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Quantitative comparisons between experiment and theory for the steady-state characteristics in
optical bistability with two-state atoms are reported. Nonresonant conditions for both the cavity
and the atomic medium are investigated in two different cavity geometries (ring and standing
wave). The experiment fulfills to a very good degree the conditions that have been widely em-
ployed in theoretical models that consider a collection of two-state atoms interacting with a single

mode of the electromagnetic field in a cavity.

INTRODUCTION

The development of the theory of optical bistability
with two-state atoms over the last decade! focused very
early on the two distinct regimes of absorptive and
dispersive bistability. In the former case the atoms are
driven on resonance while in the latter they are driven
very far from resonance neglecting any absorption. Both
limits present hysteresis as a function of incident driving
intensity, but the physical origins of the hysteresis are
quite different. Atomic saturation in the absorptive case
can switch the cavity transmission from a low to a high
state, while the intensity-dependent index of refraction
shifts the cavity resonances for the dispersive case.
These models were fundamental in understanding the
pioneering experiments in the field.?

As time passed and more questions were asked, it be-
came clear that the transverse profile of the field and the
broadening mechanisms of the atomic medium play an
important part in modifying the threshold powers for
the onset and development of hysteresis.>®3® Then the
study of the dynamics* of the system with comparable
decay rates for the atomic polarization and the cavity
mode, keeping the absorptive and dispersive contribu-
tions, showed rich dynamical behavior."> Recent
analysis of the quantum statistics of the transmitted light
in the regime explored in this paper have shown oscilla-
tory exchange of excitation® and significant degrees of
squeezing in the lower branch of optical bistability.” ¥’

We have performed experiments in absorptive optical
bistability’®~7>® in a system that to a very good ap-
proximation is a collection of radiatively broadened
two-state atoms interacting with a single mode of a cavi-
ty. The system is well characterized and allows us to
make absolute comparisons with theory. We have ex-
tended our study to the nonresonant case when either
the cavity alone or both the atoms and the cavity are
driven off resonance in a regime where absorptive and
dispersive contributions are present. Results for those
cases are reported here and absolute comparisons with
theory made.
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EXPERIMENTAL APPARATUS

Our experimental apparatus (Fig. 1) consists of a set of
ten well-collimated optically prepumped atomic beams
of sodium which intersect the axis of a high-finesse inter-
ferometer at 90°.” The atoms are prepared’ in the
328, ,,, F=2,mp=2 state and are excited with circular-
ly polarized light to the 32P; ,,,F =3,mp=3 state of the
D, line. The measured absorption width of 13 MHz is
greater than the 10 MHz natural linewidth primarily be-
cause of transit broadening. Experiments are performed
using the following two distinct interferometer
geometries: confocal ring”®"® and out-of-confocal stand-
ing wave.”®) Both geometries are derived from a basic
resonator formed by two 1.27-cm-diam mirrors with a
5-cm radius of curvature. The separation of the mirrors
is 5.0 cm for the confocal ring, giving a free spectral
range (FSR) of 1.5 GHz, and 5.5 cm for the standing-
wave cavity with 2.7 GHz FSR. Both cavities have a
mode waist wy of approximately 69 um. Two different
sets of mirrors are used, one for the ring cavity only and
the other for both ring and standing-wave cavities. Ex-
periments reported here are all done using the second set
of mirrors with transmission coefficients
T,=T,=(3.0+0.1)x 1073, To measure the cavity loss
and enhancement we need the finesse F [FSR divided by
the fullwidth at half maximum (FWHM)] and the reso-
nant cavity transmission 7,.'® Their values are
To=(6.6+0.3)x 1072, F =263=*15 for the confocal ring
and T(;,=0.30£0.02, F =650£30 for the standing-wave
cavity. The incident laser is mode-matched to the fun-
damental TEMy, mode of the cavities with an efficiency
greater than 94%. The ring configuration is mode de-
generate while the standing-wave cavity has its first
higher-order transverse mode offset more than 30 cavity
linewidths from the fundamental TEMg, mode.

The excitation source for the cavity is a commercial
frequency and intensity stabilized cw dye laser with an
approximate rms linewidth of 500 kHz. The power
entering the cavity (P;) is measured by splitting a con-
stant fraction onto a photodiode calibrated to the power
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FIG. 1 Experimental setup. Three laser beams (fine shade)
intersect ten well-collimated atomic beams of sodium at 90°.
The first laser optically prepumps the atoms into the
3S,,,,F =2,mp =2 state of the D, line, with the fluorescence
(grainy shade) from one of the center beams (I,,) collected
onto a photomultiplier tube. The second laser (signal beam) is
mode matched to the cavity formed by mirrors M1 and M2.
The input power (P;) is measured by splitting a constant frac-
tion onto a photodiode while the output power (P,) transmit-
ted through the cavity is detected by a photomultiplier tube.
Further downstream the small-signal absorption is measured
with the monitor beam (P,,). The transverse dimensions of the
laser beams relative to the atomic beams are exaggerated in the
figure.

incident upon the cavity with an absolute accuracy of
+£5%. The output power transmitted (P,) through the
cavity is detected by a photomultiplier tube which is also
calibrated. Measurements of the small-signal absorption
a,,l are performed before each experiment and related to
the optical pumping fluorescence (/,,) and to another
small absorption signal measured downstream from the
cavity (P,,) (Fig. 1), in order to calibrate the intracavity
absorption during the experiment in terms of I,, and
pP,.

