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ABSTRACT 

Recently it has been suggested that the performance 
characteristics of a rubidium gas cell atomic frequency 
standard might be improved by replacing the standard 
rubidium discharge lamp with a single mode laser 
diode. Since the short term stability of the rubidium 
frequency standard is limited by the shot noise of the 
photodetector,' an increased signal to noise ratio, 
from the more efficient laser diode pumping, might 
significantly improve the short term performance. 
Because the emission wavelength of the laser diode can 
be tuned, improved long term performance could be 
attained through the control of the lig9t shift 
effect. However, work done by Lewis et a1 at NBS 
Boulder indicates that a new source of instability is 
present in the laser pumped clock; the frequency insta- 
bility of the laser induces instability in the fre- 
quency standard, 

We have been investigating various aspects of the laser 
pumped gas cell atomic clock. Our investigations 
include effects due to laser intensity, laser detuning 
and the choice of the particular atomic absorption 
line. Our studies indicate that the performance of the 
gas cell clock may be improved by judicious choice of 
the operating parameters of the laser diode. 

The laser diode has also proved to be a valuable tool 
in investigating the operation of the conventional gas 
cell clock. Our results concerning linewidths, the 
light shift effect and the effect of isotopic spin 
exchange in the conventional gas cell clock are 
reported here. 
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INTRODUCTION 

The recent advances t h a t  have been made i n  t h e  semiconductor laser 
diode technology have been followed very c lose ly  by numerous appli-  
ca t ions  f o r  t h i s  type of laser i n  p r a c t i c a l  devices. The laser diode 
is extremely a t t r a c t i v e  because i t  possesses t h e  f ea tu res  of high 
l i g h t  i n t e n s i t y  i n  a small package requiring only moderate t o  low 
power f o r  operation. 

The rubidium gas cell  atomic clock is one such device, among o thers ,  
t h a t  could possibly be improved by the  incorporation of a laser diode 
which would be used i n  place of t he  conventional rubidium discharge 
lamp. Figure 1 is a schematic representa t ion  of t h e  rubidium gas 
cel l  clock. In  the  'classic' design of t he  clock,' t h e  physics pack- 
age cons i s t s  of an o p t i c a l  absorption cell  contained within a micro- 
wave cavi ty ,  a hyperfine f i l t e r  cell  and a rubidium lamp providing 
the  o p t i c a l  pumpin rad ia t ion .  The absorption cel l  and the  lamp 
usua l ly  contain '<b while t he  hyperfine f i l t e r  employs the  85Rb 
isotope. A s impl i f i ca t ion  of t h i s  design uses an  ' in tegra ted '  
absorption cell  i n  order t o  avoid the  n5cessity of t he  hyperfine 
f i l t e r  cel lo2 From Figure 1, it is read i ly  apparent t h a t  t he  use of 
a laser diode as the  o p t i c a l  pumping source i n  the  rubidium clock 
could be q u i t e  benef ic ia l .  The l a s e r  would provide a much more 
in t ense  b e a m  of l i g h t  with b e t t e r  coll imation and a s p e c t r a l  l ine- 
width s u f f i c i e n t l y  narrow t o  allow f o r  the elimination of the  f i l t e r  
cell. Additionally,  because of t he  tuneab i l i t y  of the laser diode, 
frequency o f f s e t s  due t o  the  l i g h t  s h i f t  e f f e c t  could be r ead i ly  
controlled.  

Although the  idea  of using laser diodes i n  place of discharge lamps 
is not a new idea,  i t  has only been very recent ly  t h a t  s i n g l e  mode 
laser diodes of s u f f i c i e n t l y  long l i f e  have become commercially 
ava i l ab le  at p r i ces  t h a t  make t h e i r  use somewhat reasonable. I n  
addi t ion  t o  our e f f o r t  i n  t h i s  area a t  The Aerospace Corporation, 
there  i s  a very a c t i v e  e f f o r t  a t  NBS Bouldej t o  inves t iga t e  the  pos- 
s i b l e  uses of laser diodes i n  atomic clocks. 

