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ABSTRACT 

The work at EGtG, Inc., on a miniature rubidium frequency standard 
for the SEEK-TALK program has now reached the prototype stage. 
This paper describes the design objectives and approach, the more 
important design features, and the results obtained thus far. 

INTRODUCTION 

EG&G, Inc., with support from the U.S. Air Force Electronic Systems Division, 
has developed a tactical rubidium frequency standard (TRFS) for the SEEK-TALK 
program. This effort, which is now entering the prototype stage, is directed 
toward the establishment of a production capability for miniature rubidium 
clocks of medium stability capable of fast warmup and extreme ruggedness for 
military avionics applications. The overall unit will consist of an ultra- 
miniature physics package and four plug-in circuit boards inside a 24-inch 
square by $-inch box. This size is achieved without the extensive use of hybrid 
microcircuitry, yet is believed to be the smallest atomic frequency standard 
yet developed. A mockup of the unit is shown in Figure 1. 

The physics package is about the size and shape of a "D" flashlight battery. 
It combines the best features of the integrated and discrete filter cell 
approaches by using separate filter and absorption cells, both of which are 
inside the microwave cavity. Small size is achieved by dielectric loading of 
the cavity and by a unique electric field mode of lamp excitation. Performance 
is enhanced by excellent line homogeneity made possible by an optical design 
giving uniform light distribution, separate hyperfine filtration, and a uniform 
C-field. Low net temperature coefficient is achieved by cancellation of the 
individual filter and absorption cell coefficients. The discrete filter cell 
also allows zero light shift to be conveniently obtained by adjusting cavity 
temperature. The overall physics package assembly includes a low-noise photo- 
detector and microwave multiplier, as well as lamp exciter and VCXO circuits and 
a second magnetic shield. 

The TRFS electronic block diagram has a single frequency lock loop that contains 
a wide bandwidth A/B PLL synthesizer as a subloop. A particularly simple rf, 
chain is used that has no mixing and a few tuned circuits. The servo amplifier 
is a low-complexity cascade detector configuration and the power supply and 
temperature controller sections use efficient high frequency switching tech- 
niques. 
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Figure 1. Photograph o f  TRFS Mockup Unit. 
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SPECIFI S 

ec i f  i c a t  ions FS are shown i n  able 1 and are based on the  genera^ 
r e q u i r ~ e n t s  o f  the SEEK-TALK program. 

Table 1. TRFS condensed specif icat ions. 

Output Frequency, MHz 
Output Level, v rms i n t o  50 ohms 
Harmonics, dBc 
Spurious components, dBc 
Phase N o i s e t ( f  1, dBc/Hz 

f = 1 H z  
f = 100 Hz 
f - 1 kHz 

DC Power, watts 
Steady State a t  25°C 
Wannup 

DC Input Voltage, vo l t s  
Warmup, minutes 

from 25OC 
from -55OC 

per month 
per year 

1 sec 
10 sec 
100 sec 

D r i f t  

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

Trim Range 
Voltage Coefficient 
Temperature Coefficient, -54 t o  +7loC 
Retrace 
Storage Temperature, "C 
Magnetic Susceptibi l i ty, (worst axis) 
A l t i tude  from SL t o  50,000 feet 
Humidity, % 
Shock 
Acceleration 
Sinusoidal Vibrat ion 
Random Vibration 
Re l iab i l i t y ,  airborne inhabited, hours 
Size, inches 
Weight, pounds 

10 
0.5 
-30 
-80 

-80 
-120 
-135 

<13 
< 70 
22-32 

1.5 
4 

(5 x 10-11 
<5 x 10-10 

<4 x 10-11 
<1 x 10-11 
<4 x 10-12 
23 x 10-9 
<1 x l O - ~ ~ / l O %  
<3 x 10-10 
53 x 10-11 
-62 t o  +S0C 
<2 x 10-11/Gauss 
<1 x 10-13/mbar 
100 

30 9 peak 

4 9 Peak 

220,000 
24 x 24 x 4 
<2.0 

<4 x 10-11/11) g 

0.04 #/Hz 
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LOCK DIAGR 

A block diagram o f  t he  TRFS i s  s 
high performance, s imp l ic i t y ,  and manufacturabil i ty, The major sections are: 

a. The physics package which acts as a frequency d r im ina tor  t o  produce an 
e r ro r  s ignal  which indicates the magnitude and se o f  the  d i f ference i n  
frequency between the applied rf exc i ta t ion  and the rubidium atomic reso- 
nance, 

am 

b. A servo ampl i f ie r  which processes the e r ro r  s ignal  t o  produce a cont ro l  
vol tage f o r  a vo l tage cont ro l led  c rys ta l  o s c i l l a t o r  (VCXO). 

