PHYSICAL REVIEW A VOLUME 57, NUMBER 1 JANUARY 1998
Role of symmetries in the transition to turbulence in optics
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Spatiotemporal dynamics of patterns of the light beam emitted by a photorefractive oscillator has been
investigated in the case of very large transverse dimensions. Time and space averagings show that the transi-
tion to turbulence as transverse dimensions are increased is a two-step process. Symmetry properties of the
average patterns reveal that after the first transition from a boundary- to a bulk-dominated behavior already
observed at Fresnel numbeX§ =20 there is a second transition arouh=100. The regime corresponds to
a complete loss of symmetry and appears here as soon as the correlation length of the patterns becomes of the
same size as the period of the optical grating in the gain medi8&050-29478)01601-]

PACS numbg(s): 42.65.5f, 42.60.f

The domain of purely temporal nonlinear dynamics isbehavior of an optical oscillator with photorefractive gain
now widely explored, but as spatial degrees of freedom ar€OPQ where a boundary symmetoy, and a bulk symmetry
introduced, the level of complexity drastically increases andr, compete. We show that as the aspect ratios increase,
there remain wide fields to be explored both theoretically andndo, cease successively, not simultaneously, to play a role
experimentally. A possible approach is to expand the spacén the dynamics. This route leads eventually to a regime of
time evolution onto a suitable basis of modes such as théurbulence independent of any symmetry.

Karhunen-Loewe functions, or in optics the Gaussian modes, The experimental setup consists in an optical ring cavity
and thus to reduce the problem to high-dimensional tempordf lengthL containing a 1-cm-long BS@Bi1,SiO,) photo-
dynamics. When the number of dimensions increases, thigfractive crystal pumped with 532-nm radiatigRig. 1).
approach becomes inefficient and different tools are requiredhe pump is provided by a Nd YAG laser (where YAG

to describe and understand the complexity. On the theoreticglenotes yttrium aluminum garmewith an intensity of 15
side, this is the domain where amplitude equations are use®@W at the input of the crystal and an anglevith respect to

to predict the patterns appearing in systems with very largéhe cavity propagation axis. The gain is provided through
transverse cross sectiofi., very large aspect ratipsuch ~ two-wave mixing between the pump and the cavity fields.
as convection in hydrodynamics or lasers in opfids In the ~ The gain value depends drastically érand on the dc elec-
transition from low- to high-dimensional chaos, the patterndric field E,. applied transversally to the crystal. The results
evolve from a boundary-dominated self-organization to aoresented in the following have been obtained #er1.5°
bulk one that has its intrinsic time and space scales. Up tandEq.=10° V/m, resulting in a gain of typically 10 ci'.
now, the related experimental studies used mostly statisticalhe cavity is closed with three plane mirrors and a beam
methods such as calculations of the spatiotemporal correlsplitter that extracts 10% of the beam intensity from the cav-
tions of the patterns or analysis of the spatial charge distriity. A lens stabilizes the cavity. It is located at the opposite
bution of phase singularitig®]. A main drawback of these side of the crystal, so that the waist of the intracavity beam
statistical methods is that they are blind to the symmetnfies inside the crystal. Its focal lengthis chosen according
properties, while symmetries play a main role in the dynam+o the desired cavity and beam characteristics. The former is
ics of such systemf3,5]. It was recently demonstrated that

inside the domain of high-dimensional dynamics, time aver-

aging restores the underlying symmetry that was lost in in-

stantaneous patter¥,5]. We show here that using this tool, M 7 % é ! BS " cch

the concepts of boundary and bulk behaviors have to be re- 3 o/ { BSO | ] LF-] il = |

fined, taking into account the symmetries of the system, es- = L, :

