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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 dimprove the short term performance.
Because the emission wavelength of the laser diode can
be tuned, improved 1long term performance could be
attained through the control of the 1light shift
effect. However, work done by Lewis et al” 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.

1 ¢. Audoin and J. Vanier, J. Phys. E: Scient. Inst. 2. 697 (1976).

Z L. L. Lewis and M. Feldman, 35th Symp. on Freq. Control (1981).
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INTRODUCTION

The recent advances that have been made in the semiconductor laser
diode technology have been followed very closely by numerous appli-
cations for this type of laser in practical devices. The laser diode
is extremely attractive because it possesses the features of high
light intensity in a small package requiring only moderate to low
power for operation.

The rubidium gas cell atomie¢ clock is one such device, among others,
that could possibly be improved by the incorporation of a laser diode
which would be used in place of the conventional rubidium discharge
lamp. Figure 1 is a schematic representation of the rubidium gas
cell clock. In the 'classic' design of the clock,1 the physics pack-
age consists of an optical absorption cell contained within a micro-
wave cavity, a hyperfine filter cell and a rubidium lamp providing
the optical pumping radiation. The absorption cell and the lamp
usually contain 8 Rb while the hyperfine filter employs the 85Rb
isotope. A simplification of this design uses an ‘'integrated'
absorption cell in order to avoid the necessity of the hyperfine
filter cell. From Figure 1, it is readily apparent that the use of
a laser diode as the optical pumping source in the rubidium clock
could be quite beneficial. The 1laser would provide a much more
intense beam of light with better collimation and a spectral line-
width sufficiently narrow to allow for the elimination of the filter
cell. Additionally, because of the tuneability of the laser diode,
frequency offsets due to the 1light shift effect could be readily
controlled.

Although the idea of using laser diodes in place of discharge lamps
is not a new idea, it has only been very recently that single mode
laser diodes of sufficiently long 1life have become commercially
available at prices that make their use somewhat reasonable. In
addition to our effort in this area at The Aerospace Corporation,
there is a very active effort at NBS Boulder to investigate the pos—
sible uses of laser diodes in atomic clocks.

However, as is normally the case, no simple substitution of one com-
ponent in a device for some other, although much better, component is
ever possible. The new component itself, in this case the laser
diode, must be made to conform to the comstraints of the device; the
clock. = Additionally, new aspects of the device normally appear upon
the incorporation of the improved component. We report here on our
observations of new characteristics of the rubidium clock when oper-
ated using a laser diode pump source.
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DISCUSSION

Our experimental apparatus is shown schematically in Figure 2. The
emission from a Mitsubishi ML 4001 GaAlAs laser diode was collimated
and used to illuminate the absorption cell of an Efratom FRK-L
rubidium frequency standard. This particular standard employs the
integrated absorption cell. The laser diode linewidth was measured
to be approximately 400 MHz and the laser provided output power of up
to 6 mW/ cm“. The rubidium lamp from the frequency standard was
removed to allow access for the laser light. Since the laser diode
electronics were sufficient to keep the wavelength of the laser from
drifting for about an hour, no further wavelength stabilization of
the diode was used for these particular experiments. The laser diode
was tuned to the proper hyperfine absorption line of the 87gp by
observing the transmitted light through the absorption cell, and due
to the particular diode used we tuned to the D, (581/2 5P1/2)
resonance of rubidium at 79 .7 nm. The 10 MHz clock frequency was
monitored with an HP-5345A frequency counter and a gate output
indicated locking of the crystal frequency to the rubidium hyperfine
transition.

Figure 3 shows the absorption spectrum of the gas cell as the laser
was tuned across the D; resonance. The two central peaks at a tuning
of 2 and 5 GHz correspond to the F = 3 and F = 2 hyperfine absorption
lines of the 9°Rb present in the cell for the normal operation of
this clock. The shoulder that appears on the F = 3 hyperfine line
of the_ ®°Rb near 0.5 GHz corresponds to the F = 2 hyperfine line
of 87Rb and the peak at 7.3 GHz corresponds to the F =1 hyperfine
line of 8’Rb. This line appears to be asymmetric because of the
unequal contributions from the two hyperfine states of the first
excited state.

