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Using a photorefractive oscillator~PRO! with a stable resonator, we investigate patterns produced from the
transverse mode families of order 0–3. The phenomena observed include vortices which move along circular
or spiral trajectories and vortices which periodically change the sign of their topological charge. In addition, we
observe behavior which is unlike that expected for lasers, despite the established analogy between the laser and
the PRO. This includes pulsing of mode patterns which are otherwise expected to be stable, and also stable
rotation of Gauss-Laguerre mode patterns. These effects indicate a much stronger self-focusing in the PRO
than in lasers.

PACS number~s!: 42.65.Sf, 42.55.2f, 42.65.Hw

I. INTRODUCTION

It has recently become apparent that laser physics is
closely related with fluid dynamics@1,2#. In lasers, however,
the typical time scale is nanoseconds so that the dynamics of
patterns are practically inaccessible to observation. It is
therefore fortunate that photorefractive oscillators, with their
slow dynamics brought about by an extremely narrow gain
line with enormous frequency pulling, can be shown to cor-
respond to lasers to class A when operated not too far above
threshold@3#. Consequently, they allow investigation of laser
dynamics on a time scale convenient for recording.

We report the observed dynamics of laserlike patterns
which contain vortices that move in gradients of the back-
ground field corresponding to the hydrodynamic analogy of
lasers@2#. Dynamics which are not expected from lasers,
such as pulsing of otherwise stable patterns and rotating
Gauss-Laguerre mode patterns, point to differences between
lasers and photorefractive oscillators. These may stem from a
more pronounced self-focusing of the active medium, as is
expected for photorefractive oscillators higher above thresh-
old.

The experimental setup is shown in Fig. 1 and is essen-
tially as described in@5#. A ring resonator of perimeter 2 m
was used with an even number of mirrors. The resonator
consists of two plane dielectric mirrorsM1 andM3, polar-
izing beam splitters~PBS!, a BSO crystal~length: 10 mm;
width: 535 mm2) as the active medium, plane mirrors
(M1 andM2), both movable by a piezo, two lenses (L1 and
L2) to select the number of transverse modes per free spec-
tral range~approximately four in these experiments!, and an
iris used to control the losses of the modes. The general field
is polarized perpendicular relative to the resonator plane.

To reproducibly excite certain transverse mode families,
the resonator length is actively stabilized. A reference beam
~part of the pump radiation! is horizontally polarized and
propagates counter to the generated field. This is used to-
gether with modulation of the resonator length via a piezo on
mirror M1. The changes in transition of the TEM00 reso-

nance due to the modulation are phase-sensitively detected to
stabilize the resonator length by the usual feedback tech-
nique. The resonator is not absolutely stabilized in length but
rather with reference to the pump radiation since the radia-
tion generated is offset by only about 1 Hz from the pump
frequency. The short path length between the PBS’s includ-
ing the crystal is not stabilized. However, fluctuations be-
tween the two paths are kept to a minimum by the following
arrangements: the small ratio of this path length to the total
round-trip length, the symmetric setup of both paths, mount-
ing of the PBS’s and crystal on an invar plate, and shielding
from air currents. This limits the fluctuations to the order of
100 kHz/min, which is very small compared to the resonator
mode widths of;30 MHz.

Transverse mode selection was achieved by moving the
mirror M2 with a piezo. This change in resonator length is
not compensated by the active stabilization but moves the
mode frequencies relative to the ‘‘gain line’’ of the crystal.