c. A VCXO sect ion which contains the locked c r y s t a l  osc i l l a to r ,  c i r c u i t s  t o  
produce the desired (5 or 10 MHz) output, and one d i v ide r  por t ion  o f  the 
syn t hes i zer . 

d. A VHF section which contains the r e s t  o f  the synthesizer t h a t  converts the 
standard output frequency i n t o  a d i r e c t  submultiple of the rubidium reso- 
nance. 

e. A power sect ion which provides supply voltages t o  the c i r c u i t r y  and has 
temperature con t ro l l e rs  f o r  the two  physics package ovens. 

PHYS ICs PACKAGE 

The hear t  o f  the TRFS u n i t  is, o f  course, the physics package. EG&G began t h i s  
p ro jec t  w i th  the i n t e r n a l l y  sponsored development o f  a rubidium physics package 
tha t  combines good performance w i t h  u l t ra-min ia ture size. The features inc lude.  
a new concept i n  lamp exc i ta t ion  and a d i e l e c t r i c a l l y  loaded c a v i t y  tha t  contains 
separate f i l t e r  and absorption ce l l s .  The basic physics package s t ruc tu re  i s  
shown i n  Figure 3. 

Extreme min ia tu r iza t ion  o f  the lamp assembly was accomplished by e l im ina t ing  
the usual rf c o i l  surrounding the rubidium lamp. An e l e c t r i c  f i e l d  s t ruc tu re  
was developed for  s t a r t i n g  and maintaining the  lamp plasma. Fabry-Perot studies 
confirmed the proper spectral  output f r o m t h i s  structure, which i s  approximately 
ha l f  the overa l l  diameter o f  an equivalent c o i l  arrangement since no spacing 
i s  required between the lamp and oven wall. The lamp i s  exc i ted by a conventional 
C o l p i t t s  rf power o s c i l l a t o r  which w i l l  be located ins ide the physics package. 

Min ia tu r iza t ion  o f  the microwave c a v i t y  was obtained, paradoxically, by pu t t i ng  
more i n t o  it. It was decided t o  use a d iscrete f i l t e r  c e l l  f o r  best performance. 
This al lows independent n u l l i n g  o f  the l i g h t  s h i f t  and gives good spa t ia l  
homogeneity i n  the  absorption c e l l  t ha t  r e s u l t s  i n  a low rf power coe f f i c i en t .  
It was fu r the r  decided t o  locate the f i l t e r  c e l l  ins ide the c a v i t y  t o  avoid the 
volume of an add i t iona l  oven. The conmon thermal environment also al 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  o f  the absorption 
ce l l ,  since the l a t t e r  i s  adjustable by i t s  b inary buf fer  gas mix r a t i o .  The 
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increase in t glass dielectric in the T C 

A further advantage is that the filter and absorption cells become shorter, 
which is desirable for optimum signal at a high operating temperature. 

The physics package includes two lenses in the optical path. The first, located 
in front of the absorption cell, collimates the la 
light intensity distribution. The second lens, lo 
cell, focuses the light on the ~1 cm2 photodetector to give g 
efficiency . 
Two C-field coils are used to provide 21% C-field uniformity, which helps to 
ensure good line homogeneity and minimizes rf power sensitivity. 

A nonmetallic conical spacer rigidly connects the lamp and cavity ovens for 
ruggedness and low vibration sensitivity with low heat transfer between the 
ovens. 

coli 
PHOTO- ’ TUBE 1 

DETECTOR ABSORPTION 
CELL 

\ OVEN \ SPACER MAGNETIC 
I 

FILTER 
CELL SHIELD 

Figure 3. Layout o f  Miniaturized Physics Package. 
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e SRD microwave mul t  orated i n t o  the t e  
cavi ty,  I t s  design i s  bo e f f i c i en t  since i t  
X38 mu l t i p l i e r ,  

Table 2 l i s t s  some o f  the physics package parameters and Figure 4 shows the 
major parts. The synthesizer r a t i o  resu l t s  i n  a buffer gas o f f s e t  t h a t  i s  ideal  
f o r  such considerations as l inewidth, f i l l  tolerance, and barometric c o e f f i -  
cient. 

