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We demonstrate
photorefractively

the collapse of a continuum of transverse modes in a self-imaging ring resonator that is
The resulting localized mode has an arbitrary transverse location. The mode
pumped.

collapse results from placing saturable photorefractive gain and loss media in spatially conjugate resonator planes.
The transverse

position of the localized mode is unstable under small cavity misalignments,

and it drifts across

the transverse aperture while retaining its spatial form.

The transverse-mode profile observed in laser oscillators results from the interplay of the linear boundary conditions imposed by the optical cavity and the
saturating nonlinearity of the active medium. It is
typically the optical cavity that exercises the largest
influence on the mode structure. For example, lowpower laboratory gas lasers that are operated with
a stable cavity have a low-order Hermite-Gaussian
mode as the output mode.

The opposite situation,

in which the nonlinearity of the active medium plays
the dominant role in the structure of the transverse
mode, is the subject of this Letter. We demonstrate
the nonlinear formation of localized modes, at arbitrary transverse locations, in a self-imaging ring resonator with saturable photorefractive gain and loss.'
The self-imaging ring resonator2 is an ideal system
for studying the influence of nonlinearity

on mode

structure because the optical cavity plays little role
in selecting the spatial mode. Any transverse optical field profile is imaged onto itself after one cav-

ity round trip. Hence the self-imaging ring may be
described alternatively as modeless or as supporting a continuum of transverse modes. In the presence of transverse aperturing the mode continuum
is replaced by a discrete set of modes.

However, in

the experiments reported here, the resonator Fresnel
number is F - 240, so there are a large number of
nearly equivalent transverse modes available.
Recent related research in which multimode
oscillation transforms spontaneously into near singlemode oscillation has been reported in a phaseconjugating photorefractive oscillator with a chemical saturable absorber by Fischer et al.3 and in a
dye-laser system by Bazhenov et al.4 There are similarities between the experiment reported here and
those of Refs. 3 and 4.

All three demonstrations

of

transverse-mode control rely on the presence of saturable gain and loss media at spatially distinct locations. There are also significant differences between
the experiments. The present study uses two-beam
coupling in a photorefractive crystal as a saturable
loss mechanism, as opposed to a chemical saturable

absorber. Furthermore, although mode formation
at arbitrary transverse locations was reported in
0146-9592/94/080518-03$6.00/0

Ref. 4, it is unclear whether

the mode could form

at an arbitrary transverse location in the geometry
used in Ref. 3.
The resonator described here has features in common with the single-transverse-mode ring resonator
with photorefractive gain and loss that was shown
to exhibit bistability and self-pulsing.5 The temporal dynamics observed in the single-mode ring resonator are due to the competitive interaction of the
gain and loss. In the self-imaging ring resonator
the temporal dynamics are combined with transverse
spatial dynamics, giving mode collapse. Juxtaposition of saturable gain and loss in conjugate resonator
planes that are connected by a spatial Fourier transform leads to cooperative transverse dynamics. Both
gain and loss drive the system to a localized mode
of well-defined size. The subsequent dynamics of
the localized mode depend strongly on the cavity
alignment. Numerical simulations show that in a
perfectly aligned self-imaging resonator the localized mode has a stable transverse location. A perfectly aligned system would thus be a continuous
version of the winner-take-all dynamics implemented previously in a system of five coupled, but
discrete, photorefractive resonators.6 However, perfect alignment is not obtainable experimentally. Experimental observations reveal that, when the optical
cavity is misaligned by a small amount, such that
the round-trip phase mismatch is -7r across the resonator aperture, the position of the localized winning
mode drifts continuously across the transverse resonator aperture.7 Numerical studies of this system
show that the drift motion persists for arbitrarily
small cavity misalignment. When the transverse
misalignment is many vr,the localized modes are observed to be experimentally stable but are restricted
to positions on discrete lines, corresponding to the
equiphase contours of the cavity. In this case the
resonator implements a winner-take-all dynamics
that is continuous in one transverse dimension and
discrete in the second transverse dimension.
The experimental setup is shown in Fig. 1. Planes
labeled G are imaged onto each other, and planes
labeled L are imaged onto each other; G and £
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Fig. 1. Self-imaging ring resonator with photorefractive
(BaTiO3 ) gain and loss. The gain and loss pumps are
from a cw argon-ion laser, A = 514 nm, and all beams
are polarized in the plane of the figure. PBS, polarizing
beam splitter. The gain pump beam has a Gaussian
radius of wp - w,_130 jam, and the loss pump beam
has a Gaussian radius of -5.5 mm. The coupling and
time constants of the gain and loss crystals are8 G = 4.9,
T

og = 4.2 sW/cm 2 , L = 2.1, rol = 0.061 s W/cm 2 , where

the small-signal gain and loss are given by exp(G) and
exp(-L), respectively. The focal lengths of the lenses are
f, = 100 mm, f2 = 150 mm, f3 = 30 mm; all lenses are
confocally spaced; and the passive cavity reflectivity is
R = exp(-C), where C = 3.4.