Figure 3 also shows those regions of laser tuning where the clock
locked, and it should be remembered that the clock will only lock
when there is a population imbalance between the two “‘Rb hyperfine
states. Not surprisingly, the figure clearly shows that the clock
locked when the laser was tuned to either of the Rb hyperfine
absorption lines. However, when the laser was tuned to the F = 3
absorption line of 85Rb, the clock locked to the Rb microwave
resonance. This effect show; that hyperfine polarization is being
shared between the 9°Rb and Rb populations. The most obvious mech-
anism to account for this sharing of polarization is spin—exchange
between the  two 1isotopes. The presence of spin exchange between
the 85Rb and Rb may result in a frequency shift in the clock that
is proportional to the rubidium density. Whether this proposed fre-
quency shift has any deleterious effect on the operation of the clock
is not presently known.
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Our preliminary investigation of the light shift effect in the gas
cell clock involved its dependence on laser intensity and gavelength.
The laser diode emission was first centered on the F = 1 8/gp absorp-
tion line and then subsequently tuned to the high and low side of
this line. The laser intensity was 6 mW/cm“. Since the 10 MHz out-
put and the Rb hyperfine transition frequency are directly
proportional, it is a straightforward procedure to relate a change
in the clock's output to a shift in the Rb hyperfine transition
frequency. The results of this light shift measurement are displayed
in Figure 4.

From top to bottoT the four curv?s of Figure 4 represent laser detun—
ing from the 58 =5 (F = 1) ~ 5P 5 (F = 2) resonance of approximately
-700 MHz, =200 , 0, and +260 MHz respectively. All of these
curves show the same general behavior: they are linear at low laser
intensity, reach an extremum, and finally saturate to a light shift
value dependent only on the laser detuning from the atomic
resonance., The linearity of these curves at low light intemsity and
their symmetry about zero frequency detuning are consistent with the
standard theory of light shifts first developed by Barrat and Cohen-
Tannoudji5 and treated semi-classically by Happer and Mathur.? We
believe that the new features of the light shift curve, the extrema
and saturation regions, are due to an Autler—Townes type splitting’?
of the microwave resonance. This splitting would occur because the
microwaves are no longer probing a nearly unperturbed Rb atom; they
are probing a Rb atom while it is interacting with the intense laser
emission. Arditi and Picque proposed a similar mechanism for distor—
tions that they observed in the microwave signals from a Cs vapor
optically pumped with a GaAs laser diode”, and we have seen similar
distortions in our microwave lineshapes.

As evidenced by Figure 4, the light shift is a sensitive function of
laser frequency detuning. In fact, even when the laser is tuned on
resonance there is a very small light sq;ft effect Whi?h we believe
is due to the overlap of the 87%b (58 = (F=1) -5 =(F=1 and
2) ) absorption lines. In order to more fully understand the effect
of laser detuning, we measured the light shift as the laser was tuned
across the F = 1 hyperfine resonance for a fixed laser intensity.
Figure 5 shows the results of one such experiment where the relative
laser intensity was held fixed at about 0.31mw/cm2 and thf zero of
frequency detuning corresponds to the 55 % (F=1) = 5P = (F = 2)
atomic resonance. The solid curve is a calculation of %he light
shift as a function of detuning based on the theory of Happer and
Mathur. The discrepancy between theory and experiment in the region
of large negative detuni%éimay be due to spin exchange shifts result-
ing from the pumping of Rb by the wing of the laser line. We pre-
sently do not have enough data to definitively determine ‘the origin
of this discrepancy.

634



Two important factors which effect the shape of Figure 5 are the
excited state hyperfine splitting and the broad laser line. It is
the combination of these two factors which produces the nearly flat
region at a laser detuning of -~ -.015|cm = (=450 MHz), and indicates
that the atomic hyperfine frequency is relatively insensitive to
slight changes in the laser frequency. We refer to this flat region
as the "decoupling™ region, since the clock frequency could be con-
sidered as decoupled from laser frequency mnoise if the laser was

tuned into this region.

The two curves of Figures 4 and 5 suggest a novel technique for oper—
ating a laser diode gas cell clock which might result in improved
performance. The laser diode would be operated at high intensity so
as to be in the saturation region of Figure 4, and detuned into the
decoupling region of Figure 5. 1In this way the atomic response to
the optical pumping conditions would decouple laser intensity and
frequency noise from the clock output. We are in the process of
performing Allan Variance measurements on a gas cell clock operated
with this optical pumping scheme, and the results will determine if
any improvement occurse.

