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Optical bistability by an atomic vapor in a focusing Fabry-Perot cavity
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We report experimental observations of dispersive- and absorptive-optical bistability due to saturation of the D,
line of atomic sodium in a tight-focused Fabry-Perot cavity. Under the conditions of large optical power broadening

and substantial collisional broadening by argon buffer gas used for part of the data, the sodium very nearly behaves

as a two-level homogeneously broadened absorber. It thus yields a test of the two-level mean-field optical-bistability

model. That model, including homogeneous broadening, fails to account quantitatively for the power levels and

power dependencies of the cavity transmission. In particular, this model predicts too rapid an onset of atomic

saturation with cavity power. In contrast, predictions of a two-level Giussian-field optical-bistability model for the

dependence of transmitted power as a function of laser power and frequency are confirmed by the experimental data.

However, there is a remaining discrepancy in the absolute value of the cavity power.

I. INTRODUCTION

A history and review of work in optical bistabil-
ity can be found in Refs. 1 and 2 and the references
therein. The topic has attracted considerable in-

terest since the first convincing demonstration by

Gibbs, McCall, and Venkatesan' of the existence
of more than one transmitting state for a Fabry-
Perot etalon containing a nonlinear dispersive and

absorptive medium. Much of this interest has been

theoretical, and the simple model developed by

Bonifacio and Lugiato' ' of two-level homogeneous-

ly broadened absorbers in a plane-wave ring op-
tical cavity has assumed an important role. How-

ever, of the optical-bistability experiments so
far, none has been primarily concerned with pro-
viding comparison with this simple model in which

the nonlinearity is due to saturation of a homogen-

eously broadened two-level transition. ' This com-
munication reports such a comparison, using an

atomic vapor in which the characteristics of the

absorber are well understood.
Our experiment resembles that of Gibbs et al. '

in utilizing the D, line of atomic sodium as the

absorber inside a Fabry-Perot etalon. However,

the emphasis is quite different in the two cases.
Their emphasis was on reporting observations of

dispersive-optical bistability under conditions

where hyperfine pumping between the ground state

p = 1 and 2 levels at low laser-power levels provided

nonlinearity in the index of refraction z. Absorp-
tive bistability was also seen, at the highest laser
powers, at one of the three frequencies where op-
tical pumping did not alter n. The relative import-
ance of two-level saturation versus optical pump-

ing in those observations is not discussed. In

contrast, the present experiment involves pre-

dominantly two-level saturation effects at high

laser powers.
We have utilized slow scanning of the laser fre-

quency to obtain the steady-state relations between

input and transmitted power. In part of the experi-
ment the laser was scanned across many widths

of the sodium transition, and there were many

narrow cavity resonances within the width of the

sodium transition. Other more rapid scans were
made across individual cavity resonances. In this
manner we have observed switching and hysteresis
for dispersive bistability off the atomic resonance
and absorptive bistability on resonance. In the

following we will first discuss the simpl. e model,
then the details and results of the experiments,
followed by comparisons to the model and our con-
clusions.

II. APPLICATION OF THE TWO-LEVEL MEAN-FIELD
HOMOGENEOUS MODEL

In the two-level, mean-field homogeneous (TMH)

model all absorbers are assumed to be two level,
to have the same resonant frequency, and to ex-
perience the same (mean) field, ""which requires
low single-pass absorption and high cavity finesse.
For small. laser-cavity detuning, this model
yields'" "the optical-bistability state equation

'=x' 1+ ~ +1+6 '+» )2l, ~ 1+6,

The physical meanings of the quantities are as
follows: y and x represent, respectively, the in-
cident and transmitted optical-field amplitudes;
the cooperativity factor C is a measure of the

strength of the coupling between the ensemble of

two-level absorbers and the cavity field; and ~
and P are proportional to the laser-frequency
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C =aFL/2v, (2)

where I. is the length of absorbers, E is the cavity
finesse (without absorbers}, and a is the unsat-
urated resonance absorption coefficient (A. 'M'/4wy~)

of the absorbers when Created as homogeneously
broadened two-level atoms with a radiative decay

I, a homogeneous half-width at half-height y~
= (I'/2)+ (y/2}, and a collisional-broadening rate

y of -20 MHz per Torr of Ar." The detuning A

detunings from, respectively, the two-level re-
sonance frequency and the nearest empty optical-
cavity resonance frequency.

Equation (1) was developed, without detunings

in Ref. 4 and with detunings in Refs. 5 and 11, for
an ideal-plane ring cavity in whii 4 the field am-
plitude was spatially constant. Tl., field amplitude

is not spatially constant in the present experi-
ments since there are large microscopic varia-
tions due to the standing waves in a linear cavity,
and, in addition, the absorbers are near the cen-
ter of a nearly spherical Fabry-Perot cavity,
where the field amplitude is Gaussian in the off-
axis dimensions as well as showing some variation
in the axial direction. These differences from the
single field-amplitude case will be discussed fur-
ther in Sec. V, in the context of comparisons be-
tween the experimental results and Eq. (1}. For
the purpose of applying the model we shall as-
sume that the field in the cavity is a constant
effective field, related in magnitude to the actual
field distribution as discussed below.

