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Transverse optical bistability and formation of transverse structures
in a sodium-filled Fabry-Perot resonator
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We report the observation of transverse optical bistability (TOB) in a sodium-filled Fabry-Perot
resonator, pumped by circularly polarized light, nearly resonant with the D] line, in the presence of a
buffer gas, for low vapor density. A sequence of circularly symmetric patterns, ascribable to superposi-

tions of resonator modes, is obtained. The appearance of TOB can be explained in terms of a self-

induced intensity-dependent lens formed in the medium by the interaction with the laser light. A sim-

ple model that considers the transverse diffusion of the atoms inside the cell provides predictions in

good qualitative agreement with the observations.

PACS number(s): 42.65.Pc

The appearance of transverse structures in the radiation
field of lasers has been the subject of ever-increasing at-
tention in the past few years, and the understanding of
these phenomena has progressed rapidly because of the
experience accumulated in the previous decade on
transversally homogeneous systems. Substantial progress
has been recently made with the proof of the equivalence
between the theoretical description for the appearance of
spatially complex patterns in lasers and hydrodynamics
[I]. Very successful work in this field has already been
done both experimentally and theoretically [2,3], where
the structures have been interpreted in terms of a few
modes of the resonator. Work on passive optical systems,
instead, is not as developed. Experimental investigations
have either been conducted in cavityless systems [3],or in

resonators with a large number of excited modes [4]. The
latter studies, although well-suited for the study of optical
turbulence, are too complex for a modal analysis. The
reason for extending the investigations with few excited
modes to passive systems is to look for general properties
of pattern formation. Furthermore, passive systems offer
the advantage of permitting the excitation of selected
modes, thus allowing the study of the interactions under
controlled conditions. Indeed, in this respect optical sys-
tems, and in particular passive ones, may prove to be more
flexible than their hydrodynamical counterpart.

We report on an experiment conducted on a passive
nonlinear resonator where we excite only a few modes of
the empty cavity. Here we present only the simplest
structures observed, since they can best illustrate the basic
processes behind pattern formation in this optical system.
Further, we discuss a simple model where we generalize
the physical description of the traditional dispersive opti-
cal bistability to the spatially nonhomogeneous case, and
see how the radial dependence of the nonlinearity of the
medium gives rise to distinct nonlinear resonances for the
different transverse modes. The predictions of this model
are in good qualitative agreement with the observations.

In the experiment we use a Fabry-Perot resonator with
both mirrors having 93% reflectivity and 25 cm radius of
curvature. An intracavity windowless cell (inner diameter

12 mm), heated for a length of about 4 cm, contains the
sodium vapor. Typical atomic densities used are 10' to
10 3 atoms/cm, and a buffer gas, argon at 200 mbar, is

added. We experiment with a weak longitudinal mag-
netic-field component (-10 T) and well-compensated
transverse ones (residual field (10 T). A frequency-
stabilized cw ring dye laser, operating in single longitudi-
nal mode, pumps the vapor. The transverse profile of the
input beam has been controlled with an adjustable intra-
cavity aperture and the Gaussian beam has been cleaned,
after passing through an optical diode and an electro-optic
modulator, with a spatial filter, before reaching the reso-

nator. The filtered beam is mode matched, with two

lenses, to the empty resonator and passed through a circu-
lar polarizer. The maximum power at the resonator input
was about 120 mW. The transmitted beam was detected

by photodiodes and by a charge-coupled-device camera,
placed about six Rayleigh lengths away from the center of
the resonator, and connected to an image processing sys-

tem.
We experimented on both sides of the D~ line but re-

strict the discussion to the defocusing side, since a symme-

try between the two sides was observed, which we inter-
pret later. Here we report only the results obtained for
low atomic density (&5X10' atoms/cm ) in the detun-

ing range (6 = vL
—

vA, where L and A stand for laser and

atoms, respectively) between —10 and —70 G H z, where
dispersive effects are predominant. For the first experi-
ments we used a confocal resonator, because of the advan-
tage that it offers in having all the even transverse modes
frequency degenerate. In this way, we can immediately
see the influence of the nonlinear medium on the trans-
verse modes. We coupled, with "bad"-mode matching,
about 20k of the input power into the TEM~a mode [5], a
few percent into the TEMqg mode, with the TEMOO still
predominantly excited. In this case, we found the se-
quences of transverse patterns shown in Fig. 1. In the first
pattern, 1(a), the TEMtxt mode is predominant, whereas
in the second pattern, 1(b), the TEM~a mode predom-
inates, and in the third, 1(c), all three lowest-order modes
contribute approximately in the same amount. The super-
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FIG. l. Typical intensity patterns of the light transmitted by the nonlinear resonator. (a) Predominantly Gaussian mode (76%
TEMOO, 24% TEM ~0, tt = 1.7 rad); (b) predominantly first higher-order mode (35% TEMoo, 65% TEM ~p, 1S