pecially when several symmetries are competing in the prob-

lem. !
If a system belongs to a given symmetry group, its behav-

ior belongs to this group or to one of its subgroups. In other

words, once the parameters acting on the system symmetry =\ Va

1
are fixed, the other control parameters may change the pat- M™ v &M
tern symmetry, often through temporal bifurcations, such as L
Hopf ones[3]. Such transitions between symmetry sub- F|G. 1. Schematic experimental setip.indicates a mirror, BS
groups were observed, e.g., in patterns emitted by lowa beam splitter, antl; the intracavity lens. A voltag¥ is applied
dimensional laser3]. When several symmetries compete in to the crystalL, is a group of lenses that image the iris plane on the
the system, their relative influence may evolve as its aspeaCD camera. The video camera recor®€R) is connected to a
ratios increase. To clarify this point, we have studied thecomputer(PC).
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essentially determined by the rat®, of the free spectral sion of the former. The origin of this square factor is that the

rangeA v, and the transverse mode spacihgr, empty cavity mode transverse size grows as the square root
of its global index. In the present experimental setup, the
Ay, T mirrors and the beam splitter have a transverse diameter of
T A ' 2.5 cm and the lens is 5 cm wide, while the crystal is 8 mm
T L . . Do -
cos Iv\/1— — wide and is therefore the most limiting element in the ab-
4f sence of an iris. For the typical cavity characteristics given

above, the spot sizes of the beam at the mirror further from
the waist, at the lens, and in the crystal are, respectively, 0.56
N mm, 0.69 mm, and 0.34 mm, leading to a logg! ratio of
Wo= o L(4f—L), 250, 1300, and 140, respectivelyote that a factor/2 has
77 been applied to the first ratio to take into account that mirrors
where\ is the wavelength of the beam. For example, typicalmak.e a 45° gngle with respect to the bgam propagation di-
values off=0.8 m andL=2.4 m lead toA » =125 MHz, _re_ct|or). _Pract|cally, the_FresneI number is calculated at the
R =3. andw.=0.34 mm. iris location as long as its aperture is less than 4 mm and at
v ’ 0 . . . .
An iris is inserted in the optical cavity to contrel, and the_crystal position otherwise. In the latter casg, is fixed
the transverse size of the system. It is located 6 cm from th8! its maximum value, here 140. Note that an adequate
crystal, in the near field area, since the Rayleigh length of théhoice off andL allows us to reach values up 6= 200.
intracavity beam is 68 cm for the typical cavity characteris- In addition to the cavity boundary conditions discussed
tics given above, and never decreases below 50 cm in o@bove, the optical oscillator is also sensitive to the bulk sym-
experimental setup. A video camera recor@é¢€R) moni-  metry o,, which mainly results from the interplay of the
tors the near-field image of the transverse distribution of thdbeam propagation along the cavity axis with the transverse
beam. We have checked that the patterns inside the crystabordinates. For instance, in a ring cavity with an odd num-
and in the plane of the iris are identical, and only patternser of mirrors,o, may be B3 or D4, while it is O(2) with an
located in the iris plane are reported in the following. Tem-even number of mirrors. More generally, each time the ratio
poral sequences have been recorded on a high-resolutiqr), takes a rational value, a degeneracy of modes appears that
video recorder so that the resolution of analogic pictures igan create locally a symmetry different fror{2D For ex-
typically 650< 450. Note that this number does not limit the ample, withR,=2 (confocal cavity, all modes with central
resolution of the detection, as it is easy to record only ongymmetry(antisymmetry are degenerated. Let us stress that
part of the pattern as a whole picture: This technique hag, and o, are very different and that one of them does not
been used to detect the pattern fine structures and, WhQﬂ;longa priori to a subgroup of the other. For instanog,
necessary, to make the analyses. The acquisition frequeneyd s, may have different symmetry axes as, e.g., when the
of such a system is 25 frames per second. A fast pointwiseavity and the iris are not coaxial.
detector recording the global pattern intensity allows us to |n this system, parameters such as the cavity alignment,
monitor continuously the main frequencies of the patternthe shape of the iris, and the ratio between longitudinal and
evolution and incidentally to check that no evolution occurstransverse mode spacings may aligror . Other param-
at frequency above 10 Hz. Temporal averages have beasters such as the gain and the cavity length do not act on
obtained from these video recordings, using a computer digithem, although they do on the observed patterns. As we want
tizing one by one the frames stored in the VCR. Averages argy stress the pertinence of symmetry properties on the dy-
always made on time length much larger than the main penamics, our approach consists in identifying and characteriz-
riods of the patterns, typically 10—-100 times these periods, ifhg the most ordered pattern for givenand A=, whatever
conditions where the averages are independent of the numbgfe gain and the cavity length. In addition, we perform this
of pictures. study on time-averaged patterns, as spontaneous symmetry
The transverse size of the optical cavity is measuregyreaking often appears associated with a temporal bifurca-
through the generalized Fresnel numbég, which is the  tion. As mentioned earlier, using time-averaged rather than
equivalent of the aspect ratio in hydrodynamics: instantaneous patterns restores underlying symméis
At low Fresnel number, typicallW:<5, it has already
I_i been shown that the OPG exhibits simple time behaviors,
Wi typically stationary or periodic, easily interpreted through
expansion on the Gaussian modes of the empty cégif].
I, andw,; are the transverse radii of the cavity optical ele-For example, foloy=0,=0(2), a typical observed pattern
ments and of the beam measured at the same location in tlevolves vortices rotating around a common cenfél.
cavity and along thé axis. The minimum value reached by Therefore, the O(2) symmetry is broken in the instantaneous
this ratio all along the cavity is used for the evaluation ofpattern. In this case, it is trivial that time averaging restores
Nt . Depending on the transverse symmetry of the cavitythe cylindrical symmetry. On the contrary, if eithet, or
this ratio may be different for each symmetry axis, as, e.g., inrg=D, (rectangular symmetjy patterns no longer exhibit a
the case of a rectangular cavity: Therefok§, has as many cylindrical symmetry, even on averad6]. This behavior
components as the cavity symmetry has main axes, as indippears to be general at small Fresnel numbers, where the
cated by the indices The main difference betweekz and  competition betweerr, and o, leads the system to follow
the hydrodynamical aspect ratios is the square in the exprethe lowest symmetry.

