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Polarization Bistability of Counterpropagating Laser Beams
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We have observed bistability in the states of polarization of laser beams counterpropagating through
sodium vapor. No external feedback is provided; the beams interact solely through four-wave mixing

processes.
PACS numbers: 42.50.Tj, 42.50.Qg, 42.65.Pc

There has been continued interest in optical systems
that can possess more than one output state for a given
input state. Optical bistability was first proposed
theoretically by Szoke et al.,! observed experimentally
by Gibbs, McCall, and Venkatesan,? and has been the
subject of extensive theoretical and experimental investi-
gation.> Most bistable optical devices operate by means
of the combined action of nonlinearity and optical feed-
back, the feedback typically being provided externally by
an optical resonator. However, there has been consider-
able interest in systems that can show optical bistability
without the need for external feedback. For example, it
has been proposed that reflection at an interface between
a linear and nonlinear medium can display optical bista-
bility.* Optical bistability due to mutually induced self-
focusing by interacting laser beams has also been pre-
dicted.® In addition, recent work has shown that intrin-
sic optical bistability can occur for a material system in
which the absorption increases with increasing degree of
excitation.® Also, an early treatment’ of four-wave mix-
ing in the standard geometry of optical phase conjuga-
tion predicted that the phase-conjugate reflectivity could
display bistability and hysteresis for cases in which the
four interacting waves have comparable intensities.

In this Letter, we show experimentally that optical bi-
stability can occur due solely to the mutual interaction of
two collimated, counterpropagating beams of light. In
this case, both the nonlinear coupling and the feedback
occur as a result of four-wave mixing processes. We
model this interaction theoretically by assuming that the
counterpropagating waves interact in an isotropic medi-
um by means of a nonlinear polarization which we ex-
press as P,-=ij,-{;E 7, where the field-dependent suscep-
tibility is given by
zij=(A— +B)(E-E*)8;+ + B(E,E}+EFE;), (la)
where A=6y112(—w,0,0,—®) and B=6y2(—o,
©,0,— ). Here E=Ee**+Eye ~*** where E; and E;
denote the slowly varying complex amplitudes of the
forward- and backward-going waves, respectively. Be-
cause of the coupling described by Eq. (1a), these field
amplitudes obey a reduced wave equation of the form

Efb=x27ik 3, [y EL b+ 42BN
j
(1b)

where Zi(jo) and Zi(ji 2) denote the dc and = 2k spatial

Fourier components of y;;, respectively, and where we
take the + (—) sign for the forward (backward) wave.
Lytel’ and Kaplan and Law'®© have found that the
steady-state solution to this set of equations can be mul-
tivalued. We have solved Egs. (1) numerically in order
to determine the time dependence of the field ampli-
tudes, and we find that this set of equations can display
bistability and hysteresis. An example is shown in Fig.
1, where we treat the case of two beams with linear and
nearly parallel input polarizations counterpropagating in
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FIG. 1. Prediction of hysteretic bistability in the polariza-
tions of counterpropagating laser beams. (a) The time depen-
dence of the input intensity of the forward-going wave, which
is taken to be x polarized. (b) The time dependence of the in-
put intensity of the backward-going wave, which is taken to be
linearly polarized at an angle of 0.1 rad with respect to the x
axis. (c) The predicted time dependence of the intensity asso-
ciated with the y component of the transmitted forward-going
wave, illustrating bistability. The intensities are plotted in
units of n2xck(4+ B/2)L, where L is the length of the medi-
um.
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a nonlinear medium for which the ratio B/ A is equal to
1. We similarly find that polarization bistability is pre-
dicted for any positive value of the ratio B/4.!! Gaeta et
al.'? have shown previously that in some cases the
steady-state solution to the set of equations (1) is unsta-
ble to the growth of temporal instabilities and that these
instabilities can lead to chaotic fluctuations in the states
of polarization of the transmitted laser beams. Such
chaotic fluctuations were recently observed by our-
selves.!> However, optical bistability due solely to the
mutual interaction of two counterpropagating laser
beams has not previously been observed.

The experimental setup we used to observe optical bi-
stability with counterpropagating laser beams is shown
schematically in Fig. 2(a). The output of a cw, single-
mode ring dye laser with a linewidth of less than 1 MHz
is passed through a Faraday isolator and is split into two
beams which counterpropagate through a 4-cm-long cell
containing sodium vapor. The beams are collimated
with diameters of 0.75 mm. Polarizing beam splitters
are used to ensure that the beams are linearly polarized
with nearly parallel polarizations at the entrance win-
dows of the cell. These beam splitters also analyze the
transmitted beams and divert any light generated within
the cell in the orthogonal-polarization component into
our detection equipment. The sodium-vapor cell is heat-
ed by hot flowing oil to a temperature of up to 260°C.
We used this procedure to prevent the generation of
magnetic fields that would be produced by electrical
heating elements. Through use of Helmholtz coils, we
canceled the ambient magnetic field to prevent the oc-
currence of magnetically induced instabilities.'* All op-
tical components were used at non-normal incidence to
prevent external feedback; polarization optical multista-
bility in sodium vapor induced by external feedback has
been studied previously.'> In all cases, the beam intensi-
ties were kept well below the threshold for plasma for-
mation to prevent the occurrence of single beam bistabil-
ity due to this effect.'®