However, as is normally the  case, no simple s u b s t i t u t i o n  of one com- 
ponent i n  a device f o r  some o ther ,  although much b e t t e r ,  component is  
ever possible.  The new component i t s e l f ,  i n  t h i s  case the  laser 
diode, must be made t o  conform t o  the  cons t ra in ts  of t he  device; the  
clock. Additionally, new aspects of the device normally appear upon 
t h e  incorporation of t he  improved component. We repor t  here on our 
observations of new c h a r a c t e r i s t i c s  of t he  rubidium clock when oper- 
a ted  using a laser diode pump source. 
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DISCUSSION 

Our experimental  apparatus  is shown schematical ly  i n  Figure 2. The 
emission from a Mitsubishi ML 4001 GaAlAs laser diode w a s  col l imated 
and used t o  i l l umina te  the  absorp t ion  c e l l  of an  Efratom FRK-L 
rubidium frequency s tandard.  This p a r t i c u l a r  standard employs t h e  
in t eg ra t ed  absorp t ion  cel l .  The laser diode l inewidth  w a s  measured 
t o  be approximately 400 MHz and the  laser provided output power of up 
t o  6 mW/cm2. The rubidium lamp from the  frequency s tandard w a s  
removed t o  allow access f o r  the  laser l i g h t .  Since the  laser diode 
e l e c t r o n i c s  were s u f f i c i e n t  t o  keep the  wavelength of the  laser from 
d r i f t i n g  f o r  about an hour, no f u r t h e r  wavelength s t a b i l i z a t i o n  of 
t he  diode w a s  used f o r  these  p a r t i c u l a r  experiments. The laser diode 
w a s  tuned t o  the  proper hyperf ine absorpt ion l i n e  of t he  87Rb by 
observing the  t ransmi t ted  l i g h t  through the  absorp t ion  ce l l ,  and due 
t o  the  p a r t i c u l a r  diode used w e  tuned t o  the  D1 (5S1/2-5P1/2) 
resonance of rubidium a t  794.7 mi. The 10 MHZ c lock frequency w a s  
monitored with an HP-5345A frequency counter and a g a t e  output  
ind ica ted  locking of the  c r y s t a l  frequency t o  the  rubidium hyperfine 
t r a n s i t i o n .  

Figure 3 shows the  absorp t ion  spectrum of the  gas c e l l  as the  laser 
w a s  tuned across  the  D1 resonance. The two c e n t r a l  peaks a t  a tuning 
of 2 and 5 GHZ correspond t o  the  F = 3 and F = 2 hyperfine absorpt ion 
l i n e s  of the  85Rb present  i n  the  cel l  fo r  the  normal opera t ion  of 
t h i s  clock. The shoulder t h a t  appears on the  F = 3 hyperfine l i n e  
of t he  85Rb near 0.5 GHz corresponds t o  the  F = 2 hyperf ine l i n e  
of 87Rb and the  peak a t  7.3 GHz corresponds to  the  F =1 hyperfine 
l i n e  of 97Rb. This l i n e  appears  t o  be asymmetric because of t he  
unequal con t r ibu t ions  from the  two hyperf ine states of the  f i r s t  
exc i ted  state . 
Figure 3 a l s o  shows those regions of laser tuning where the  clock 
locked, and i t  should be remembered t h a t  the  clock w i l l  only lock 
when the re  i s  a population imbalance between the  two 87Rb hyperfine 
states. N o t  su rp r i s ing ly ,  the f i g u r e  c l e a r l y  shows t h a t  the  clock 
locked when the  laser was tuned t o  e i t h e r  of the  87Rb hyperf ine 
absorpt ion l i n e s .  However, when the  laser w a s  tuned t o  the  F =: 3 
absorp t ion  l i n e  of 85Rb, the  clock locked t o  the  87Rb microwave 
resonance. This e f f e c t  show t h a t  hyperf ine po la r i za t ion  is being 
shared between the  85Rb and "Rb populations.  The most obvious mech- 
anism t o  account f o r  t h i s  shar ing of po la r i za t ion  is  spin-exchange 
between the  two i so topesS4  The presence of sp in  exchange between 
t h e  85Rb and 87Rb may r e s u l t  i n  a frequency s h i f t  i n  the  clock t h a t  
i s  proport ional  t o  the  rubidium dens i ty .  Whether t h i s  proposed fre- 
quency s h i f t  has any de le t e r ious  e f f e c t  on the  opera t ion  of the  clock 
i s  not present ly  known 
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Our preliminary inves t iga t ion  of the  l i g h t  s h i f t  e f f e c t  i n  the gas 
cell  clock involved i ts  dependence on laser i n t e n s i t y  and avelength. 
The laser diode emission was f i r s t  centered on the  F = 1 8’Rb absorp- 
t i o n  l i n e  and then subsequently tuned t o  the  high and low s ide  of 
t h i s  l i n e .  The laser i n t e n s i t y  w a s  6 mW/cm . Since the  10 MHz out- 
put and the  Rb hyperfine t r a n s i t i o n  frequency are d i r e c t l y  
proportional,  it is  a s t ra ight forward  procedure to relate a change 
i n  the  clock’s output t o  a s h i f t  i n  the  Kb hyperfine t r a n s i t i o n  
frequency. The r e s u l t s  of t h i s  l i g h t  s h i f t  measurement are displayed 
i n  Figure 4 .  