while the latter is given by the beam waist valg,
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FIG. 2. Patterns obtained in an OPG witf:~ 10, o,= O(2), ’ 0 0 " " 00
and hexagonal boundarie&@) snapshot andb) average on four Nr

periods.

. . FIG. 4. Number of minimaN deduced from plots as shown in
The OPG patterns have been reconsidered using the symjy. 3 versus Fresnel numbaf. . The dots correspond to experi-

metry point of view developed above for increasing Fresnelnental results. The two straight lines, of equatiohi+ 3 with
number starting from the low-value domain. Figure 2 shows,=0.90 andg=0.01 («=0.09 andg=15), result from a fit on
as an example a typical pattern obtainedA\gt~10 with  the values oN obtained forNe<Ai. (Ng>ANr) with Mg ~19.
0o=Dg (hexagonal irisando,= O(2) but different symme- ' ! '
try axes. The instantaneous patt¢Fig. 2(a)] is disordered, alterations in the shape of the pattern: The organization at the
but time averaging of the patteffrig. 2(b)] reveals the un- center of the time-averaged pattern becomes different from
derlying order, as spots distributed on rings are clearly visthat at its edges. Moreover, this arrangement is independent
ible. Figure 3 shows the scaling laws of this pattern obtaine@f o, and is related t@r, only. This behavior is illustrated in
from an azimuthal spatial averaging of the time-averageigs. 2 and 3, although it remains weak at such Jej. In
intensity distribution. Figure 4 is a plot of the numbérof  these patterns, the hexagonal external shape is that of the iris,
minima along a diameterR versus\e for different values  showing no simple ordered structure, while the central area is
of cavity length andry, with ,=0(2). ForNp<Ng ~19,  typical of o,=0(2). As N increases, an intermediate bor-
the number of minima is approximately equal Ag-, as dering disordered area appears betweerRy, andr=R
predicted for Gaussian modes. As a consequence, it appedfgg. 3). This outer area appears whatever the shape of the
that in this Vg range, the output patterns of the OPG areiris and thus also forry=0(2). Inthese conditionsy, and
determined by both the iris and the cavity geometry andro have different actions: The former determines the order
follow scaling laws of the empty cavity modes. Similar re- of theinner area of the time averaged pattern, while the latter
sults were found for the CQlaser[8,9] and interpreted as a rules the outer area.
consequence of the interaction between a small number of The change in the slope of the plot of Fig. 4 is associated
modes[9]. In the present case, the patterns are also likely tovith a relative decrease of the number of rings verSasas
be composed of a small number of modes, selected by eompared with the lowdr: behavior. A check in scaling laws
process of transverse spatial hole burning, a®in indicates that this change originates from an increase of the
Figure 4 shows a drastic change in the scaling law foraverage distance between rings and not from an enlargement
NF>NF1. N still varies linearly with A, but now with a  of the disordered outer zonR—Ry . In addition to the
slope much smaller than 1. This regime is associated withl =/ scaling law, Gaussian modes also obey a
Ry /W= At scaling, wherew is the spot size of the funda-
mental mode. The plot oRy, /w versus\Ar as shown in
Fig. 5 does not present any variation in the domain around
J\/Fl: A least-square fit on a straight line gives a slope ap-