= 1.8 rad); (c) nearly equal
contributions of first three modes (38% TEMoo, 35% TEMPO, 27% TEMPO, p 2.0 rad, 141=3.4 rad). The coefficients are the result of a

fit, performed on radial cuts, at the position of the camera and are given here for the intensity of the three modes. The relative phases

p and y are defined between the TEM]0 and TEMOO modes, and TEM20 and TEMOO modes, respectively.

position of the modes has been determined, in amplitude
and phase, by a least-squares fit on a radial cut for each of
the three patterns. Multiple hysteresis curves are dis-

played in Fig. 2. They are obtained by scanning the input

power for fixed detuning and detecting the transmitted
beam near the edge of the pattern for the fundamental
mode, where the sensitivity to the intensity changes with

spatial distribution is particularly high [(a), (b), and (c)
as in Fig. 1]. Figure 2 shows a new type of optical bista-
bility, called transverse optical bistability (TOB), which

was recently predicted [6]. Its signature is bistability be-
tween different transverse intensity distributions, not

necessarily corresponding to different output powers. For
low values of the sodium density ((5&10' atoms/cm3)
and for very careful alignment of the resonator this is the
basic sequence of patterns. The last distribution appears
only in a smaller parameter range, however, than the oth-

er two. For some parameter ranges we found that TOB
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FIG. 2. Intensity measured at the output of the resonator by
placing a photodiode at the edge of the pattern distribution (for
the Gaussian mode) during an input power scan, for frequency
detuning 6= —I9 6Hz and fixed cavity phase. The loops corre-
spond to the patterns identified in Fig. 1. The overshoot, and

subsequent crossing of the lines in the second hysteresis loop, are
a consequence of the input power scanning speed.

was replaced by a continuous evolution of one pattern into
another.

We now interpret these results on the basis of some in-

tuitive considerations, which will be justified later in the
description of the model. The interaction between the
nonlinear medium and quasiresonant light having a non-

homogeneous transverse distribution causes self-focusing
and self-defocusing of the incident beam [7]. The atoms,
oriented by the pump beam, diffuse toward the walls of
the cell, thus creating a radial gradient of orientation and
therefore a gradient in the index of refraction of the medi-
um. If we assume that this gradient may be approximated
as a parabolic profile, within the laser beam cross section
we have a self-induced, intensity dependent spherical lens

which changes the resonance properties of the resonator.
The transverse modes of the resonator experience different
amounts of Gouy phase shift [8] because of this lens and
their resonant frequencies are shifted one with respect to
another. The generation of the patterns in Fig. l is thus
controlled by the intracavity optical power, which deter-
mines the focal length of the lens and through it the rela-
tive shift of the resonances of the transverse modes.

These intuitive considerations can be theoretically for-
malized by extending a model successfully used to de-
scribe dispersive optical bistability in sodium vapor [9],
specialized to our case of no transverse magnetic-field
components. Indeed, we must only replace the decay of
the orientation, there assumed to be exponential [9], with

the diffusion of the oriented atoms away from the axis of
the cell to the wall, where their orientation is destroyed.

In order to obtain an analytical solution to the diffusion

problem we approximate the profile of the orientation to
the lowest order of a power-series expansion, i.e., with a
parabola. This approximation is not unreasonable, since it
needs to be valid only in the region of interaction between
the laser beam, which has a radius about 40 times smaller
than that of the cell, and the medium, which fills the cell.
As a matter of fact, measurements of the lensing effect
performed in the same range of parameters but without
resonator, have shown good qualitative agreement with

the calculated dependence of the laser beam parameter on

both incident power and detuning h, . Comparison between
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experimental and theoretical curves allows one to estimate
the power of this spherical lens to be in the range of some
tens of centimeters.