In the present experiment the mirrors have un-

equal ref lectivities and there are nonsaturable
losses in the mirrors and vacuum windows, but

this need not alter Eq. (1) if x and y are defined

in terms of the incident and transmitted fields
as follows (see Appendix A for details). The quan-
tity y is defined in terms of the (assumed constant)
effective cavity field that would be produced by the

input field if the cavity were empty of absorbers
and at resonance with respect to incident laser
light. Foll, owing Ref. 12, the numeri, cal value of

y is then defined as the ratio of this particular
effective cavity field amplitude to the saturation
field amplitude. (The latter is the effective cavity
field amplitude which when applied at the two-
level resonance frequency reduces the two-level
absorption by a factor of 2.) The quantity x is
defined in terms of the actual effective cavity

field under the conditions of the experiment, and

the numerical value of g is the ratio af this field
amplitude to the saturation field amplitude. This
cavity field times the output mirror transmission
coefficient is, of course, the transmitted field
amplitude (adjusted to take account of cavity fo-
cusing). With these definitions

is expressed in units of the homogeneous half-
width y~ for the unsaturated two-level absorption
coefficient, and p is in units of the empty cavity
resonance half-width, as, for example, in Ref. 5.

As described in Appendix A, the cavity gain,
beam-waist size, and output mirror transmission
must be measured in order to relate the axial cav-
ity field at the beam waist to the laser and trans-
mitted powers. The axial values of g and y are
then given by the ratio of the axial field (respec-
tively, with and without absorbers) to the satura-
tion field. The result of Eqs. (Al}-(A4) and the

experimental parameters are

BI'P

where P~ is the laser power and B=4500 for P~

expressed in mW. The mean-field value of y' at
the waist, defined in Appendix A, is one-half of
this value.

There are two experimental factors that reduce
the effective axial. field below this value. First,
the Na fills a length of -5 cm to each side of the
beam waist, while the Rayleigh length in which

the beam diameter increases by W is -3.4 cm.
This results in an average axial power of --,'that
at the waist. Next, not all of the l.aser power is
coupled into the axial mode of the cavity, result-
ing typically in a power reduction of -20$. The
effective axial value of y' is thus given by Eq. (3)
with B= 2400, and the effective mean-field value
is half the effective axial value.

One further factor can act to reduce the value of
y'. At a buffer gas pressure of -5 Torr, excita-
tion transfer occurs between the O'P, y, and O'P3/2

states at a rate comparable to I'. '4 Since the
O'P3~, and O'P, ~, states both radiate back to the

3 $y/2 state at the same rate and the mixing is
slow compared to 1" for buffer gas pressures
much smaller than 5 Torr, this excitation trans-
fer has a minor effect on our 0.'7-Torr data. For
our 80-Torr data, on the other hand, the O'P, (2
and O'P, ~, states quickly attain an approximately
statistical ratio, and we show in Appendix 8 that

in this high-pressure limit one retrieves effec-
tively two-l. evel saturation behavior with l.inearly
polarized excitation, but with x' and y' reduced
to —', of their values calculated without collisional
transfer. Thus, for our 80-Torr data we will use
Eq. (3) with B =1600 (effective axial value) or 800
(effective mean-field value).

By comparing g to b ' in the denominator of Eq.
(1), one notes that the effectiveness of detuning

depends on the laser intensity. This is essentially
power broadening, and it is clear that it can in-
troduce homogeneous character into an initially
inhomogeneous line. Specifically, for x'=a', we
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find that A vs' = Q„'y~/I', where Q„ is the Rabi fre-
quency and we will call 2b v~ the power-broadened
width of the line. This broadening mechanism
will, of course, be present to a different degree
before and after bistable switching, and indeed
its role cannot be separated from the switching
process itself in solutions of the bistability equa-
tions. Nonetheless, it is a quite valuable concept
when applied carefully and it can clarify the im-
portance of inhomogeneities in various features
of the observations.
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FIG. 1. Experimental arrangement.

HI. EXPERIMENT

In choosing a suitable system to test the above

model, we sought an atom with a homogeneously

broadened transition that can be represented as
two level, and for which there is sufficient laser
power to strongly saturate the transition. A

transition from J=-,' to J=-,' levels has been
shown" ' to behave formal. ly as two level under
steady linearly polarized excitation (see also Ap-

pendix B). We are, for these reasons, led to
employ the D, (3'S,~, —3'P,~,) transition of atomic
sodium. We have introduced Ar buffer gas to
homogeneously broaden the initially Doppl. er- and

hyperfine-broadened transition. The laser-power
requirements for saturating the transition then

must be kept in mind because the saturation inten-

sity scales as the homogeneous half-width (see,
e.g. , Ref. 4), and for this reason the Na vapor is
located at the waist region of a tight-focused near-
concentric cavity mode, matched to a cw dye la-
ser (see Fig. 1).

We have used a cavity constructed from mirrors
of 30-cm radius of curvature and with an optical
length of -59.2 cm, determined from the frequency
of off-axis modes, yielding an 80- p, m spot size at
the waist and a Rayleigh length of 3.4 cm. The

transmission coefficients of the input and output

mirrors are 1.4 and O. P&, respectively, and the

measured cavity finesse (observed far off the Na

resonance) is 55. The laser is isolated from the

cavity'and matched into the axial cavity mode. The

intracavity window and end mirror losses reduce
the cavity power gain (far off the Na resonance)
to 4.3. This value (obtained from transmitted
power with and without the entrance mirror) is

consistent, to within 1(P/p, with the value calculated
from the measured finesse and input mirror trans-
mission [Eqs. (A14) and (A15)j.