Table 2. Physics package parameters. 

P ar amet e r  Val ue 

Lamp Size 
Lamp F i l l  
Lamp Oven Temperature 
F i l t e r  Cel l  Size 

F i l t e r  Ce l l  F i l l  
Absorption C e l l  Size 

Absorption C e l l  F i l l  ( f o r  20 
Cavity TC and +2.7 kHt o f f s e t )  
C av i ty  Temper a t  ure 
( f o r  0 lamp oven TC) 
DC Photodetector Current 
Linewidth ( f u l l  width between 
in f l ec t i on  po in ts  a t  normal r f)  
Maximum Fundamental Photodetector 
Signal (a t  fmod = 235 Hz) 
Discriminator Slope a t  Photodetector 
Lamp Oven TC 
Cavi ty TC 
RF Power S e n s i t i v i t y  
Frequency Stabi  1 i ty 
(1 sec 5 T 1000 sec) 

0.31 in. dia. x 0.45 in. long 
a100 pgram Rb87 + 7 t o r r  K r  
115OC 
0.81 in. dia. x 0.25 in.  

= lo0  pgram R b s  + 120 t o r r  A r  
0.81 in. dia. x 0.30 in. 

2100 pgram Rb87 + 8.4 t o r r  
N2/Ar mixture 
80°C 

ins ide  length 

ins ide length 

= lo0 pA 

=600 HZ 

220 nA rms 

147 



20 MHZ 
vcxo 

PHOTO. 
D ~ E E T O R  

SRD 
MULTIPLIE~ 

EAVlW 
OVEN 

A ~ S O R ~ ~ O N  LENS FILTER LAMP 
CELL CELL 

Figure 4. Physics Package Parts. 
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The function of the servo amplifier i s  to  process the error signal from the 
physics package so as t o  lock the frequency of the 20 crystal osci 11 ator 
to  the s table  rubid ium atomic resonance. The major blocks : (1) a preamp1 ifier 
tha t  converts the photodetector current t o  a voltage, ( 2 )  a synchronous detector 
tha t  converts the fundamental ac error signal t o  a dc voltage, ( 3 )  an integrator 
tha t  develops the control voltage for the crystal  o sc i l l a  
harmonic detector tha t  indicates lock, (5) a sweep circu 
acquisition, and (6) a modulation r a t e  generator tha t  produces refer 
for the synchronous detectors and phase-modulates the cavity excitation. 

MODULATION 
SIGNAL 

Figure 5. Servo Amplifier Block Diagram. 

The TRFS servo amplifier, shown i n  Figure 5, uses a cascaded detector arrangement 
wherein the fundamental error signal passes t h r o u g h  the second harmonic detector 
before reaching the fundamental detector. T h i s  has the advantage o f  requiring 
less hardware. The op amp associated w i t h  the second harmonic detector also 
provides gain for  the fundamental signal. The large amplitude second harmonic 
signal is shifted t o  the f o u r t h  harmonic ahead of the fundamental detector, 
making i t  possible t o  obtain suff ic ient  dynamic range without a bulky notch 
f i 1 ter . 
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CXO SECT10 

The VCXO section consists o f  20 MHz crys ta l  o s c i l l  
10 MHz and ~ 1 4 0  kHz, and a t ed ampl i f ier  t o  prod 
The voltage cont ro l led  c rys ta l  o s c i l l a t o r  uses a 20 MHz t h i r d  overtone SC-cut 
c rys ta l  i n  an HC35/U s t y l e  holder operated a t  =80°C i n  the  c a v i t y  oven. This 
c rys ta l  type i s  chosen f o r  i t s  small size, ruggedness, f a s t  warmup, and low 
v ib ra t i on  sens i t i v i t y ,  The VCXO i s  fol lowed by a speed comparator t o  provide 
i s o l a t i o n  and conversion t o  TTL levels. S t ra ig  rward TTL log i c  div ides the 
20 MHz by 2 and 143 for the output and synthesizer, respectively. '  The output 
ampl i f ie r  i s  a d i f f e r e n t i a l  conf igurat ion using a s ing le  tuned c i r c u i t .  Another 
b inary d iv ider  sect ion i s  avai lab le t o  produce 5 MHz as an.optiona1 output. 