2 

From top t o  botto? the  four curv s of Figure 4 represent laser detun- 
ing from the  5s  - (F = 1 )  - 5P - (F = 2) resonance of approximately 
-700 M H z ,  -200 &, AI-1 of these 
curves show the  same general  behavior: they are l i n e a r  a t  low laser 
i n t e n s i t y ,  reach an extremum, and f i n a l l y  s a t u r a t e  t o  a l i g h t  s h i f t  
value dependent only on the  laser detuning from the  atomic 
resonance. The l i n e a r i t y  of these curves at low l i g h t  i n t e n s i t y  and 
t h e i r  symmetry about zero frequency detuning are cons is ten t  with t h e  
standard theory of l i g h t  s h i f t s  f i r s t  developed by Barrat and Cohen- 
Tannoudji’ and t r e a t e d  semi-classically by Happer and Mathur .6 W e  
be l ieve  t h a t  the  new fea tu res  of the  l i g h t  s h i f t  curve, the  e x t r  ma  

of the  microwave resonance. This s p l i t t i n g  would occur because the  
microwaves are no longer probing a nearly unperturbed Rb atom; they 
are probing a Rb atom while i t  is i n t e r a c t i n g  with the in tense  laser 
emission. Ard i t i  and Picque proposed a similar mechanism f o r  d i s t o r  
t i o n s  t h a t  they observed i n  the  microwave s igna l s  from a C s  vapor 
o p t i c a l l y  pumped with a GaAs laser diode , and we have seen similar 
d i s t o r t i o n s  i n  our microwave l ineshapes.  

f 
0, and +260 M H z  respec t ive ly .  

and s a t u r a t i o n  regions, are due t o  an Autler-Townes type s p l i t t i n g  738 

9 

As evidenced by Figure 4 ,  the l i g h t  s h i f t  is a s e n s i t i v e  function of 
laser frequency detuning. I n  f a c t ,  even when the  laser is tuned on 
resonance there  is  a very s m a l l  l i g h t  s ift e f f e c t  whi h w e  be l ieve  
is  due t o  the  overlap of t he  87Rb (5s (F = 1) - 5P - (F = 1 and 
2) ) absorption l i n e s .  In order t o  more f u l l y  understand the e f f e c t  
of laser detuning, w e  measured the  l i g h t  s h i f t  as the laser w a s  tuned 
across  the F = 1 hyperfine resonance f o r  a f ixed  laser i n t e n s i t y .  
Figure 5 shows the  r e s u l t s  of one such experiment where the r e l a t i v e  
laser i n t e n s i t y  w a s  held f ixed  a t  about 0.3  mW/cm2 and thf zero of 
frequency detuning corresponds t o  the  5s 3 (F = 1) - 5P - (F = 2) 
atomic resonance. The s o l i d  curve is  a ca l cu la t ion  of $he l i g h t  
s h i f t  as a function of detuning based on the  theory of Happer and 
Mathur. The discrepancy between theory and experiment i n  the  region 
of l a r g e  negative detunin may be due to  sp in  exchange s h i f t s  resu l t -  
ing from the pumping of ‘Rb by the  wing of the  laser l i n e .  W e  pre- 
s e n t l y  do not have enough da ta  t o  d e f i n i t i v e l y  determine the o r i g i n  
of t h i s  discrepancy. 

