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1.1 Laser Raman Clock
Studies

We are continuing our precision studies of
stimulated resonance Raman interaction in an
atomic beam to determine its applicability to
clocks and to demonstrate any advantages
over conventional (microwave excited)
atomic clocks. Up to this point, we have
achieved a stability of 1 x 10~ for a 5000
second averaging time using a sodium beam
and a dye laser. This time compares favor-
ably with commercial cesium clocks after dif-
ferences in atom transit time and transition
frequency are taken into consideration.

The stimulated resonance Raman process is
illustrated in figure 1a in which we show a
Raman transition between two long-lived
states, 1 and 3, induced by two laser fields at
frequencies w, and w,. These two laser fields
are generated from the same laser to reduce
the effects of laser jitter. It is well known
that the Raman transition linewidth for weak,
copropagating laser fields is primarily deter-
mined by the decay rates of the long-lived
states 1 and 3. Therefore, the linewidth is
set by the transit time. To achieve an effec-
tively long transit time and a very narrow
linewidth, Ramsey’s technique of separated
field excitation is used (figure 1b). Figure 1c
shows a typical Raman-Ramsey fringe
pattern obtained with a sodium beam and a
dye laser. The central fringe linewidth in this
data is 2.3 kHz, which is consistent with the

transit time. The Raman clock is simply a
microwave oscillator stabilized to the central
Raman-Ramsey fringe.

1.1.1 Ramsey Fringes in a Cesium
Beam Using a Semiconductor Laser

Recently, we observed an ultra-narrow, 1
kHz (FWHM) wide Raman-Ramsey fringe in
a cesium atomic beam with a 15 cm inter-
action zone separation and semiconductor
laser with a free running linewidth of 20
MHz. Our observation showed us that it
might be possible to develop a smaller,
simpler, and less expensive clock based on
the resonance Raman effect in cesium with a
semiconductor laser.

The signal to noise ratio of the observed
Ramsey fringes, shown in figure 2, is about
400 : 1 for a 1 second time constant. This is
about ten times smaller than the shot noise
limit expected for the present setup. The
large fluorescence background and the
fluorescence intensity fluctuations caused by
the large degree of laser frequency jitter are
the primary causes of the lower signal to
noise ratio. Semiconductor lasers, which use
optical feedback techniques and with fre-
quency jitters on the order of 1 MHz, could
reduce intensity fluctuations. To minimize
the fluorescence background, we will shield
the interaction region magnetically so that
the m = 0, Am = 0 Ramsey fringe will be
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Figure 1. (a) Schematic of stimulated resonance
Raman transition, y; is the linewidth of the intermediate
state. (b) Schematic configuration of the separated
fields Raman interaction. (c) A typical Raman-Ramsey
fringe pattern. T is the transit time in the separated
fields interaction.

centered in a dip in the fluorescence. This
dip is produced by several overlapping single
zone Raman transitions between different m
levels in a manner similar to the way it is
produced in the sodium system. If we
assume shot-noise limited detection, the
fractional frequency stability would be 3 x
10-"/t2,  This would compare well with
commercially available cesium clocks. The
signal to noise ratio could be improved
further by increasing the atomic beam
throughtput, a practice which is currently
being studied in optically pumped cesium
clocks.
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Figure 2. Raman-Ramsey fringes in a cesium atomic
beam, obtained using a semiconductor laser with a free
running linewidth of 20 MHz. The linewidth (FWHM)
is 1 kHz, consistent with the transit time for a 15 c¢m
zone separation and a 200 degree C oven temperature.
The signal to noise ratio is 400.

1.1.2 Error Sources in a Sodium
Raman Clock

Some of the error sources in a Raman clock
are similar to those found in microwave
clocks and include the effects of shifting
path length, external magnetic fields, back-
ground slope, atomic beam misalignment,
and second-order Doppler. Other sources of
errors are unique to the Raman clock and
include laser frequency detuning, laser inten-
sity changes, optical pumping variations,
laser beam misalignment, optical atomic
recoil, and the presence of nearby hyperfine
levels.

1.1.3 AC-Stark Shifts in a Two-Zone
Raman Interaction

Our expanded study of laser detuning effects
(common mode) include other effects in
addition to those from optical resonance that
might occur, for example, because of misa-
lignment of beams. This detuning causes the
fringe minimum to shift in frequency as a
manifestation of the AC-Stark effect. Previ-
ously, we performed preliminary theoretical
and experimental investigations into the
results from this effect. We found that the
shift depends on the amount of detuning, the
laser intensity, and the population difference
between the ground levels before the inter-
action began.

