  which conta ins the  locked c r y s t a l  o s c i l l a t o r ,  c i r c u i t s  t o  
produce the  desi red ( 5  or  10 MHz) output, and one d i v i d e r  p o r t i o n  o f  the  
synthesizer.  

d. A V H F  sec t ion  which conta ins the r e s t  of t he  synthesizer  t h a t  converts the  
standard ou tput  frequency i n t o  a  d i r e c t  s u b n u l t i p l e  o f  t he  rub id ium reso- 
nance. 

e. A power sec t i on  which prov ides supply vol tages t o  the c i r c u i t r y  and has 
temperature c o n t r o l l e r s  f o r  t he  two physics package ovens. 

PHYSICS PACKAGE 

The hea r t  o f  the  TRFS u n i t  i s ,  o f  course, - t h e  physics package. EG&G began t h i s  
p r o j e c t  w i t h  the  i n t e r n a l l y  sponsored development o f  a  rub id ium physics package 
t h a t  combines good performance w i t h  u l  t ra-min i a t u r e  s i t e .  The fea tures  inc lude 
a new concept i n  lamp e x c i t a t i o n  and a d i e l e c t r i c a l  l y  loaded c a v i t y  t h a t  conta ins 
separate f i 1 t e r  and absorpt ion c e l l s ,  The basic  physics package s t r u c t u r e  i s  
shown i n  F igure  3. 

Extreme m i n i a t u r i z a t i o n  o f  the  lamp assembly was accomplished by e l  im ina t i ng  
t h e  usual rf c o i l  surrounding the  rubid ium lamp. An e l e c t r i c  f i e l d  s t r u c t u r e  
was developed fo r  s t a r t i n g  and main ta in ing  the  lamp plasma. Fabry-Perot s tud ies  
conf irmed the  proper spec t ra l  ou tpu t  f rom t h i s  s t ruc ture ,  which i s  approximately 
h a l f  the  o v e r a l l  diameter of an equ iva len t  c o i l  arrangement s ince no spacing 
i s  requ i red  between the  lamp and oven wa l l .  The lamp i s  exc i t ed  by a  convent ional 
C o l p i t t s  r f  power o s c i l l a t o r  which w i l l  be located i n s i d e  the  physics package. 

M i n i a t u r i z a t i o n  o f  the  microwave c a v i t y  was obtained, paradoxical ly ,  by p u t t i n g  
more i n t o  it. It was decided t o  use a d i s c r e t e  f i l t e r  c e l l  f o r  bes t  performance. 
This  a l lows independent n u l l i n g  of the  l i g h t  s h i f t  and g ives good s p a t i a l  
homogeneity i n  t he  absorpt ion c e l l  t h a t  r e s u l t s  i n  a low rf power c o e f f i c i e n t .  
I t  was f u r t h e r  decided t o  l o c a t e  the  f i l t e r  c e l l  i n s i d e  the  c a v i t y  t o  avoid the 
volume o f  an a d d i t i o n a l  oven. The comnon thermal environment a lso  a l lows 
cancel l a t i o n  of the  f i 1 t e r  c e l l  temperature c o e f f i c i e n t  by t h a t  of t h e  absorpt ion 
c e l l ,  s ince the  l a t t e r  i s  ad jus tab le  by i t s  b i n a r y  b u f f e r  gas mix r a t i o .  The 





r e s u l t i n g  increase i n  the  amount o f  g lass  d i e l e c t r i c  i n  the  T E l l l  c a v i t y  a l so  
reduces i t s  s ize.  

A f u r t h e r  advantage i s  t h a t  the  f i l t e r  and absorpt ion c e l l s  become shor ter ,  
which i s  des i rab le  f o r  optimum s igna l  a t  a h igh  opera t ing  temperature. 

The physics package inc ludes two lenses i n  the  o p t i c a l  path. The f i r s t ,  loca ted  
i n  f r o n t  o f  t he  absorpt ion c e l l ,  co l l ima tes  the  lamp output  t o  g i v e  a uniform 
l i g h t  i n t e n s i t y  d i s t r i b u t i o n .  The second lens, loca ted  behind the  absorpt ion 
cel l ,  focuses the  l i g h t  on the ;1 cm2 photodetector  t o  g i v e  good c o l l e c t i o n  
e f f i c i ency .  

Two C- f i e ld  c o i l s  a re  used t o  p rov ide  +I% C - f i e l d  uni formi ty ,  which helps t o  
ensure good 1 i n e  homogeneity and min irnizes r f  power s e n s i t i v i t y .  

A nonmeta l l i c  con ica l  spacer r i g i d l y  connects the  lamp and c a v i t y  ovens f o r  
ruggedness and low v i b r a t i o n  s e n s i t i v i t y  w i t h  low heat t r a n s f e r  between the  
ovens. 