For the experiments the atomic density is varied grad-
ually while the input intensity is modulated at 50 Hz.
This rate is many orders of magnitude slower than any
of the dynamic rates of the system, thereby ensuring the
observation of steady-state behavior. The input-output
characteristics (P, versus P;) are continuously recorded.
For the off-resonant experiments, the laser is tuned away
from the atomic line center and the optical pumping
fluorescence, the line profile of which has been previous-
ly calibrated, is measured to determine the atomic detun-
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ing. An independent interferometer is continuously
scanned to provide further information on the laser de-
tuning with respect to the atomic line center. Care is
taken not to detune very far from the atomic resonance,
since that could reduce the efficiency of the optical
pumping. An intensity of 45 mW /cm? over a distance of
3 mm is used for optical pumping and the atomic detun-
ing is kept within £15 MHz of line center. Cavity de-
tuning is achieved by varying the voltage applied to a
piezoelectric crystal PZT which controls the position of
the input mirror of the cavity M1. The measurement of
the detuning is made by comparing the slope of the
input-output response high on the upper branch of the
bistable curve, where the atoms are saturated, with the
resonant empty cavity slope. It is a direct measurement
of the detuning, provided one is on a sufficiently high
section of the upper branch; it does not depend on detec-
tor calibrations. As a cross check for the cavity detun-
ing we monitor the voltage applied to the PZT when it is
on resonance and off resonance and compare these
values to the transmission-voltage characteristic of the
empty cavity. This technique provides knowledge of the
sign of the detuning. Good agreement is obtained be-
tween the values inferred from the two methods.

MODEL

Agrawal and Carmichael,!! among others,! carried out
an extensive study for nonresonant optical bistability.
Their model considered a medium of homogeneously
broadened two-level atoms in a Fabry-Perot interferome-
ter with plane waves and in the mean-field approxima-
tion. They explored the parameter dependence of the
hysteresis cycle and mapped it to create a global picture
of the five-dimensional parameter space. Drummond'?
included the Gaussian transverse profile in ring and
standing-wave cavities based on a fully quantized Hamil-
tonian using a semiclassical decorrelation. His state
equation relates Y (the normalized intracavity intensity
in the absence of the atomic medium) to X (the normal-
ized intracavity intensity in the presence of atoms) as a
function of the cooperativity parameter C (one-half the
ratio of atomic loss to cavity loss), atomic detuning A
(measured in units of the polarization decay rate y)),
and cavity detuning © (measured in units of the cavity
decay rate «). The state equation is derived assuming
Lorentzian homogeneous broadening and arbitrary inho-
mogeneous broadening. For comparison with our exper-
imental results it is necessary to take into account the
main broadening mechanism in our system, which is the
transit of atoms through the Gaussian beam, that falls
into neither category. An atom with the most probable
speed crosses the beam 2w, in approximately 12 radia-
tive lifetimes. For the work in absorptive bistability’'®’ a
detailed calculation involving the numerical integration
of the Maxwell-Bloch equations was carried out. We
have shown® that the difference between the full calcula-
tion and a simple approximation of transit broadening as
a homogeneous process is less than 10% for the input
switching point in the lower branch and 3% for the in-
put switching point in the upper branch of absorptive bi-
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stability in our experiment. Calculations taking nonzero
A and O into account show approximately the same de-
gree of agreement with the homogeneous treatment as
the resonant absorptive case. Thus comparisons with
theory are made using Drummond’s state equation
modifying y,/27 from 5 MHz (purely radiative) to 6.2
MHz (homogeneous treatment of transit broadening) and
the saturation intensity (I,) from 6.4 to 7.3 mW/cm’.
We neglect the remnant Doppler broadening due to
finite collimation.

With this motivation we take the state equation for
the ring cavity to be [Ref. 12, Eq. (9)]

C 2X
Y=X|14—In |1+
X 1+A?
2
CA 2X
+X|6——In |1+ (1a)
X 1+A? ]

and for the standing-wave cavity [Ref. 12, Eq. (10)]
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where f=1 and f,=1 for the ring cavity, while f|=3
and f,=1 for the standing-wave cavity; @; is the fre-
quency of the driving field, w, is the resonant frequency
of the atoms, and w, is the nearest resonant frequency of
the cavity with respect to the driving field.