VHF SECTION 

The VHF section generates a s ignal  a t  2180 MHz t h a t  i s  a d i r e c t  submult iple 
(1/38) o f  the rubidium resonance. This frequency i s  produced by a phase-locked 
loop (PLL) tha t  operates as a X1286 m u l t i p l i e r  from the' 2140 kHz reference from 
the VCXO section. The PLL also serves as the means t o  apply phase modulation. 
This approach i s  hardwareef f i c ien t  and avoids bulkyand c r i t i c a l  tuned c i r c u i t s .  
The rf c i r c u i t r y  consists o f  a ~ 3 0  MHz VCXO, a diode doubler, and an rf power 
ampl i f ier .  The PLL consists o f  an ECL div ider,  a TTL phase detector, and a 
loop a m p l i f i e r / f i l t e r .  The loop has s u f f i c i e n t  bandwidth f o r  v ib ra t ion  imnunity 
and servo modul a t  ion. 

POWER SECTION 

The power section o f  the  TRFS consists of input  f i 1 ters, .temperature contro l  l e r s  
f o r  the lamp and c a v i t y  ovens, and +5V and +15V power supplies. 
The lamp and c a v i t y  ovens are supplied d i r e c t l y  from the input  bus and are 
cont ro l led  by high frequency switching contro l lers .  These cont ro l le rs  provide 
both warmup and running power and are simple, e f f i c i e n t ,  operate over a wide 
dynamic range, and maintain constant thermal gain as the oven power changes. 
Each con t ro l l e r  consists o f  on ly  one act ive device and a few.discrete components. 
All TRFS e lec t ron ic  c i r c u i t s  are powered from +5V and +15V supplies which also 
use switching regulators. Provis ion i s  made f o r  a separate %o-breaktl input 
t o  maintain operation during an in te r rup t ion  i n  heater power. 

PACKAGING 

The overa l l  TRFS packaging i s  shown i n  Figure 6. The physics package ( inc lud ing 
c y l i n d r i c a l  inner magnetic shield, VCXO, SRD mu l t i p l i e r ,  and lamp exc i te r )  i s  
located i n  the center. It i s  supported ins ide the square second magnetic sh ie ld  
by r e s i l i e n t  mater ia l  t ha t  provides shock and v ib ra t ion  iso la t ion.  The four 
main e lect ron ic  c i r c u i t  boards surround the physics package and plug i n t o  a 
mother board. The e lect ron ic  components face outward for good access. An 
L-shaped member provides overa l l  support, whi le  power f i l t e r s  and connectors 
are mounted t o  the mother board. 
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he TRFS p r o g r ~  began w i  lopment and t e s t  o f  the i a t u r e  
hysics package. This w by the design o f  the uni t .  

Fabr icat ion and t e s t  o f  a bench model was then accomplished w i th  A i r  Force 
funding. 

The bench model TRFS consists of the u l t ramin ia tu re  physics package and four 
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 conf igurat ion i s  wel l  su i ted  f o r  developmental test ing.  

The physics package i s  complete ou t  t o  the f i r s t  magnetic shield, inc lud ing a 
custom low-noise EG&G s i l i c o n  photodetector and the SRD microwave m u l t i p l i e r .  
The lamp exc i te r  i s  housed separately i n  a small sh ie ld  box and the VCXO c i r c u i t  
i s  on one o f  the main boards w i t h  the c rys ta l  i n  a small separate component oven. 

Test resu l t s  on t h i s  u n i t  have confirmed the v a l i d i t y  o f  the overa l l  design 
concept. The program has now advanced through a prototype redesign stage where 
de ta i led  design has been done f o r  a packaged prototype. 
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I would l i k e  t o  comment t h a t  i n  the 1950's when Bob Dickey, Tom Carver 
and I were doing some of the ear ly work on hyperfine section and rubidium, 
we had a room f u l l  of equipment and we used t o  joke t h a t  there's no reason 
you couldn't  put  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: 

Well , I never r e a l l y  believed. 
i n t o  a beer can one time. And I never r e a l l y  believed i t  f o r  many years, 
but  t h i s  i s  r e a l l y  smaller. 

I heard some comments about pu t t i ng  i t  
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