‘1 
2 

9 
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Two important f a c t o r s  which e f f e c t  the  shape of Figure 5 are the  
exc i ted  state hyperf ine s p l i t t i n g  and the  broad laser l ine.  It is 
the  combination of these  two f a c t o r s w h i c  produces the  near ly  f l a t  
region a t  a laser detuning of ,.. -.OlS\ cm-' (-450 M H z ) ,  and i n d i c a t e s  
t h a t  t he  atomic hyperf ine frequency is  r e l a t i v e l y  i n s e n s i t i v e  t o  
s l i g h t  changes i n  the  laser frequency. We r e f e r  t o  t h i s  f l a t  region 
as the "decoupling" region, s ince  the  clock frequency could be con- 
s idered  as decoupled from laser frequency noise  i f  the  laser w a s  
tuned i n t o  t h i s  region.  

The two curves of Figures 4 and 5 suggest a novel technique f o r  oper- 
a t i n g  a laser diode gas cell  c lock which might r e s u l t  i n  improved 
performance. The laser diode would be operated a t  high i n t e n s i t y  so 
as t o  be i n  the  s a t u r a t i o n  region of Figure 4, and detuned i n t o  the  
decoupling region of Figure 5. In  t h i s  way the  atomic response t o  
the  o p t i c a l  pumping condi t ions would decouple laser i n t e n s i t y  and 
frequency noise  from the  clock output .  We are i n  the  process of 
performing Allan Variance measurements on a gas cel l  clock operated 
with t h i s  o p t i c a l  pumping scheme, and the  r e s u l t s  w i l l  determine i f  
any 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

improvement occurs . 
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Figure 3:  Rb absorption spectrum in the integrated cell showing 

the hyperfine structure of both 87Rb and 85Rb. 

solid line represents the locked condition of the clock. 

This was determined by observing the current flow in 

the phase lock indicator. 

between unlocked and full-lock af the feedback loop, 

and thus this plot essentially maps potential operating 

poinf,s of the clock. 

The 

We observed conditions 
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RElATtVE LASER INTENSITY 

Figure 4: Microwave resonance frequency as a function of light 
1 intensity for various Laser detunings from the 5s - 2 

{F = 1) - 5Pz (F = 2) optical resonance. The 

detunings from top to bottom a re  = -100 MHz, 

-200 MHz, 0, and 200 MHz. Makimum laser 

intensity is 6 mW/cm . 
fits of the low intensity light shift points. This 

linear relationship is expected from the classic 

theory of the Iight shift effect. 

for  the convenience of the reader to €ol%w the light 

shift along a particular laser detuning. 

2 The solid lines a re  linear 

The dashed lines a r e  

639 



2oo r 

- 2 o a l  I I I i 1 1 I 1 I I 1 
- 0.05 - 0.04 - 0.03 - 0.02 - 0.01 0.0 0.01 0.02 Oc03 0.04 0.05 

lASER DETUNING (cm - '1 

Figure 5: Microwave resonance frequency shift a s  a function of 

l a se r  detuning for a fixed relative intensity of about 

0 . 3  mWJcm . The zero of detuning corresponds to 

the 5s 
the solid curve i s  a theoretical estimate of the light 

shift . 
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1 1 (F = 1 )  - 5 P  7 (F = 2 )  optical resonance, and 
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