The Na vapor is expected to fill a total of -10
cm at the center of the cavity, and is confined by

Ar buffer gas (0.2-80 Torr) in a heated tube
(-150'C) with cold Brewster windows (Fig. 1).
This stainless-steel tube oven was designed for
use in a double heat-pipe mode at Na densities
near 1 Torr; consequently, at the lower Na den-

sities of these experiments the Na vapor distribu-
tion was somewhat uncertain. The consequences
of this uncertainty are discussed in Sec. V.

The intensity transmitted by the cavity was mea-
sured by a photomultiplier and recorded by either
of two methods. In the early stages of the experi-
ment the frequency sweep across the entire line

took minutes, the cavity length was stabilized to
a stable He-He laser, and the transmission was

recorded on an xy recorder. Later, to obtain

high powers the cavity length stablization was
removed, the laser was swept in a fraction of a
second, and oscilloscope traces of the cavity
transmission were photographed. The line center
is identified from the shape of the cavity trans-
mission peaks, so that pressure shifts are auto-
matically taken into account.

IV. SIGNIFICANCE OF OPTICAL PUMPING

Hyperfine optical-pumping transfer s population

between the two ground-state F levels of sodium,

and thereby changes the relative contributions to
the resonant optical absorption and index of re-
fraction arising from each of these partially re-
solved hyperfine transitions (see Ref. 3 for de-
tails). The relaxation time for restoring a statis-
tical ratio of E-state populations by collisions is
generally much longer than the 3P-state radiative
lifetime, so that optical-pumping effects normally
dominate over saturation effects at low powers.
For the following reasons the present experiments,
as opposed to those analyzed in Ref. 3, were car-
ried out under conditions where optical-pumping
effects were generally masked by saturation of

the 3$-3P transition.
(1) Owing to the approximate equality of the Na

Doppler width and hyperfine splitting, (hfs) the

change in index of refraction z resulting from hy-

perfine pumping is approximately 10% or less of

n —1, whereas saturation of the optical transition
causes up to 10(PO changes in yg —1. Thus, the

critical atom density for bistability based on sat-
uration is lower than for that based on pumping,

and densities between these will allow saturation
phenomena to be emphasized.

(2) If a small laser spot is used, each atom

spends a relatively small time in the illuminated
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region undergoing pumping, so that the optical-
pumping threshold powers are raised. In the pre-
sent experiment the beam dkzmeter is less than
200 p, m, averaged over the illuminated length of
the vapor, and for buffer gas pressures below 1
Torr the characteristic transit time is 25 excited-
state lifetimes. As -2 optical excitations are nec-
essary to transfer population between F levels,
there is only a factor of -12 between the character-
istic saturation power and optical-pumping power
under these circumstances.

(3} At higher buffer gas pressures (1-50 Torr),
the dwell time in the laser spot is longer, and
optical-pumping effects will show up in a low pow-
er regime separated from saturation effects. The
importance of optical pumping will then depend on
atom density as discussed in (1).

(4) At still higher buffer gas pressures (&50
Torr), I orentzian pressure broadening will reduce
the difference in absorption coefficients for dif-
ferent hyperfine components and will reduce the
change of refractive index with residual pumping
to less than 1$o of n —1.

(5) At high laser powers, the power broadening
of the optical transitions can greatly exceed the
Na hfs splitting, so that hyperfine pumping be-
comes unimportant. This broadening differs con-
siderably between the transmitting and nontrans-
mitting state of the cavity, and the need to include
Doppler as well as hyperfine inhomogeneous
broadening for the low transmitting state is then
an intrinsic complication of the theory. Nonethe-
less, power broadening can allow Fabry-Perot
transmission peak heights, and other phenomena
related to the high cavity-power conditions, to be
validly interpreted in terms of a single, homogen-
eously broadened two-level transition.

(6) Each hyperfine line is a Voigt profile, with
Lorentzian wings equivalent to those that would
result from all atoms centered at the resonant
frequency. The transition from Gaussian to Lor-
entzian wings off the entire absorption line occurs
at ( hv( = 5 GHz on either side of the centroid (or
closer if the line is collisionally broadened). Con-
sequently, for (av(z 5 GHz the fractional change
in n —1 due to optical pumping decreases as for
case (5).

(7) Absorptive bistability based on optical pump-
ing requires zero refractive-index change. None
of the three frequencies' at which this can result
from hyperfine pumping coincides with the cen-
troid of the line, where zero refractive-index
change based on saturation occurs. Bistability
at these frequencies based on optical pumping re-
quires higher laser power, and this will generally
cause some saturation and thereby some index of
refraction change. Thus, none of these three bi-

stable switchings can be classed as pure absorp-
tive.

V. RESULTS AND DISCUSSION

All results are in terms of power transmitted
by the cavity as a function of laser frequency for
fixed laser power Th. e results are given in four
parts as follows:

(A) In the first part, an overview, showing a
number of scans of the entire D, absorption l.ine,
as it appears probed by Fabry-Perot profiles, for
the various experimental regimes determined by
laser power and collisional broadening, is given.

(B) In the-second, examples of individual Fabry-
Perot profiles illustrating dispersive- and absorp-
tive-optical bistability are given. The emphasis
here is on the phenomenology of the switching and
hysteresis seen with frequency tuning.

(C} In the third, complete scans over the D,
absorption line are given, as for Sec. VA but
where the conditions are chosen to validate many
assumptions of the TMH model. Quantitative com-
parison between experiment and the predictions of
the TMH model are made.