RESULTS

Figure 2 presents the ratio R=Y,/Y, of input
switching points (Y, where the system jumps from the
lower to the upper branch and Y,; where it switches
back down to the lower branch) for the ring cavity as a
function of cavity detuning in the case of atomic reso-
nance (A=0). Note that R is independent of systematic
errors in the calibration of input intensity. For this set
of data, systematic problems in the experiment prevent
us from making an absolute comparison with theory of
the scaled input switching intensities (Y,Y,); however,
the input ratio scales well with the cooperativity C in the
absorptive case. The value of C directly determined us-
ing Eq. (2) with measured quantities is 15+1.5 and
agrees well (within our £10% systematic uncertainty)
with the value of C determined from the ratio R in reso-
nant absorptive bistability, which is used to generate the
solid curve from Eq. (1a).

Figure 3 presents a detailed comparison of the nor-
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FIG. 2. Ratio R of input switching intensities Y,/Y, as a
function of cavity detuning © for A=0 and C =16 in the ring
cavity. The solid line is the theoretical prediction from Eq.
(1a) without adjustment.

malized input switching intensities as a function of cavi-
ty detuning © for the standing-wave cavity. All values
are measured quantities with a systematic uncertainty of
+20% in Y and £10% in C. The value of C to generate
the solid curve from Eq. (1b) was determined as in Fig.
2. For comparison using Eq. (2) and measured quanti-
ties, we find C =16+1.6. The theoretical predictions
from Eq. (1b) of Y are scaled by 0.91 to obtain the best
agreement at the resonant point © =0.

The role of atomic detuning is explored in Figs. 4 and
5. Both figures present absolute comparisons of the in-
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FIG. 3. Normalized input switching intensities Y; (rhombs)
and Y, (dots) for the standing-wave cavity as a function of cav-
ity detuning © with no atomic detuning A=0 and C =15. The
solid line is the theoretical prediction for Y scaled down by a
factor of 0.91, which is within our experimental uncertainties.
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FIG. 4. Normalized input switching intensities Y; (rhombs)
and Y, (dots) (£20%) for the standing-wave cavity as a func-
tion of cavity detuning © with atomic detuning A= —2+0.2
and C =15. The lines represent the theoretical prediction with
Y scaled down by 0.91, a factor within our experimental uncer-
tainty.

put switching points (£20% in Fig. 4 and +10% in Fig.
5) as a function of cavity detuning (+10%) for fixed
atomic detuning. The data are from experiments with
the standing-wave cavity. In Fig. 4 the value of C =15
for the solid curve was determined by matching C to the
ratio of input switching points in the absorptive case
while we find C =16+1.6 from measured quantities and
Eq. (2). The normalized switching points Y obtained
from Eq. (1b) are scaled by 0.91. This factor brings the
experiment into agreement with the theory in the ab-
sorptive case and is within our experimental uncertainty.
Figure 5 has no scaling in Y and the value of C is that
determined directly from measured quantities and Eq.
(2). Equation (1b) was used to calculate the solid curve.
Finally, Fig. 6 presents another ‘“phase diagram” for
the limits of hysteresis in the (6, C) plane for fixed atom-
ic detuning in the ring cavity. Our systematic uncertain-
ties in C and © are £10%. The theoretical curve is
directly determined from Eq. (1a) without any scaling.

CONCLUSIONS

We have explored in quantitative detail the parameter
space of optical bistability with two-state atoms when
both the cavity and atoms are driven off resonance and
both absorptive and dispersive nonlinearities are present.
The observations are in two different cavity geometries.
The first is a ring configuration which is intrinsically
mode degenerate and the second is an out-of-confocal
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FIG. 5. Normalized input switching intensities Y, (squares)
and Y, (triangles) (*£10%) for atomic detuning with
A=1.0£0.2 and C =72+7 as a function of cavity detuning ©
for the standing-wave cavity. The solid lines are theoretical
predictions without adjustment.
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FIG. 6. Phase diagram for hysteresis in the (C,0) plane for
atomic detuning A= —0.75%0.25 in the ring cavity. Both
scales have overall uncertainties of +10%. The data points
limit the existence of bistability as one detunes the cavity away
from resonance. The curve represents the theoretical predic-
tion without adjustment.
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standing-wave cavity which should be a single-mode cav-
ity both with respect to longitudinal and transverse
modes. The agreement in absolute terms with a theory
of homogeneously broadened two-level atoms in a
single-mode cavity is good within our experimental un-
certainties. The results show that the mode degeneracy
of the confocal resonator does not affect the good quan-
titative agreement with theory when the atomic and cav-
ity detunings are kept small. For higher detunings we
have observed transverse mode switching on the upper
branch of the hysteresis curve when the product AO is
positive in the confocal resonator.

The curves we have presented represent ‘“‘phase dia-
grams” obtained by different cuts in the parameter space
of the surface defined by the state equation. This experi-
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ment provides a foundation for future absolute compar-
isons between experiment and theory in studies of quan-
tum phenomena in off-resonant optical bistability.
Furthermore, it represents one of a very few experiments
to have made absolute contact with theory in studies of
the critical behavior of nonequilibrium optical systems.
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