For the numerical simulations, we assume for simplicity
that only two modes of the resonator are excited: the
TEMoo and the TEM~o. The intracavity intensity, includ-
ing interference terms between the two modes (later
neglected because they do not make any qualitative
changes in the predictions), is calculated at the center of
the resonator, where the self-induced intensity dependent
"thin lens" is assumed to be. The phase shift, different for
the two modes, is explicitly calculated as a function of the
(weak) lens power using ABCD matrix methods. The
change in the finesse of the resonator due to residual ab-
sorption as a function of the vapor density and the detun-
ing between atomic line and laser frequency is also includ-
ed. Notice that in this model we use the set of modes of
the nonlinear resonator to decompose a pattern. This
choice is not standard and may not be generally applic-
able, but it offers the advantage of making the physical in-

terpretation much more straightforward.
Figure 3(a) shows the steady-state curves of the intra-

cavity power as a function of the resonator phase, calcu-
lated by the AUTO program [10], for negative detuning,
and where about 20% of the energy is coupled into the
TEM~o mode of the empty confocal configuration. The
left-hand side peak in the figure corresponds to the non-
linear resonance of the TEM~o mode and the right-hand
side peak to that of the TEMoo. This figure demonstrates
how the nonlinear interaction separates the two reso-
nances, breaking their degeneracy. Here we display the
integral transmitted power contained in the TEMoo mode
plus that in the TEM~o mode, with the latter contribution
multiplied by a factor of two for better graphical resolu-
tion. For comparison, Fig. 3(b) shows the result of an ex-

perimental phase scan, performed at constant input power
(detector near the edge of the pattern, as in Fig. 2). The
steady-state curve for the output power as a function of
the input power, for fixed resonator phase and under the
same conditions as Fig. 3(a), is shown in Fig. 4. In the
lower hysteresis loop the intensity distribution is nearly
that of a TEMOO mode, while in the upper loop the TEM )0
dominates, but is accompanied by a non-negligible
amount of TEMDO. The agreement with the experimental
results (Fig. 2) is quite satisfactory, since in the simula-
tions we have not allowed for the presence of a third
mode, to keep the numerics simpler.

The same calculations, when repeated for resonators
that are slightly longer or shorter than confocal, predict
that the parameter range in which TOB appears, for nega-
tive detuning, is broader in the shorter resonator and nar-
rower in the longer one. Experimental measurements in
nonconfocal resonators, where the deviation from the con-
focal cavity length amounts to about 4% in either direc-
tion, agree with this prediction. We can interpret this re-
sult by observing that the shift in the resonance frequen-
cies introduced by the length change in the shorter resona-
tor enhances the shift brought about by the nonlinear lens,
while it inhibits this effect in the longer resonator. On the
focusing side of the line the model predicts the opposite
occurrence, and the experimental results agree with this
prediction, although for positive detuning other effects
easily take place and the range of sodium densities avail-
able for investigation is quite restricted.

In the case of very small mode mismatch (- l% of the
energy is coupled into the TEM~o mode) and low sodium
density, no TOB is predicted by this model. Indeed, the
mode mismatch introduced by the change in effective cav-
ity length due to the nonlinearity alone is not large enough
to generate a switch to higher-order modes. Under corre-
sponding experimental conditions (( l% of the energy
coupled into the TEM~o mode and low sodium density)
TOB has not been observed, in agreement with the predic-
tion.
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FIG. 3. (a) Steady states of the equations calculated by
the AUTO program. Integrated output power P=P(TEMoo)
+2P(TEMPO) as a function of the cavity phase. The left-hand
side peak shows the nonlinear resonance of the TEMlp mode, the
right-hand side one that of the TEMpp mode. The dashed lines
identify the unstable regions of the steady-state curve. (b) In-
tensity measured at the edge of the pattern (as in Fig. 2) for a
cavity phase scan at constant input power. The peaks are the
resonances of the patterns of Fig. 1(b) (left) and Fig. I(a)
(right).

in
FIG. 4. The output power for a scan of the input po~er, from

a numerical integration of the model, for comparison with Fig.
2, in units of the threshold value of the input power for the first
switch. The first loop corresponds to the TEMpp while the
second corresponds to the TEM~p mode with a contribution by
the TEMpp mode.
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Before concluding, we mention the observation of the
following: patterns with intrinsically broken symmetry
for higher sodium densities ()5X 10' atoms/cm ), in-

tensity oscillations in the Gaussian mode, periodic rota-
tions of the asymmetric patterns, vortices, and other com-
plex structures. Investigation of these phenomena is

currently under way. A numerical study of the complete
model for the nonlinear Fabry-Perot resonator is being
carried out and already provides results in good qualita-
tive agreement with the experiment.
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