(D) In the fourth, the data in Sec. VC are
compared to a model that accounts for the trans-
verse Gaussian power envelope of the fundamental
cavity mode.

A. Overview

The Dj absorption line is typically -3 GHz in
width, while individual Fabry-Perot profiles are
separated by a free spectral range of 250 MHz.
Thus, a scan across the entire Dy line will show
a number of cavity transmission peaks whose
height depends on the atomic absorption and whose
position depends on the atomic dispersion.

Figure 2 shows data at low buffer gas pres-
sure (0.7-Torr Ar, giving y =I'/2+y s, /2=12
MHz), low Na density (7x10' cm '), and two
laser powers (0.3 and 1 pW incident on the
cavity) The d.ata are presented as points at
the peak of each Fabry-Perot transmission
peak. The hfs associated with the &, line is
apparent. Hyperfine pumping is negligible in the
lower power curve (dots), due to the rapid transit-
time relaxation (-0.4 psec). From the data and
the known cavity finesse we obtain the optical
thickness (and hence o.L). If we assume the Na
is uniformly distributed over a 10-cm length,
this corresponds to an Na density, a factor of ap-
proximately 8 below that predicted by the equili-
brium vapor pressure at the cell heater tempera-
ture. Since thermal contact from the heater to
the Na was rather poor (see Sec. III) and sodium
evolution at the center of the cell diffuses toward
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FIG. 2. Transmitted cavity power as a function of
laser frequency for low laser power and low Na density
P& 10 cm ), illustrating the low power absorption
pro61e of the D~ line. The data are shown as Fabry-
Perot peak transmissions. Dots: laser power 0.3 pW,
Ar pressure 0.7 Torr; crosses: laser power 1 pW, Ar
pressure 0.7 Torr; triangles: laser power 1 pW, Ar
pressure 90 Torr. These data sets have been normal-
ized to indicate the same peak transmission signals in
the far wings.

the ends, this could easily occur. Also, at low

Na densities in an intermittently sealed-off cell,
as used here, the Na vapor pressure does not
necessarily attain its equilibrium value, even di-
rectly above the Na metal surface.

In order to obtain an estimate of eL at higher
cell temperatures, where most of the measure-
ments were taken, we assume that aL is propor-
tional to the Na vapor density at the heater temper-.
ature. In fact, analysis of this higher temperature
data provides best-fit values of aL that are con-
sistent with this assumption provided the Na den-
sity reduction from the equil. ibrium value is taken
as five (rather than eight}.

The crosses in Fig. 2 are taken under the same

conditions, except that the laser power has been
raised by a factor of -3 to 1 pW. These data have
been normalized in the far wings to the lower la-
ser-power data, so that the slight decrease in
absorption in the hyperfine l.ines can be seen. This
decrease is due to a small. amount of optical pump-
ing, and confirms that optical. pumping is very mi-
nor in the lower power data. The triangles in Fig.
2 were taken at the same l-p, W power but 90-Torr
Ar pressure. The diffusion time across the beam
is now about 500 radiative lifetimes, and the effect
of optical pumping and Lorentzian broadening is
evident in the absence of hyperfine structure. For
1-p, W laser power this transition to an optically
pumped line shape occurs at a few Torr Ar pres-
sure. By 90 Torr, the effect of collisional broad-
ening can be seen in the wings in Fig. 2 (2y~ =1600
MHz).

Figure 3 differs from Fig. 2 in that the laser
power (60 mW) and sodium atom density (9x10"
cm '}have both been substantially raised (C = 4.5
x10' here); however, the collisional-broadening
rate is still low, corresponding to 0.5 Torr Ar.
We note that the peak heights no longer show the
hyperfine structure; in this regime saturation
of the transition is the principal cause of cavity
transmission. In order to give some idea of the
amount of saturation we note that the expected
power broadening by the effective mean fiel.d for
the profile peaks is 4 GHz (full width) at larger
detunings, and 1 GHz (full width} for the central
peak. This effective mean field yields y =190 for
these data. The power broadening at the profile
peaks is sufficient to partially mask the inhomo-
geneous contributions to the structure, but hyper-
fine optica, l pumping still plays a role under these

auauktJaJ~ a~aJ JJJz&I I L LE Ll L LL I LI lr
I

-2

vL- vo (GHz)

FIG. 3. Transmitted cavity power as a function of laser frequency for Na density of 9.1 &10 cm and constant laser
power (60 m%), illustrating dispersive bistability. The Ar pressure is 0.5 Torr and the homogeneous width 2y~ is 20
MHz. The laser frequency is scanned from negative to positive detuning. Zero detuning is identified by the near sym-
metrical profile of small height.
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FIG. 4. Transmitted cavity power as a function of
laser frequency, illustrating strong bistability hysteresis
and effects of optical pumping. The Na density is 7.5
x10 cm . Open circles: laser power 210 mW, laser
frequency scanned ].eft to right, Ar pressure 4.7 Torr;
squares: laser power 230 mW, laser frequency scanned
right to left, Ar pressure 4.7 Torr; closed circles:
laser power 250 mW, laser frequency scanned right
to left, Ar pressure 2 Torr.

conditions. There is a residual asymmetry of the
peak-height distribution in Fig. 3 which has the
opposite sign to that due to hyperfine structure.
This is explained on the basis of optical-bistability
hysteresis. A further indicator for the presence
of optical. bistability is the marked asymmetry of
individual profiles in Fig. 3. Profiles in the nega-
tive detuning region have sharp steps on the

right, whereas profiles in the positive laser de-
tuning region have sharp steps on the left. (Zero
laser-atom detuning is identified with the nearly
symmetric profile of low height at the center. )