CRYSTAL, 

CRYSTAL 
OSCILLATOR 

PHOTO- TUBE 
DETECTOR ABSORPTION \ \ OVEN 

FILTER MAGNETIC SPACER 
CELL CELL SHIELD 

Figure 3. Layout o f  M in ia tu r i zed  Physics Package. 
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The SRD microwave multiplier is incorporated into the temperature-controlled 
cavity. Its design is both simple and efficient since it works as a straight 
X38 multiplier. 

Table 2 lists some of the physics package parameters and Figure 4 shows the 
major parts. The synthesizer ratio results in a buffer gas offset that is ideal 
for such considerations as linewidth, fill tolerance, and barometric coeffi- 
cient. 

Table 2. Physics package parameters. 

- 

P ar ame t er Val ue 

Lamp Size 
Lamp Fill 
Lamp Oven Temperature 
Filter Cell Size 

Filter Cell Fill 
Absorption Cell Size 

Absorption Cell Fill (for =O 
Cavity TC and +2.7 kHz offset) 
Cavity Temperature 
(for 0 1 amp oven TC ) 
DC Photodetector Current 
Linewidth (full wid th  between 
inflection points at normal rf) 
Maximum Fundamental Photodetector 
Signal ( a t  fm0d = 235 Hz) 

Discriminator Slope at Photodetector 
Lamp Oven TC 
Cavity TC 
RF Power Sensitivity 
Frequency Stability 
(1 sec I T i, 1000 sec) 

0.31 in. dia. x 0.45 in. long 

-100 pgram ~ b 8 7  + 7 torr Kr 
115°C 
0.81 in. dia. x 0.25 in. 

inside length 
-100 pgram ~ b 8 5  + 120 torr Ar 

0.81 in. dia. x 0.30 in. 
inside length 

-100 ugrarn ~b8' + 8.4 torr 
N2/Ar mixture 

-20 nA rms 

=80 pA per 1 x 10-lO 
<f4 x 10-1l/"c 
<fl x 1 0 - 1 0 / ~ ~  
<fi x ~ o - l l / d ~  
2 x 10-11 T-3 



20 MHz 
VCXO 

PHOTO- 
DETECTOR 

SRD 
MULTIPLIER 

CAVITY 
OVEN 

LENS ABSORPTION LENS FILTER 
CELL CELL 

Figure 4. Phys ics  Package Parts. 
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SERVO AMPLIFIER 

The f u n c t i o n  o f  t h e  servo amp1 i f i e r  i s  t o  process t h e  e r r o r  s i q n a l  f rom t h e  
phys ics  package so as t o  l ock  t h e  f requency o f  t h e  20 MHz c r y s t a l  o s c i l l a t o r  
t o  t h e  s t a b l e  r u b i d i u m  atomic resonance. The major  b locks  are:  (1) a  preamp1 i f  i e r  
t h a t  conve r t s  t h e  pho tode tec to r  c u r r e n t  t o  a  vo l tage ,  ( 2 )  a synchronous d e t e c t o r  
t h a t  conve r t s  t h e  fundamental ac e r r o r  s i g n a l  t o  a dc vo l tage ,  ( 3 )  an i n t e g r a t o r  
t h a t  develops t h e  c o n t r o l  v o l t a g e  f o r  t h e  c r y s t a l  o s c i l l a t o r ,  ( 4 )  a second 
harmonic de tec to r  t h a t  i n d i c a t e s  l ock ,  ( 5 )  a sweep c i r c u i t  t h a t  a i ds  l ock  
a c q u i s i t i o n ,  and ( 6 )  a  modu la t ion  r a t e  genera to r  t h a t  produces re fe rence  s i g n a l s  
f o r  t h e  synchronous d e t e c t o r s  and phase-modulates t h e  c a v i t y  e x c i t a t i o n .  

GENERATOR 

I 

LOCK 
SIGNAL 

MODULATION 
SIGNAL * 

I 

I, F igu re  5. Servo A m p l i f i e r  Block Diagram. 

The TRFS servo  a m p l i f i e r ,  shown i n  F i g u r e  5, uses a cascaded d e t e c t o r  arrangement 
wherein t h e  fundamental e r r o r  s i g n a l  passes th rough  t h e  second harmonic de tec to r  
be fo re  r each ing  t h e  fundamental de tec to r .  T h i s  has t h e  advantage o f  r e q u i r i n g  
l e s s  hardware. The op amp assoc ia ted  w i t h  t h e  second harmonic d e t e c t o r  a l s o  
p rov ides  ga in  f o r  t h e  fundamental s i g n a l .  The 1  arge amp1 i t u d e  second harmonic 
s i g n a l  i s  s h i f t e d  t o  t h e  f o u r t h  harmonic ahead o f  t h e  Frlndamental de tec to r ,  
making i t  p o s s i b l e  t o  o b t a i n  s u f f i c i e n t  dynamic range w i t h o u t  a b u l k y  no t ch  
f i l t e r .  