For optical amplification in the resonator, the BSO crystal
is pumped through one of the PBS’s by an argon-ion laser
(l5514 nm! with an irradiance of about 3 mW/cm2. The
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FIG. 1. Experimental setup. The active resonator is formed by
four mirrorsM1–M4 and the~active! BSO crystal. PBS: polarizing
beam splitter. The resonator formed byM1,M3,M4,M5 has high
finesse and is thus suitable for resonator length stabilization. The
reference signal is provided by part of the pump radiation with
polarization perpendicular to pump and generated field.
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pump beam propagates at an angle of approximately 0.8° to
the direction of the generated field for optimum amplifica-
tion. The pump beam and generated beam intersect in the
110 plane of the crystal and the field falls off between the
001 surfaces of the crystal, which is the usual geometry. The
whole crystal is uniformly illuminated so that the intensity
variation across the crystal is less than 1%. To achieve this,
the BSO crystal is located at a distance of only 1 cm from the
PBS. Care was taken to ensure perfect rotational symmetry
of the system because asymmetries can induce unwanted dy-
namics~e.g., astigmatism, which lifts the frequency degen-
eracy between perpendicularly oriented patterns!. Astigma-
tism is absent in the resonator because only plane mirrors are
used and Brewster surfaces are avoided. The asymmetry in-
troduced by imperfect pump beam alignment was controlled
by adjusting its direction so that the Gauss-Hermite TEM01
and TEM10 mode emission was perfectly quadrature phase
locked to form a perfectly round TEM01* Gauss-Laguerre
emission pattern. Other tests for rotational symmetry of the
resonator included the free rotation of patterns~see below!.
The resonator uses spherical optics in the stable regime.
Thus motion of patterns is mostly angular. The last require-
ment for gain is a dc voltage on the crystal~5–5.5 kV!,
because BSO is a drift-type photorefractive material@4#. A
portion ~10%! of the generated field is coupled out and re-
corded by a charge-coupled device~CCD! camera.

II. CIRCLING VORTICES „MODE FAMILIES 0, 1, AND 3 …

Recently it has been found that in stable spherical resona-
tors one prominent type of dynamics is motion of one or
several vortices@5# on a circular trajectory around the laser
axis. This motion may be understood in terms of simulta-
neous transverse mode emission in different orders or alter-
natively in the hydrodynamics analogy, as the combined ac-
tion of buoyancy and Magnus drift@2#.

Figure 2 shows the case of three vortices circling around
the optical axis, in a snapshot. The light emitted from the
photorefractive oscillator~PRO! can be superposed with part
of the pump light. The interference pattern thus created
shows that all the dislocations of the fringe pattern~‘‘forks’’ !
point to the right. This means that all three vortices have the
same helicity.

In a mode picture, the movement of the vortices on a
circle is due to the difference in frequency of the two con-
stituent active modes. The vortex trajectory radius is a func-
tion of the amplitude ratio of the two. Consequently, by tun-
ing the PRO, the trajectory circle radius may be expected to
change@6#.

To make such a measurement, one has to take into ac-
count that ‘‘active modes’’ are far from being rigid entities
but are more nearly like softly confined fluids so that they are
easily perturbed. A circling vortex pattern emitted by a laser
is thus only under very ideal conditions close to the interfer-
ence of the two passive resonator modes. Consequently, in
general the motion of vortices is not on circles, but rather on
noncircular contours, even with careful alignment. To aver-
age such imperfection, instead of the radius of the trajectory
circle, the triangle shown in Fig. 2 was measured and the
side lengths averaged. Figure 3 shows the results of such a
measurement. It was found that the tuning of the resonator

suffered from all imperfections of the tuning piezo element,
such as hysteresis and creep. Tuning was therefore done by
tilting a glass plate in the reference path of the resonator
electromechanically. Figure 3 shows that tuning of about1

3 of
the spacing between theq50 and 3 family changes the ra-
dius of the circle of the trajectory by about14 of the mode
radius.

FIG. 2. ~a! Single video frame taken from the motion of three
circling vortices.~b! An interferogram clearly showing the presence
of three vortices of the same helicity as dislocations in the fringe
pattern. The triangle indicates the measurement of the distance be-
tween vortices and, consequently, circling radius.

FIG. 3. Vortex circling radius~normalized to the mode radius!
versus resonator detuning~percentage of free spectral range!. Points
show the experimental results for two separate measurements. The
solid line is the variation of the vortex radial position~via simple
interference of Gaussian and charge 3 doughnut mode! calculated
as a function of detuning~see inset!.
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For comparison, using the linewidths and the spacing of
the q50 and 3 mode families determined from a transmis-
sion measurement on the resonator, a rough estimate can be
made of the radius of the vortex trajectory as a function of
detuning. Assuming that the generated fields are proportional
to the amplitude of the passive modes at the frequencies
generated~see inset, Fig. 3!, the solid line in Fig. 3 is ob-
tained which agrees well with the measurements, considering
that the calculation neglects pump threshold and gain satura-
tion. Consequently, the circling of the vortices can be rea-
sonably understood in terms of the linear resonator proper-
ties and the material frequency pulling.