The laser-frequency dependence of the power emitted
in the orthogonal-polarization component as the laser
frequency is scanned (from low to high frequency)
through the D resonance line of sodium is shown in Fig.
2(b) for the case in which each input beam had a power
of 46 mW and the atomic number density was 1.6x 10"
cm 73, The four tick marks indicate the positions of the
four hyperfine components of the transition. For the
case of the central feature (labeled C) the radiation gen-
erated in the orthogonal-polarization component is at the
same frequency as the laser. When the laser is tuned to
the low-frequency side of resonance (the feature labeled
L) the emitted radiation is primarily at the Stokes side-
band (i.e., shifted downward from the laser frequency by
1.8 GHz, which is the hyperfine splitting of the electron-
ic ground state); a small amount of radiation is also
present at the anti-Stokes and laser frequencies. For the
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FIG. 2. (a) Experimental setup used to observe cavityless
optical bistability in sodium vapor. The power emitted in the
polarization component orthogonal to that of the input waves is
measured as a function of the power of the backward beam,
which is ramped using an acousto-optic modulator (AOM).
(b) The time-averaged power of the generated radiation is
shown as a function of the laser frequency for a number densi-
ty of 1.6x 10" atomscm ™3, a buffer gas pressure of 15 mTorr,
and Py =P, =46 mW. The four tick marks on the horizontal
axis, labeled 1-4, indicate the positions of the
(F=2)— (F=1), (F=2)— (F=2), (F=1)— (F=1), and
(F=1)— (F=2) hyperfine components of the 3S12— 3F 12
sodium transition, respectively. (c) The radiation patterns of
the light emitted in the orthogonal-polarization component are
shown for the low-frequency (L), central-frequency (C), and
high-frequency (H) detuning of the laser.

feature at the high-frequency side of resonance (labeled
H) most of the emitted radiation is at the anti-Stokes
frequency, and a small amount of power is emitted at the
Stokes and laser frequencies. These observations demon-
strate that significant optical pumping of the ground-
state hyperfine levels can occur and that stimulated Ra-
man scattering plays a key role in the nonlinear coupling
of the two leaser beams.

Figure 2(c) shows the radiation patterns of the emis-
sion in the orthogonal-polarization component for each
of the features shown in Fig. 2(b). For the case of low-
frequency excitation (L) the radiation is emitted on axis,
for the case of central excitation (C) the radiation is
emitted in a four-lobed structure,'” and for the case of
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high-frequency excitation (H) the radiation is emitted in
the form of a cone surrounding the transmitted laser
beam. These results show that the four-wave mixing
process is influenced by phase-matching effects modified
by the nonlinear refractive index of the medium. Coni-
cal emission is observed only for the case of detuning to
the high-frequency side of resonance; in this case the
nonlinear refractive index is positive, which is the condi-
tion under which theory predicts that the radiation
should be emitted in a cone.'® The orientation of the ra-
diation pattern for the case of central tuning is observed
to drift in a characteristic time of tens of seconds. The
surprisingly long time scale of these fluctuations is
perhaps due to the long relaxation time of the optically
pumped hyperfine levels of the electronic ground state.

We have observed bistability and hysteresis in the po-
larizations of the transmitted laser beams for both high-
and low-frequency detuning of the laser. Figure 3 shows
plots of the power P, contained in the transmitted for-
ward beam in the polarization component orthogonal to
that of the input beams as the power P, in the backward
beam is ramped slowly up and down between 5 and 16
mW. The incident power in the forward beam is held
fixed at 74 mW, and the laser is detuned 730 MHz to
the high-frequency side of the highest frequency
(F=1— F=2) hyperfine component of the D; transi-
tion. In Fig. 3(a), obtained using a number density of
1.6x10'3 c¢m 73, the system shows a single hysteresis
loop. As the power of the backward beam is increased,
the polarization of the forward beam retains its initial
state until the power reaches the value of 12.5 mW, at
which point the polarization switches abruptly to a
different value, leading to the generation of approximate-
ly 0.5 mW in the orthogonal polarization. The power P
continues to increase as Pj is increased further. When
the power P, is slowly decreased, the system remains on
the upper branch until P, reaches the value 6.5 mW, at
which point the polarization of the transmitted forward
wave switches abruptly to that of the incident wave. In
obtaining this plot, P, was ramped in a time of 1 msec.
We have observed that the shapes of these curves do not
change for ramping times as short as 1 usec or as long as
10 sec. Figure 3(b) shows the behavior for slightly
higher atomic number density (1.9x10'* cm ~3), where
the nonlinear coupling is larger. In this case two stable
hysteresis loops are present. Figure 3(c) shows the be-
havior for the case of a still higher number density of
2.6x10" cm 3. In this case a single hysteresis loop is
observed at low intensities, and the system displays dy-
namic instabilities for intensities higher than 10 mW.

In summary, we have observed bistability and hys-
teresis in the states of polarization of counterpropagating
light waves in a nonlinear medium. Our results are in
good qualitative agreement with the theoretical predic-
tions of Kaplan and Law'® and Gaeta er al.!? These
theories model the interaction in terms of a Kerr non-
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FIG. 3. Power emitted in the forward direction in the polar-
ization component orthogonal to that of the input waves as a
function of the backward-wave power, for an atomic number
density of (a) 1.6x10'3 cm ™3, (b) 1.9%10"® cm 3, and (c)
2.6x10% em 3,

linearity. To obtain quantitative agreement between
theory and experiment, it would be necessary to develop
a theoretical model that describes saturation effects and
hyperfine optical pumping.
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