are spatially conjugate planes. The field profiles in
the planes of the gain and loss media are therefore Fourier transforms of each other. Consider first
the behavior of the resonator with only gain pumping. Inside the gain medium the oscillating mode
evolves to have a large spatial overlap with the pump
beam such that the photorefractive gain is maximized. Letting the pump beam be a Gaussian with
radius wp results in the oscillating mode's having an
approximately Gaussian intensity distribution with
radius wp. However, there is no preferred value for
the phase of the oscillating mode, and in general the
variation of the phase with transverse coordinate is
irregular. Because of the transverse phase variation, the Fourier transform of the field is not localized
and instead fills the available aperture, as shown in
Fig. 2(a). The resonator Fresnel number is given by
F = r ax/1rwc2, where rmax is the limiting iris radius
and w, = %Af1/
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behavior is also seen in direct numerical simulations
with the oscillation seeded by noise. The time taken
to collapse to a single mode depends strongly on the
initial conditions. When the mode collapse proceeds
directly to the winning location, the dynamical evolution may transpire as much as 20 times faster than
the example shown in Fig. 2. The position of the
localized mode within the transverse aperture of the
resonator is arbitrary. Each time the experiment is
repeated, the mode may form at a different location.
The reason for the mode collapse is that the photorefractive loss is saturable. The amount of loss decreases as the ratio of loss pump intensity to signal
intensity decreases. Hence, for a given oscillating
energy, the loss is minimized when the oscillating
mode is well localized. The mode does not collapse to
a point. Doing so would require a delocalized mode

profile in the spatially conjugate plane where the gain
medium is placed and, hence, low amplification. Setting the pump beam radius to wp = w, gives a localized mode in the loss plane with radius (f3/f 2)wp.
In practice there is always some residual misalignment of the resonator. The misalignment leads to
instability of the transverse location of the localized
mode. After a spot has formed at some transverse
location, either it may disappear and reappear at a
different location or it may begin to execute a continuous drifting motion, as shown in Fig. 3. The details
of the motion depend on the cavity alignment, the
gain and loss intensities, and the coupling constants.
The spot may drift to the edge of the aperture and disappear before reappearing again in its original position. Alternatively, the spot appears, moves a short
distance wholly within the aperture, disappears, then
reappears in the original location, and so on, in a
manner that suggests a limit cycle in the dynamics. Numerical simulations indicate that the spatial
instability is induced by cavity misalignment. Modeling of the misalignment as a phase wedge in two
transverse dimensions reveals that the spot drifts
parallel to the gradient of the wedge, with the rate of
motion increasing with the severity of the misalignment. The instability persists at arbitrarily small
(h) t-0n25

s

(c) t-1 0 s

is the confocal mode radius of the

equivalent linear resonator. All the data presented
here were taken with rmax = 3.5 mm, giving F -- 240.
As the cavity alignment is brought closer and closer to
perfect imaging, the intensity distribution observed
in the loss plane exhibits large temporal fluctuations,
characteristic of a metastable system.
The pump beam for the photorefractive loss crystal,
which is expanded to cover the transverse aperture
uniformly, is then turned on. The mode continuum
collapses to a well-localized mode as shown in Fig. 2.
The mode collapse dynamics do not always proceed directly to the winning transverse location. In
Fig. 2(c) a location different from that of the eventual winner has the highest intensity. This type of

(d) t=2.0 s

(e) t=3.0 s

(f) t=5.0 s

Fig. 2. Experimental observation of transverse-mode
collapse. The region within the dark circle corresponds
to a resonator Fresnel number of 240.
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Fig. 3. Experimental observation of moving localized modes. The region within the outer dark circle corresponds
to a resonator Fresnel number of 240.
misalignments, in agreement with experiment, and
with arbitrarily fast loss media. This implies that
spatially stable modes do not exist in a perturbed selfimaging ring resonator. The same behavior is seen
numerically when the photorefractive loss is replaced
by a saturable two-level system.9 This is consistent
with the experimental results reported in Ref. 4.
The dynamical behavior changes character when
the cavity misalignment is so large that the roundtrip phase mismatch is much greater than 7r. With
gain only, the oscillating mode no longer fills the
transverse aperture but instead appears as a fringe
pattern that represents the cavity equiphase contours. When the loss pump is turned on, spatially
stable localized modes form on the bright fringes.
The regions that were dark fringes appear to act as
barriers to the drift instability. Under these conditions the resonator behaves as a stable winner-takesall system, although the possible winning locations
do not continuously fill the transverse aperture. The
possible spot locations are, however, continuous along
the fringes. When the cavity misalignment is made
too large, localized modes will not form at all. We
may derive a rough estimate for the maximum allowable number of fringes across the aperture by
assuming that localized modes form only when the
phase mismatch across one mode is - fr. This gives
N 5 \/-J_/2 - 14, where N is the number of fringes.
Although we have motivated the transverse-mode
collapse on the basis of steady-state gain arguments,
it is necessary to account for the role of the relative
time constants of the gain and loss media. Mode collapse only occurs when the loss medium is sufficiently
fast relative to the gain. Recall that in the presence
of a detuning fl between the pump and signal beams
the gain and loss coupling are modified by IGI IGI/(1 + flrg) 2 and ILI - ILI/(1 + flr,)2. When the
loss is much slower than the gain it is energetically
favorable for the signal to avoid the loss by detuning its frequency. The intensity-dependent time constants ('r = rolI) with the loss pump turned on, but
before the onset of mode collapse, were rg = 0.062
s (with 'pg = 67 W/cm 2 and Isg= 0.60 W/cm 2 ) and
2

0.55 s (with Ip, = 0.11 W/cm and iSj = 8.6 x 10-4
W/cm2 ), where the subscripts p and s denote pump
and signal, respectively, and g and I denote gain
and loss media, respectively. Before mode collapse
starts, the gain is approximately nine times faster
In =

than the loss. However, after the transverse mode
has collapsed, the time constant of the loss medium
is dominated by the signal intensity I,, = 4.0 2W/cm2 ,
which is much greater than I,, = 0.11 W/cm . Under these conditions rl = 0.015 s << r9. Note that
the 5X demagnification provided by the combination
of lenses f2 and f3 decreases ITby a factor of 25. Additional experiments with the same parameters, in a
resonator with no demagnifying section, and hence 25
times slower loss, did not result in transverse-mode
collapse.
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