A further case of circling vortices arises when the gain
line lies between theq50 and 1 mode families of the reso-
nator. In this case only one vortex circles about the laser axis
~on the condition that the laser shows no residual astigma-
tism, e.g., due to imperfect alignment!. Figure 4 shows a
snapshot of this pattern. Here the trajectory circle of the vor-
tex is about half of the mode radius.

One may ask how the transition from the emission of a
field, which contains no vortex, to a field which contains a
vortex comes about. Naively, if one ascribes to the vortex
solitonlike properties@7#, during this transition a vortex
could be expected to move in from infinity and settle onto a
symmetry point of the field. This transition has been realized
by tuning the PRO to TEM00 emission and then abruptly
changing to the frequency of theq51 mode family~via a
voltage step on the tuning element!. The transition evolves in
the way expected. From the moment that the vortex is ob-
servable against the background light it appears as an object
not changing its shape, in a fashion similar to a particle or
soliton. It moves on a spiral-shaped trajectory from infinity
to the optical axis. Figure 5~a! shows the measured trajec-
tory, when switching the resonator frequency from mode
family q50 to 1. A spiral is clearly apparent. Figure 5~b!
shows the opposite case of tuning from theq51 family to
theq50 family. In Figs. 5~a! and 5~b!, points indicate vortex
positions equidistant in time. From this, the slowing of the
motion near the beam center and the acceleration in the outer
parts of the beam can be seen. It was generally found that
when spiraling outward, the radial component of the velocity
was larger than for inward spiraling.

The sizes of the intensity contours are given in Fig. 5. The
small contour corresponds to the TEM00 mode and the large
contour to the TEM01* . The ratio of the diameters of the
empty resonator modes isA2. However, the larger ratio of
the active modes observed here may be due to self-focusing,

such as is not encountered with lasers.

III. PERIODIC SWITCHING OF TOPOLOGICAL
CHARGE OF VORTEX PAIR „MODE FAMILIES 1 AND 2 …

The series of snapshots in Fig. 6 shows the dynamical
pattern emitted when the PRO is tuned to between the first-
and second-order transverse mode families. The interfero-
grams in Fig. 7 show that the pattern contains two vortices of
opposite topological charge, and that these two vortices ex-
change their topological charge twice each period. A closer
look suggests that this pattern contains essentially the Gauss-
Hermite modes TEM01 and TEM20 whose nodal lines are
oriented perpendicularly with respect to one another. This
orientation is unusual. The appearance of Hermite-shaped
patterns suggests some astigmatism of the resonator. How-
ever, under such conditions Hermite mode patterns of differ-
ent order have their black lines oriented along the same di-
rection. The perpendicular orientation of the two constituent
mode patterns observed here must then be the consequence
of mode competition. Active modes can coexist only when
their intensity overlap is smaller than a critical value@2#.

FIG. 4. Single video frame taken from the motion of one vortex
circling about the laser optical axis.

FIG. 5. ~a! Trajectory of a single vortex~spiraling inward! after
tuning fromq50 to 1. Points mark the positions of the vortex at
equal time steps. The circular outer boundary represents the ‘‘beam
contour’’ of the doughnut mode~when the vortex is close to center!
and the inner boundary that of the Gaussian before the vortex ap-
pears. ~b! Outward spiraling trajectory after tuning away from
q51.
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Here the perpendicular orientation minimizes the overlap.
Figure 8 shows a series of patterns calculated by simple

superposition of the Gauss-Hermite mode functions corre-
sponding to TEM01 and TEM20:

c~x,y,t !5@H01~x,y!1eif~ t !H20~x,y!#e2~x21y2!,

where TEM01 and TEM20 are the Hermite polynomials and
eif(t) corresponds to the phase change~linear in time! due to
the frequency difference between the two modes. In Fig. 8
uCu2 is plotted since this quantity represents the experimen-
tally observed intensity. The calculated sequence of patterns
in Fig. 8 corresponds well to the observed patterns shown in
Fig. 6. The phase difference between modes changes by
p/4 between pictures. As shown in Fig. 9, vortices appear at
the intersections of the lines along which the real and imagi-
nary part of the optical field is zero (Re$c% and Im$c% from
the above equation equal to zero!. In this figure it can be seen
how the vortices exchange sign. Figure 9~a! corresponds to
the pattern of Fig. 8~c!. Here two crossings exist, correspond-
ing to the two vortices. Figures 9~b!~i!–9~b!~iii ! correspond
to the situation around Fig. 8~a! where there is a dark line of
parabolic shape but no vortices. In Figs. 9~a! and 9~b!~iii ! the
phase differences are slightly smaller and larger, respec-
tively, than in Fig. 9~b!~ii !. From these figures, the change of
sign of the vortices before and after annihilation, Fig. 9~b!~ii !
is apparent.

We have confirmed that this pattern occurs for a laser by
a numerical calculation which uses the full partial differen-
tial equations of a class-A-laser mode of a PRO@3# instead
of a mode description. In the calculation, parameters were
used to correspond to the experimental situation. Specifically

the parameters chosen were as follows: Gain: 15 times above
threshold; mode width of empty resonator~corresponding to
the resonator loss, including the linear absorption of the BSO
crystal!: 0.2 free spectral ranges; tuning: midway between
transverse mode familiesq52 and 3. The introduction of
astigmatism was not necessary to make this dynamical pat-
tern appear. This is remarkable. It means that in a perfectly
round resonator, where one would expect Gauss-Laguerre
modes, Gauss-Hermite modes of rectangular geometry can
be emitted due to a spontaneous symmetry breaking.

IV. ROTATING GAUSS-LAGUERRE MODE PATTERN
„MODE FAMILY ORDER 3 …

The Gauss-Laguerre mode pattern shown in Fig. 10~a! ~as
a snapshot! is observed near the center frequency of the
third-order mode family. This pattern rotates with constant
angular velocity as shown in Fig. 10~b!. Such a pattern can-
not exist in lasers of class A: In an isotropic resonator the
‘‘doughnut’’ mode ~traveling wave! of higher order, here of
order 3, always is favored over the respective Gauss-
Laguerre ‘‘flower’’ mode ~standing wave! @8#. Gauss-
Laguerre flower modes can occur only when the resonator
anisotropy is seriously perturbed. In this case, however, the
pattern could not rotate since rotation requires a very isotro-
pic resonator@9#.

FIG. 6. Video frame sequence showing half of the cycle of the
dynamical pattern formed fromq51 and 2 mode families. The
subsequent half of the cycle reverses the motion with the exception
that the helicities of the two vortices are reversed~see Fig. 7!.

FIG. 7. ~a! and~b! Two interferograms from the dynamical pat-
tern depicted in Fig. 6 taken one half cycle apart. The fringe dislo-
cation ‘‘forks’’ are pointing away from each other in~a! and toward
each other in~b!, demonstrating the presence of two oppositely
charged vortices which reverse charge every half cycle of the mo-
tion.
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The occurrence of this rotating Gauss-Laguerre mode pat-
tern must therefore be interpreted in terms of differences
between a PRO and a laser. In contrast to a laser, the PRO
shows self-focusing, of which some evidence is mentioned
above. As was already shown in@8#, this nonlinearity can
stabilize mode of Gauss-Laguerre flower type even in an
isotropic resonator. By analogy with the calculations of@8#
where the linewidth enhancement factor~corresponding to

self-focusing! was taken into account, one could therefore
also expect stable emission of the Gauss-Laguerre flower
mode in an isotropic resonator for PRO’s, in contrast to la-
sers. The fact that the flower mode pattern is found to rotate
here might be explained by a possible ‘‘helical astigmatism’’
of the PRO resonator used. In@11# it has been shown that
nonplanar ring resonators, in general, have the property of
lifting the frequency degeneracy of right— and left—helical
waves. As our ring contains four mirrors, it can be nonplanar
and accidental nonplanarity would make the emission fre-
quencies of the two helical fields different, consequently
leading to a rotation of the flower mode pattern.