REFERENCES
1. G. Missout and J. Vanier, Can. J. Phys. 53, 1030 (1945).
2. E. Jechart, 27th Annual Frequency Control Symposium (1981).

3. L. L. Lewis and M. Feldman, 35th Annual Frequency Control
Symposium (1981).

4. W. Happer, Optical Pumping, Rev. Mod. Phys. 44 (2), 169 (1972).

5. Je P. Barrat and C. Cohen—Tannoudji, Elargissement et
Deplacement Des Ries De Resonance Magnetique Causes Par une
Excitation Optique, J. de Phys. et le Rad. 22, 443 (1961).

6. B. S. Mathur, H. Tang, and W. Happer, Light Shifts in the Alkali
Atoms, Phys. Rev. 171 (1), 11 (1968).

7. S. H. Autler and C. H. Townes, Stark Effect in Rapidly Varying
Fields, Phys. Rev. 100 (2), 703 (1955).

8. P. L. Knight and P. W. Milonni, The Rabi Frequency in Optical
Spectra, Phys. Rep. 66 (2), 21 (1980) .

9. M. Arditi and J-L Picque, Precision Measurements of Light Shifts
Induced by a MNarrow-Band GaAs Laser in the (-0 '°?Cs Hyperfine
Transition, J. Phys. B 8 (14), L331 (1975).1

635



paepuels Aouenboa g [1eD seH wWnIpiqny sA1ssed ' Jo weidel] O13eUWLYdS

31411dWY l.,..RV

TI3I0LOHd —==—=

ALIAYD FAVMO¥IIW —=

1130 NOILdy0oSayv ay I

T130 ¥4 —=

dWY1 qY \\O

*1 @and1 1

d019313d
AA1 LI SN3S ISYHJ
7y
dolvinaow
v v
d3TdIIINW | ] HOLYTIIISO
AJININOIYA Z14vnod
1nd1NO

636



snyexeddy pejuswitiadxi oY} JO weifeld opeweyos 'z 2andid

HALIN
NHO H3INNO AONINDIA
HALT
1 o © ALISN3Q TvHLN3N
ZHW 0L ~
119 30010 H3SYT
1Nd1N0 A | N @ -
J00G0LO0Rd Z |
! SN3T
%2019 WI9HIWINO3

@4 Td4 WOLvd4d

3d03S0T113S0

637



3 —
_ CLOCK
i LOCKED

= ,
s
=7 F / \
s / ‘s‘
= '
= ! A
£ ! X
= h \
() ! 1
= ¢ '
o 4 i -
e A it
o Vi \ , [}
70 /. v ’ Y
m \ f ] (Y
<t A ) LY .

[} I
< A N/ \ 1 cLock

! NoS ‘\ UNLOCKED
l’ \\‘ ’-'/'-\
7 \‘__o .
Z 1 I L l | 1 | l | N
0 1 2 3 4 4 i) 1 8 9
TUNING {GHz)
Figure 3: Rb absorption spectrum in the integrated cell showing

the hyperfine structure of both 87Rb and 8SRb. The
solid line represents the locked condition of the clock.
This was determined by observing the current flow in
the phase lock indicator. We observed conditions
between unlocked and full-lock of the feedback loop,
and thus this plot essentially maps potential operating
points of the clock.
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Microwave resonance frequency as a function of light
intensity for various laser detunings from the 5S ;
(F =1) - SP% (F = 2) optical resonance. The
detunings from top to bottom are = -700 MHz,

-200 MHz, O, and 200 MHz. Maximum laser
intensity is 6 mW/cmz. The solid lines are linear
fits of the low intensity light shift points. This
linear relationship is expected from the classic
theory of the light shift effect. The dashed lines are
for the convenience of the reader to follow the light

shift along a particular laser detuning.
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Figure 5:

LASER DETUNING lem )

Microwave resonance frequency shift as a function of
laser detuning for a fixed relative intensity of about
0.3 mW/cmZ. The zero of detuning corresponds to
the 55 -;— (F =1) - SP%- (F = 2) optical resonance, and
the solid curve is a theoretical estimate of the light
shift.

640