proximately equal to 1. Therefore, the transitiorv\éi1 ap-

pears to originate from an increase of the average distance
between the rings of the patterns.
4 From the modal point of view, this can be easily ex-
plained if one considers that, as the number of modes in-
creases, including modes from different orders, the pattern
ok ] beco,mes spatially quasiperiodic, forming some kind of
Moire pattern. This explains the change in the slope of Fig.
20 - T 4.
0 . . . . s To understand the meaning of this transition from the
0 0.2 04 0.6 0.8 1 symmetry point of view, we have plotted the relative size of
r/R the inner zone, wherer, dominates, as a function of/r
(Fig. 6). It appears clearly that the inner part, which covers
FIG. 3. Spatial average intensity of the pattern of Fig. 2 as anitially a negligible part of the whole pattern, increases until
function of the distance to the center of the pattern. it reaches an asymptotic value of about 80% aromq.
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FIG. 5. Normalized distanc®y, /w between the center of the ) o . .
pattern and the last ring as afunction/\ﬁ/z. TheRy, /W:N'l:/z_l FIG. 7. Intensity variationsAl appearing in spatial averaged
straight line has been plotted as a reference plots as a function ofV:. Long-range variations have been re-
' moved.

Ther.efor.e, the transition avFl appegrs as a change in the ;g plotted versus the Fresnel number. Note that, for
relative influence otrg and . Starting from low\e, the Ng>Ng,, the small variations, of the order of 2% of the

range of action ofo, extends progressively and eventually o5 intensity, which are observed at large Fresnel numbers,

oo becomes marginal. are due to the noise remaining after the averaging a limited
The first transition is the equivalent of that reportedi2h number of data ¢ ging

where the transition was observed on vortices through their

transition occurs from a regime dominated by the bulk SYMyg a different ordered structure, may be ruled out since a plot
metry, linked to the cavity, towards one ruled by the bound-

v linked to th ' | sh t th i of the amplitude variations of the time-averaged two-
ary symmetry, linkeéd 1o the external shape of heé cavity.y;yangjonal patterns, without spatial averaging, shows the
Thus it appears that this transition does not correspond to

Same behavior. This interpretation is reinforced by the fact

bruttal dlqsszof_:_r;]flucfnce .?f thﬁ cav_lty c;n tr:jgffbeha;/;or astﬁutgfhat the spatial modulation of the instantaneous patterns does
gested in[2]. The transition here is also different from tha not vary significantly with\V; .