V. PULSING TEM 00 EMISSION

Emission patterns that pulse periodically are frequently
observed in the PRO, which are otherwise stationary in
class-A lasers. Figure 11 shows two types of pulsing of the
simplest type, a periodic and a quasiperiodic pulsing of a
TEM00 field.

Qualitatively, there are several possible mechanisms for
this dynamics. First, it could be understood by considering
self-focusing. When the PRO is tuned to TEM00 emission,
this allows a buildup of the corresponding field distribution
in the resonator. The intensity dependence of the material’s
refractive index will then produce a lens which can put the
resonator in the unstable region and, in addition, detunes the
resonator. Both effects will prohibit emission. This kind of
nonlinearity working here~much in the way as in the appli-
cation of Kerr-lens mode locking@12#!, combined with the

FIG. 8. Calculated intensity,uc(x,y,t)u2, showing half of the
cycle of the pattern in Fig. 6 formed from a simple superposition of
Hermite modes, TEM01 and TEM20. The phase difference between
the modes changes byp/4 between each frame.

FIG. 9. Zero lines of the real~solid! and imaginary~dashed!
parts of the complex field as calculated in Fig. 8 (Re$c% and
Im$c%). ~a! corresponds to Fig. 8~c!, where vortices are clearly
present.~b!~i!–~iii ! correspond to Fig. 8~a! where vortices annihilate
and reappear with exchanged signs.

FIG. 10. ~a! Single video frame taken from the motion of a
circling Gauss-Laguerreq53 mode pattern.~b! Quadrature mea-
surement of the intensity of the pattern as a function of time dem-
onstrating the rotation of the pattern.
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delay of grating formation in the material, can produce the
repetitive pulsing observed. This picture, however, can only
be applied to drift-type photorefractive crystals, such as BSO
used here, where the beam coupling coefficients contain an
imaginary part which leads to self-focusing.

Another possible mechanism for the observed pulsations
is intensity-dependent mode pulling@13–15#. The total inten-
sity of the incident light on the photorefractive medium is
proportional to the characteristic relaxation time of the me-
dium @14# which is, in turn, inversely proportional to the
mode pulling coefficient. Therefore the more intense the ra-
diation in the resonator, the shorter the relaxation time is and

the less the mode is pulled to the gain line center. Hence the
mode is initially strongly pulled and is consequently well
amplified. As the intensity increases, the mode detunes from
the gain line center where amplification is then reduced.

Further theoretical studies are required to quantify these
mechanisms. Which one of the mechanisms is responsible
for the pulsing observed is not clear at the moment. We
mention, however, that a numerical calculation using the la-
ser model of@3# of the PRO with parameters, again corre-
sponding to the experiment, and added self-focusing, showed
pulsing similar to the experiment. This would indicate that
the mechanism producing the pulsing is self-focusing.

In summary, motion of optical vortices and other struc-
tures in the field of a PRO have been observed and it is found
that they occur largely as is expected for lasers. In particular,
the transient spiraling in and out of a vortex gives evidence
of the ‘‘particlelike’’ or soliton properties of vortices in la-
sers@7#.

However, differences from the dynamics of lasers are also
found which can be qualitatively attributed to self-focusing
of the photorefractive material. These occur at high pump
values. Thus we find that the PRO behaves like a class-A
laser, in agreement with what is predicted in@3#, close to
threshold. In this regime it can be regarded as a ‘‘slow mo-
tion laser,’ useful to study space-time dynamics of large
Fresnel number class-A lasers on a convenient time scale. At
higher pump values, differences from a simple class-A laser
become apparent, plausibly because here the equivalence
with a class-A laser breaks down@3#. Here phenomena more
complicated than in simple class-A lasers occur, which seem
to allow explanation by additional self-focusing.

Although the PRO, then, is a more complex system than a
laser of class A, the additional nonlinearity may produce
optical phenomena of interest in nonlinear optics such as
solitary waves@10# which would not occur, and hence could
not be studied, in lasers.
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