We extended our investigations of the
AC-Stark shift to consider the effects of laser
intensity in greater detail and also to deter-



mine the role of Zeeman sublevels. For
example, we found experimentally that the
AC-Stark shift is almost insensitive to the
variation of the ratio of the intensities of the
laser fields at the two frequencies as long as
the sum of the intensities remains
unchanged. When the theoretical expression
for the AC-Stark shift was extended to
include the case of unequal intensities, the
degree of insensitivity was predicted correctly
(figure 3). This observation is unexpected
when the three level system is considered to
be two independent two-level systems.

We also predicted theoretically that the
AC-Stark shift does not depend strongly on
the exact laser intensity profile as long as the
time integrated intensity experienced by the
moving atom remains unchanged. In a two
level system, this would be analogous to the
equivalent, for example, of two n pulses of
different shapes, where = is the time intergral
of the square root of the laser intensity (in
units of Rabi frequency) as experienced by
the atom. This predicted insensitivity to laser
profile has been verified experimentally
(figure 4).

Finally, we have augmented the theory of the
Raman interaction in an ideal three level
system to account for the effects of the addi-
tional Zeeman sublevels. We have accounted
for these effects to first order by introducing
effective within-system decay rates to the
closed three level system equations. Such an
augmented anomalous has successfully pre-
dicted an experimentally observed anomalous
slope reversal in the AC-Stark shift as a func-
tion of detuning.

The slope reversal mentioned above can be
achieved by varying laser intensity or the
initial population difference between the
ground states. This implies that for a set of
values of these parameters, the slope
becomes small. Figure 5a shows a high
resolution experimental plot of the AC-Stark
shift versus laser detuning obtained under
conditions that are experimentally determined
to minimize the slope of the AC-Stark shift.
This data is shot noise limited and was
obtained with an averaging time of 1 sec. As
can be seen, the AC-Stark shift is less than
the noise over a laser detuning of +0.2y,
where 7, is the linewidth of the intermediate
level. In comparison, figure bb shows the
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Figure 3. lllustration of insensitivity of AC-Stark shift
to differences in Rabi frequencies. (Top trace) Data
showing AC-Stark shift for unequal Rabi frequencies,
| Q2/Q2 |2 = 2. (Middle trace) Theoretical AC-Stark
shift for |Q2/Q|>=2. (Bottom trace) Theoretical
AC-Stark shift for |Qx|=]|Q2} but the same
(1922 + | Q2 ). Here, Q1 and Q; are the Rabi frequen-
cies corresponding to the 1-2 and 3-2 transitions,
respectively. & is the common mode _laser detuning,
and ¢ is the AC-Stark shift, where ¢ = i;— corresponds

to a shift of half the linewidth (FWHM) of the Ramsey
fringe. .
theoretical AC-Stark shift under experimental
conditions in which the effective within-
system decay rates have been used as a free
parameter to produce the flattest trace. Good
agreement between theory and experiment is
clearly achieved when the effect of the
Zeeman sublevels is taken into account by
this one parameter fit.

It should be noted that the suppressed
AC-Stark shift of figure 6 (clock stability of
better than 2 x 10" for a laser detuning of
0.01 y, is still preliminary and does not repre-
sent the ultimate achievable clock perform-
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Figure 4. lllustration of insensitivity of the AC-Stark
shift to the exact laser beam profile. First interaction
zone transit times, 1, are as indicated (Q27 remains con-
stant, where Q? is the average (squared) Rabi fre-
quency). Top traces are experimental, bottom traces
are theory.

ance. In the future, we plan to verify that the
AC-Stark shift could be further suppressed
by increasing the degree of Raman satu-
ration. This could be achieved by either
increasing the laser intensity, or by slowing
down the atoms (by cooling, for example).
In addition, numerical calculations are in
progress to identify the exact role played by
the Zeeman sublevels.

1.1.4 Reduction of Background
Slope Effects

Another important source of error is the
background slope of the Raman-Ramsey
fringe pattern. A variation in this slope,
which might occur due to a change in the
laser intensity, corresponds to a shift in the
clock frequency. One way to reduce this
effect is to use the third, instead of first, har-
monic of the modulation frequency in the
phase sensitive demodulation. In general,
third harmonic demodulation is accompanied
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Figure 5. High resolution Ac-Stark shift vs. laser

detuning: (a) Experimental trace for Q= 0.13y,,
(p11 — p33)/N = 0.7 (normalized initial population differ-
ence), and (b) Corresponding theoretical best fit, with
r = 0.27, where ' is the normalized difference of the
effective within-system decay rates.

by a reduction in the signal to noise ratio of
at least 3, thus reducing the short term sta-
bility. However, we have shown, exper-
imentally as well as through numerical
simulation, that for the case of Raman-
Ramsey fringes, the reduction in the signal to
noise ratio is less than a factor of 2 because
of the unique shape of the Ramsey fringe
pattern. Therefore, the resulting reduction in
the short term stability using the third har-
monic is much less than expected, and the
increase in the long term stability is pre-
served. Our experimental determination of
the amount of increase in the long term sta-
bility is in progress.
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