This bistability is dispersive in character, since
it arises principally through saturation of the
atomic sodium refractive index, which changes
toward unity as the cavity power rises. Absorp-
tive bistability is not seen in Fig. 3 (at zero laser
detuning}, nor is it expected for this strongly in-
homogeneously broadened regime. """ Note

that switching is seen in the region of the two de-
tunings (+1.4 and -1.0 GHz), where hyperfine op-
tical pumping does not alter the index of refrac-
tion. The switching at these tmo detunings is
clearly dispersive in character, and the smooth
behavior of the observed switching versus detuning
around these regions confirms that optical pumping
is largely masked by saturation for these experi-
mental conditions.

To indicate a regime-where optical pumping is
important, we show in Fig. 4 data taken at com-
parable sodium density (7.5x10" cm '), but higher
laser power (220 mW) and higher buffer gas pres-
sure (4.7 Torr), where the Na confinement time
is increased to -20 times the radiative lifetime.
Corresponding values of parameters are C = 700,

y = 150, and y~ = 52 MHz. Qptical-bistability hys-
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FIG. 5. Transmitted cavity power as a function of
laser frequency, illustrating broadening of the trans-
ition and decrease in saturation as Ar pressure is
raised. The Na density is 2x 10 cm and the laser
power is 26 m%. Ar pressure has the following values:
dots, 2 Torr; circles, 4 Torr; crosses, 10 Torr; tri-
angles, 22 Torr; pluses, 80 Torr.
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FIG. 6. Peak heights of transmitted cavity power as
a function of laser frequency illustrating onset of satur-
ation as laser power is increased. Na density 1.8x 10 ~

cm 3, Ar pressure 80 Torr.

50mW

teresis is, much greater in this figure than in Fig.
3. In the large detuning region (&4 GHz} the trans-
mission will be mainly due to saturation-based
dispersive bistability, since optical. -pumping ef-
fects are very small for these large detunings.
However, the region of small detuning (&2 GHz)
clearly reflects complex behavior which has to do
mith a combination of b g due to optical. pumping at
low cavity powers' and Ln of opposite sign due to
saturation at higher cavity power. The balance
between these as a function of detuning determines
the details of switching, which me mill not examine
quantitatively.

Qne way to achieve a single, homogeneous line
is to collisionally broaden the sodium D, line until
the broadened (homogeneous} width greatly ex-
ceeds the inhomogeneous width. Under these con-
ditions the nuclear and electronic angular momen-
ta are effectively decoupled and the transition
loses its hyperfine structure. Figure 5 illustrates
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FIG. 7. Dispersive-optical bistability of the trans-
mission peak at laser detuning at -1.65 GHz P'ig. 3),
observed with a 100-MHz up-down scan. Experimental
parameters are the same as for Fig. 3. (a) Oscilloscope
trace of transmitted cavity power as a function of laser-
frequency-drive voltage. (b) Trace corrected for laser
frequency&rive hysteresis. (c) Theoretical curve
[from Eq. g)J of x /y as a function of laser detuning

P from the empty cavity peak transmission. Parameters
are C =4.5x 10, y =65, and 4 =-165 at the profile max-
imum. The dotted portion of the proMe gives the un-
stable part of the analytic curve of x2/y2 vs Q.

the change in peak-height spectrum as the Ar pres-
sure is increased from 2 to 80 Torr (Na density
2x10" cm ', power 26 mW). The broadening of
the transition and a pressure shift are apparent.
Hyperfine pumping, which accounts for the ab-
sence of hyperfine structure in the lowest Ar pres-
sure data, is not expected to be predominant at
high pressures. Al.so, we see, as expected, that
the level of saturation decreases with increasing
Ar pressure (and hence y~}. The critical laser
power needed to obtain bistability is proportional
to y~, and we could not observe optical bistability
at Ar pressures much above 40 Torr (ye=400
MHz, full homogeneous width = 800 MHz) even at
our highest laser power. Consequently, to demon-
strate absorptive bistability we have used 20- and
45-Torr Ar, with the former yiel. ding y~ = 200
MHz and power broadening by the effective field
of 7 GHz for the unloaded cavity at cavity peaks.
These data are presented in Sec. VB.

Figure 6 shows transmission curves (peak-
height spectra) taken for various laser powers
at 80-Torr buffer gas pressure and for a value
of sodium density (1.8x10" cm ') for which the

vapor transmits at the highest power but is opaque
at lower power. The absence of hysteresis in
these curves confirms that optical bistability is
not achieved at the available power for this buffer
.gas pressure. The expected power broadening by
the effective mean field at profile peaks is 40 GHz
for the unloaded cavity and 130-mW laser power;
this becomes 6 GHz for the smallest peak-height
powers in Fig. 6. Optical-pumping effects on pro-
file peaks are quite small at this Na density and
with this degree of homogeneous broadening.
Thus, all of these peak heights can be considered
in terms of the TMH model and we will make a
quantitative comparison in Sec. VC.

B. Dispersive and absorptive transmission profiles

An expanded view of the dispersive bistability
profile at -1.65 GHz in Fig. 3 is shown in Fig. V.