VCXO SECTION 

The VCXO section consists of a 20 MHz crystal oscillator, frequency dividers to 
10 MHz and =I40 kHz, and a tuned amplifier to produce the 10 MHz output. 
The voltage controlled crystal oscillator uses a 20 MHz third overtone SC-cut 
crystal in an HC35/U style holder operated at =80°C in the cavity oven. This 
crystal type is chosen for its small size, ruggedness, fast warmup, and low 
vibration sensitivity. The VCXO is fol lowed by a high speed comparator to provide 
isolation and conversion to TTL levels. Straightforward TTL logic divides the 
20 MHz by 2 and 143 for the output and synthesizer, respectively. ' The output 
amplifier is a differential configuration using a single tuned circuit. Another 
binary divider section i s  available to produce 5 MHz as an optional output. 

VHF SECTION 

The VHF section generates a signal at -180 MHz that is a direct submultiple 
(1/38) of the rubidium resonance. This frequency is produced by a phase-locked 
loop (PLL) that operates as a X1286 multiplier from the' =I40 k H z  reference from 
the VCXO section. The PLL also serves as the means to apply phase modulation. 
This approach is hardware efficient and avoids bulky and critical tuned circuits. 
The rf circuitry consists of a =90 MHz VCXO, a diode doubler, and an rf power 
amplifier. The PLL consists of an ECL divider, a TTL phase detector, and a 
loop amplifier/filter. The loop has sufficient bandwidth for vibration imnunity 
and servo modulation. 

, POWER SECTION 

I The power section of the TRFS consists of input filters, temperature controllers 
for the lamp and cavity ovens, and +5V and +15V power supplies. 
The lamp and cavity ovens are supplied directly from the input bus and are 
controlled by high frequency switching controllers. These controllers provide 
both warmup and running power and are simple, efficient, operate over a wide 
dynamic range, and maintain constant thermal gain as the oven power changes. 
Each controller consists of only one active device and a few discrete components. 
All TRFS electronic circuits are powered from +SV and +15V supplies which also 

I 
use switching regulators. Provision is made for a separate "no-break" input 
to maintain operation during an interruption in heater power. 

I PACKAGING 

The overall TRFS packaging is shown in Figure 6. The physics package (including 
cylindrical inner magnetic shield, VCXO, SRD multiplier, and lamp exciter) is 
located in the center. It is supported inside the square second magnetic shield 
by resilient material that provides shock and vibration isolation. The four 
main electronic circuit boards surround the physics package and plug into a 
mother board. The electronic components face outward for good access. ,An 
L-shaped member provides overall support, while power filters and connectors 
are mounted to the mother board. 
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OUTER COVER I \ REslLlENT M * T w i L  - 4 CoRAERs MOTHERBOARD r400+ 

MOUNTIHG LAMP CIRCUIT BOARD 
SURFACE EXCITER CONNECTOR 

Figure 6. TRFS Packaging Layout. 





PROGRAM STATUS 

The TRFS program began w i t h  the development and t e s t  o f  the  u l t r a m i n i a t u r e  
physics package. This  was fo l lowed by the design o f  the  complete un i t .  
Fab r i ca t i on  and t e s t  o f  a  bench model was then accomplished w i t h  A i r  Force 
funding. 

The bench model TRFS cons is ts  o f  the  u l t r a m i n i a t u r e  physics package and f o u r  
c i r c u i t  boards mounted f l a t  on a  9- inch square p a l l e t  as shown i n  F igure  7. 
This c o n f i g u r a t i o n  i s  w e l l  s u i t e d  fo r  developmental t e s t i n g .  

The physics package i s  complete ou t  t o  t he  f i r s t  magnetic sh ie ld ,  i nc lud ing  a  
custom low-noise EG&G s i  1  icon photodetector and the  SRD microwave m u l t i p l  i e r .  
The lamp e x c i t e r  i s  housed separa te ly  i n  a small s h i e l d  box and t h e  V C X O  c i r c u i t  
i s  on one o f  the  main boards w i t h  the  c r y s t a l  i n  a smal l  separate component oven. 

Test r e s u l t s  on t h i s  u n i t  have confirmed the  v a l i d i t y  of the  o v e r a l l  design 
concept. The program has now advanced through a p ro to type redesign stage where 
d e t a i l e d  design has been done f o r  a packaged prototype. 
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QUESTIONS AND ANSWERS 

DR. VESSOT: 

I would 1 i ke t o  comment t h a t  i n  the 1950's when Bob Dickey, Tom Carver 
and I were doing some of the ea r l y  work on hyperf ine sect ion and rubidium, 
we had a room f u l l  of equipment and we used t o  joke t ha t  the re 's  no reason 
you cou ldn ' t  pu t  t h i s  i n  a match box. 

So, we were happy t o  see progress towards t h a t  end. 

MR. RILEY: 

We1 1 , I never rea l  l y  be1 ieved. I heard some comments about pu t t i ng  i t  
i n t o  a beer can one time. And I never r e a l l y  be1 ieved i t  f o r  many years, 
but  t h i s  i s  r e a l l y  smaller. 