;)hbser\{e;j in 5] |fnfthe| P;Lp%erE-Lortwstablhty becatjse_ of Several levels of spatiotemporal disorder can be defined
€ existence ou,, . Indeed, beyondVe,, N0 SYMMeUry IS 4 4 function of the relative value of the transverse wave-

lost in the OPG, while it is the case [B]. ~length A1 as compared to the correlation lengdthof the
As the Fresnel number increases, the pattern evolution igattern dynamics. Whek;~I., the information propagates

m0n|t0red through the contrast In the r|ng Intensities as reover a distance |arge enough to make possib'e |0ng_range

vealed by the spatial averaged intensity of the time-averagegprrelations. On the contrary, wher>1., long-range cor-

finally almost vanishes fakg> N, with Nk ,~100, leading  referred to as spatiotemporal chaos, while in the latter one

to a flat curve. This behavior is illustrated in Fig. 7, wherespeaks of turbulence. The transition/il‘k2 appears as a loss

the maximum amplitudél of the inner zone of the patterns of |ong-range spatial order and so could be considered as a
transition from spatiotemporal chaos to turbulence. Although
a direct analysis of the temporal dynamics should be per-

! ' ' ' ' formed before concluding this point, it is worthwhile to
° o { - .. . . evaluate here the order of magnitude )of at the second
08 ..(.3 ; . o ] O transition point/\/F2 and compare it with the typical length
. }t « .° : scales of the setup. In optical oscillators, it is generally as-
w 05T ,". . ° 7 sumed thah  is approximately equal to the average distance
E e * between two successive intensity maxima of the Gaussian
04 [-o* 7 modes and so evolves ag+\/N:. As our cavities are built so
. that the waist of the beamw, is inside the photorefractive
02 - 7 crystal, | is approximately equal twol\//\_/, which gives
for our typical cavitied ¢,~25 pm atNFZ. Here the corre-
0 0 2'0 4'0 6'0 slo, 100 lation IengthlC2 has been estimated within the spatial reso-
N lution of our data acquisition system to be equal to the period

A of the optical grating in the crystal. Although is not
FIG. 6. Relative distanc®,, /R between the center of the pat- usually considered as an important space scale in the OPG,
tern and the last ring as a function of the Fresnel number. here it seems to play the role of the correlation length of the
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dynamics and thus the second transition appears as a tranp#|, rotating Rayleigh-Beard convectior{5], or lasers[3]
tion to turbulence. show that this behavior could be generic and probably stand
To summarize, the route to turbulence in the OPG looksn any system involving symmetries originating in different
like a competition between two symmetries, governing thespatial elements. In particular, it has been shown that the
spatial organization of the edge and the central area, respe®PG could be modeled as a classlaser, i.e., near the
tively. As the aspect ratios increase, two successive transthreshold with a complex Swift-Hohenberg or a complex
tions lead from order to turbulence: The first one appears aSinzburg-Landau equation where the order parameter is the
a change in the leading symmetry, namely, from that deterelectric field [10]. Therefore, the next step in this study
mined by the transverse boundaries to that determined by thehould be to look for these transitions to turbulence in such a
bulk geometry; the second transition appears as a completaodel and evaluate whether such a behavior is universal.
loss of long-range correlations and occurs as the transverShe experimental methods described here could also be
wavelength of the pattern becomes smaller than the gratingested in other fields of physics.
period in the crystal, which fixes the correlation length of our
system. In this case, the bulk symmetry loses also any influ- We acknowledge Neal Abraham and Gilbert Grynberg for
ence on the patterns geometry and a more developed turbuseful discussions. The Laboratoire de Spectroscopie Hertzi-
lence appears. Thanks to the flexibility of optical systems, irenne is “Associeau CNRS” and a member of the Centre
particular concerning changes in boundary conditions, the’Etudes et de Recherches Lasers et Applicati@ERLA).
separation of the roles played by the various symmetries ofhe Raion Nord-Pas-de-Calais and the European Commu-
our system has allowed one to uncover details of the transiity are gratefully acknowledged for their financial support
tion to turbulence in optics. Experiments in Faraday waveghrough the CERLA.
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