The actual oscilloscope trace, taken with linear
up-down frequency sweeps, is shown in Fig. 7(a},
while Fig. 7(b) reproduces this trace with the
laser -frequency-drive hysteresis removed. The
remaining hysteresis is due to the bistability. In
Fig. 7(c) we show a (TMH-model) theoretical pro-
file obtained from Eq. (1) with C =4.5x10', y = 65,
p varied from -65 to -35, and 6 at profile peak
equal to -165. This value of C is obtained from
the known finesse and the Na density times L cal-
culated from the cell temperature as described in
Sec. VA. This 6 is obtained using ye=10 MHz,
half from the natural radiative decay and half from
collisional broadening. This particular detuning
(-1.65 GHz) is close to a frequency where optical
pumping causes no change in index of refraction,
but inhomogeneous broadening is still important
for these experimental conditions. A value of 65
has been chosen for y to optimize the fit to this
particular profile (different values of y would be
needed to fit other peak profiles). The effective-
mean-field y value [Eqs. (Al), (A5), and (A6)] is
190 at the beam waist; comparison of these y val-
ues is deferred to the conclusions section.

For Ar pressures &20 Torr, optical pumping
and hyperfine structure are sufficiently masked
by the homogeneous and power broadening so that
the line centroid can be identified from the position
of the only symmetric Fabry-Perot profile of low

peak height. The height of this central peak is also
independent of scan direction, when the bistability
threshold is exceeded, whereas the dispersively
bistable peaks on either side have unequal heights
due to hyst:ersis and these heights reverse with
scan direction. Thus, although Ar collisions shift
the line relative to isolated Na, the centroid of
this shifted line is easily identified. Wh'en the cav-
ity length is adjusted slightly to exactly center the
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Fabry-Perot pattern, the central peak profile is
determined essentially entirely by absorption.
(We remember that y~» empty cavity half-width. )
This central profile is non-Lorentzian, with the
distortion arising from nonlinearity in the D, ab-
sorption coefficient. The latter partially saturates
with increasing cavity power, allowing the cavity
power to further increase. When the feedback as-
sociated with these processes is sufficiently great
the cavity power becomes multiple valued and ab-
sorptive bistability results for the center peak.

Absorptive bistability is observed at 20- and 45-
Torr buffer gas pressures. Figure 8 shows oscil-
loscope traces of the central peak with 20-Torr
Ar and high laser power (135 mW). The two pro-
files are taken uhder virtually identical conditions;
the laser power for the profile on the left is just
above threshold for bistability, whereas for the
profile on the right (displaced on account af laser

drive hysteresis) the laser power is just below
threshold. Note the asymmetry in the slope on
either side of the larger peak; this is consistent
with expected switching hysteresis. Figure 8 also
shows for comparison theoretical profiles from
Eq. (1}for the cases C= 5, y'=37. 62 (just above
threshold), and C = 5, y' = 3V.61 (just below thres-
hold). However, this value of C, chosen for best
fit of the ratio of pedestal-to-peak height ratio, is
substantially different from the value expected
(C = 110}from the sodium density measurements
and buffer gas pressure. This "best-fit" value of

y (y —6) can be compared to the effective-field
value of 70 at the beam waist.

Discussion of these parameter comparisons is
deferred to the conclusions. Absorptive bistabil-
ity was also observed at 45-Torr Ar with -200-
mW laser power. This was observed as rapid
switching between a pedestal and an intensity some
15 times greater, with the switching transient too
rapid to expose the photograph. These data are not
reproduced here, as it is felt that small power fluc-
tuations in this critical threshold region cause
severe distortions in the data. The cell tempera-
ture yields t" = 70, and the effective-field value of

y is 50 for these data.
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C. Comparison with plane-wave theories

As noted in Sec. VA, for 80-Torr Ar the pres-
sure broadening (1.6 GHz) and expected power
broadening (6-40 GHz) at the Fabry-Perot peaks
reduce the Na D, transition to effectively a two-
level homogeneous line. The available laser power
is then below the level at which significant bista-
bility hysteresis is observable. According to the
TMH model, the Fabry-Perot profile peaks @~2

are given by Eq. (1), with p equal to 2Cb, /(1+6, '
+g') (this assumes, as is the case for the 80-Torr

IOO
I I I I I I I I I

LASER FREQUENCY

FIG. 8. Absorptive-optical bistability of the profile
at the center of the line at an Ar pressure of 20 Torr.
The sodium density is 4.5&&10 cm . At the top is an
oscilloscope trace of transmitted cavity power as a
function of laser frequency for constant incident power
(-135 m%). For the profile on the left, the sean is
right to left and the laser power is marginally above
threshold, while for the prof ile on the right the scan
is left to right and the laser power is marginally below
threshold. Below are theoretical profiles from Eq. (1),
with C =5. The profile on the left is drawn for y2 =37.62,
the one on the right has y2 =37.61, and 4 is zero at
profile maximum. The peak value of x /y is 0.32 for
the left and 0.04 for the right proQles. 'The dotted por-
tion of the profile gives the unstable portion of the an-
alytic curve of ~2/y2 vs P, while the solid line corre-
sponds to a right-to-left scan.
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FIG. 9. Experimental peak Fabry-Perot profile heights
(dots) from Fig. 6 compared with predictions from the
plane-wave envelope equations. Solid curves for Eq.
(4) and dashed curves for Eq. (5). 4 =10 corresponds
to approximately 8-GHz detoning.
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data, that da/dg«1):
2C2 g 2 1 + (4)

1+&2
2+@2 1+ 1— (5)

This is shown as a dashed curve in Fig. 9, where
a fit has been made to the data, again using C = 10,
but with a y' scale factor of B= 97 in Eq. (3). A

minor improvement and more gradual bistability
onset is obtained, but the data are still in severe
disagreement (in the region of small detuning where
bistability is expected from the model but does not
occur experimentally).

In an attempt to explore this failure we have
treated C as a free parameter (even though its
value is known), but we have been unable, with

either of the above models, to find any combina-
tion of fitted C and H that gives overall agreement.
(Although any one data set at constant laser
power may be fitted with a choice of C and B, the
values differ with laser power. )

D. Comparison with Gaussian wave theory

One of the most significant differences between
this experiment and the assumptions of the TMH

Predictions from this "envelope" equation are
compared with the data in Fig. 9. The value of
C used (C = 10) is obtained from Eq. (2) for the
experimental conditions, whereas the value of y'
is obtained from Eq. (3) using B=113. This B val-
ue is chosen to optimize the fit to the 130-rnW
data; it should be compared to the expected mean-
field value of around 800, based on the discussions
below Eq. (3).

This B scaling factor is constant in Fig. 9; the
proportionality of y' with laser power has been
preserved. We see from comparison of observed
and calculated profile heights that the TMH theory
with a constant scaling factor B fails even if the
value of B is adjusted to obtain a fit for one power,
i.e. , when the incident power is raised, saturation
on resonance is observed to set in more slowly
than predicted on the basis of the TMH model.

The presence of standing waves in the cavity is
known to have an effect on saturation of the two-
level transition. "" Followirig Ref. 18, we find
that within the mean-field limit and stationary
atom approximation

(i+~*+2*' ~ I
( 1+~2 )~~2 2

II

x (1+6 +2x j j
This yields the following envelope equation for
peak profile height:

500—

~ 400 —y =21.0
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FIG. 10. Experimental peak Fabry-Perot profile
heights (dots) from Fig. 6 compared with predictions
from the Gaussian wave, standing-wave envelope equa-
tion, Eq. (6). Na density is 1.8x10 cm, and Ar
pressure is 80 Torr. 4 =10 corresponds to approxi-
mately 8-GHz detuning.

(6)
The condition for small beam reshaping through
focusing or defocusing is given as 1-R& 3.5
x10 'L/z, For o.ur experiments L, /z, = 3, giving
1 -R s 10 which is approximately satisfied.
Therefore we shall apply Eq. (6) to our results.

In Fig. 10 we have plotted the same experimental
peak heights as in Fig. 9, and taking the expected
value of C =10, have chosen B= 540 to optimize
the fit of Eq. (6) to the data. This compares to
B=1550 for the axial fiel.d expected from the dis-
cussions below Eq. (3).

Agreement between the Gaussian model and the
experimental data for peak heights is seen to be
much better than was the case for the plane-wave
models (Fig. 9). The dominant feature of the
Gaussian model, compared to plane-wave models,
is the much less abrupt onset of saturation at line
center. with increasing laser intensity. This im-
plies that as shown in Ref. 22, absorptive bistabil-
ity occurs at larger values of the cooperativity C
than for the plane-wave case, and consequently the
threshold laser intensities are also raised. The

theory is the Gaussian transverse intensity dis-
tribution in our cavity. The expression for the
saturated coefficient will involve an averaging
over a range of values of x', and this should clear-
ly soften the onset of saturation. We now have
available a quantitative investigation of the effect
of the Gaussian power envelope in the regime
where self-focusing and defocusing are small. "
An independent calculation for the ring-cavity case
has also now been reported by Drummond. " The
equation for Fabry-Perot profile peak heights
from Ref. 22 is

+g2+2 2 )1/2 ) 2
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experimental uncertainty in B is estimated as
-50%, so that the factor of -3 discrepancy between
the actual and fitted axial y' is believed to be ex-
perimentally significant. Possible causes are the
effects on saturation of laser fluctuations' and
radiation trapping. " These are expected to be
small under our experimental conditions (laser
linewidth -1(@of cavity full width, Na density
2x10" cm '), but they have not been examined
in detail.

Qg
(yy }"

This can thus" be expressed as

y =Ecs/Es

where the saturation field is

(A4)

(A5}

lif ctime.
Finally the dimensionless input field y is de-

fined in terms of the axial. field as
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APPENDIX A

We adopt the viewpoint (Ref. 18) that atoms in
theFabry-Perot cavity are exposed to a field of
magnitude appropriate to the summed intensities
of the propagating and counter propagating waves
(i.e. , 2 'i' of the peak field of the standing wave).

For this axial. ly averaged intensity, the ampli-
tude E~ of the real axial sinusoidal field at the
waist W, of a cavity empty of absorbers and on
resonance with respect to linearly polarized laser
radiation of power Pi is

( 8@PI.
I, vW.'e~ ) (Al)

gs=dF /g, (A2)

where d is the dipole moment matrix element for
m transitions between the J=-2' lower and upper
states:

g3q 5
Sm'2y

Here A. is the D, wavelength and 7. the radiative

(A3)

where the cavity gain Q is the ratio of circulating
cavity power (i.e. , propagating in one direction}
to incident laser power, and we refer to the funda-
mental Gaussian mode of the cavity.

The Rabi frequency corresponding to this real.
sinusoidal field is

In the above /ii and yi are longitudinal and trans-
verse relaxation rates for the transition. In our
case

and

yi = 1'/2 +y/2 = T (1 + kP)/2, (A7)

where the constant k due to pressure broadening
is close to two for the Ar pressure P measured
in Torr."

The dimensionless transmitted field x is defined'
as

A0
( y )1/2 (A8)

where Q„ is the Rabi frequency encountered under
the conditions of the experiment when the cavity
contains absorbers and is not necessarily on res-
onance with respect to the laser. Since the cavity
axial field at the waist E~„under these conditions
is given by

Ec~ k&~/-

we can write x as

x=Ecw/Es.

(A9)

(A10}

Final. ly, x may be expressed in terms of the inten-
sity L~ transmitted by the cavity by using the re-
lation

81 ) I/2
(A11)

where T, is the transmission coefficient of the out-
put cavity mirror.

Equations (Al} and (A11}refer to the axial fields,
while the entire field at the waist varies as
exp( —r'/W02) in the off-axis dimension r. There
is an unavoidable ambiguity in deriving a mean
field for this intensity distribution, but we will
adopt the definition such that the mean field is
constant across a diameter SV, and the power in
the mean field is the same as that in the Gaussian
mode. The result is that the mean field is 2 ' '
times the axial field, and the parameters g and y
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of the mean-field model are 2 ' ' times the axial
values.

With the above expressions [Eqs. (2), (A5), and
(A10)] for C, y, and g, and under the constant
field approximation, Eq. (1) can be shown'8 to
apply to a linear focusing cavity with absorber
confined to length I, at the waist (size W,} region
provided the following limits apply.

The mean-field limit:

1 —(RiR2}' 'T-O,
nL-O,
aI, /(I R"R-""T)-~ i

where q is a finite number.
The finite detuning limit:

(A12)

((o„.„,—a),,„,,y )/(c/2I }-0, (A13)

(rul, , -ru, ,„,„)/[(I R, R2-'T)' '(c/2I)] Pi-
where p is a finite number. In the above R„R2 are
the reflectivities (which may be unequal) of the input
and output end mirrors, an intracavity loss (1 —T)
is included, and the cavity length is l. The empty
cavity gain and finesse are given by

G= (1 —R,)/(1 R', 'R', 'T-)' (A14)
and

p', (c) = -(r+-,'y, )p', (c) +-'.y, vYp,'(b),

P.(sb) = (-@~+y,)p', (sb)

+ '2~6[p', (b) —p,'(a)] .

(Blc)

(B1d)

In Eq. (B2), we have used the dimensionless quan-
tities

and

YL
(B3)

In Eqs. (Bl), the detuning aa& is ~~ —cv„d„ is
the reduced dipole matrix element between g and b

states (related to the matrix element d for v trans-
itions by 4 =d,~/W), yi is as defined previously,
and y, is the rate of collisional transfer from b to
c (assumed independent of Zeeman substates).
Detailed balance requires the reverse rate (c-b)
to be -~y, . [Factors of v 2 appear multiplying
p00(c) in Eqs. (B1) from normalization of p', (a),
p', (b), and po(c).]

Solving for the steady-state expression for the
optical coherence, we obtain

(2r/y, }'i'(a + i)x
(B2)1+n, '+x'(1+y, /r)/(I+ —', y, /r) '

y'=z(Rp, T) i /(I -R ~2R'i2T)

APPENDIX 8

(A15)
(d„/&6}E dE
k(ry }'i' R(y r)'i' ' (B4)

We suppose that laser radiation connects only
3'S,i, and 3'P, i, states (which we abbreviate g and

b, respectively). Collisional transfer between
3'P,i, and 3'P,i, (state c) and collisional broaden-
ing of the ab optical transition arise through Na-
buffer gas collisions. Hyperfine structure is ig-
nored, as discussed earlier.

Because of the spherical symmetry of the colli-
sional processes and radiative decay, it is appro-
priate to express the density matrix in terms of
irreducible tensor components pi(s), p~(b), p~(c)
for the g, b, c states, and p~(gb) for the ab optical
coherence. The relevant equations of motion for
s polarized excitation E costi f can be written (in
the rotating-wave approximation) with inhomogen-
eous broadening dominated by homogeneous broad-
ening and time dependence of the electric field re-
moved by transformation to the rotating frame":

p', (a) = rp', (b) +v 2 I'p', (c)

We note that Eq. (B4) is consistent with Eq. (A10),
provided E is understood to mean Ec„(the mean-
field amplitude experienced by atoms in the cavi-
ty).

Equation (B2) leads to the standard result for
the susceptibility for an equivalent two-state sys-
tem (see, e.g. , Ref. 10)

eC
X ~ ] +~2+g2 &

t

where

(B3)
i

x', = x'(I +y, /r)/(1 +-,'y, /r) . (B6)

This justifies the use of the two-state model for
our three-level case.

The effective saturation parameter, x„reduces
simply to x in the limit y, && I', where collisional
transfer can be ignored. At high buffer gas pxes-
sure, where y, » I', we find

—32~ [p', (ab) —p,"(ab)],

p'. (b) = (r+y&)p'. (b—)+ ky&~&p'. (c)

+gZ'~6 [p'.(sb) —po*(sb) ],

(Bla}

(Blb)

(a7)

Thus, the single consequence of rapid collisional
transfer between the P,i2 and P,i; states, which
occurs at the higher buffer gas pressures, is the
reduction of the value of B [Eq. (3)] to —', of its
previous value.
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