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Moving spatial solitons in active nonlinear-optical resonators
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We investigate spatial solitons in a resonator with a narrow-band gain element and a saturable absorber
placed in Fourier-conjugated resonator planes. Solitons are stationary or move at discrete velocities depending
on the resonator tuning. The modulus of the velocity of moving solitons is fixed, but the direction of their
motion is arbitrary. Solitons compete in velocity space. The experiments are conducted on a photorefractive
oscillator with bacteriorhodopsin saturable absorber. Observations agree well with solutions of a general order
parameter equation for such resonatp&L050-294{@8)02701-2

PACS numbgs): 42.65.Sf, 42.60.Mi, 42.65.Tg

[. INTRODUCTION addition to that caused by the aperture in the far-field plane.
This narrow gain line PRO with zero resonator detuning is

We show dynamica{moving spatial solitons in a self- equivalent to the laser system with an aperture in the far-field
imaging resonator with a narrow-band gain element and @lane and allows one to reproduce the results ffa2]. On
saturable absorber placed in Fourier-conjugated planes of tHBe other hand, the frequency-detuned narrow gain line PRO
resonator. The gain element in our experiments is a photorgelects higher-order transverse modes or higher spatial fre-
fractive BaTiQ, crystal placed in the far-field plane of the gquencies, which leads to moving spatial solitons, as we show
resonator and the saturable absorber is a bacteriorhodopgglow.

(BR) cell placed in the near-field plane. The experimental scheme used 8] seemingly could al-

A similar system(with a self-imaging resonator and the low one to obtain moving spatial solitons too. The narrow
nonlinear media in Fourier-conjugated plankas been de- gain PRO used i3] is identical to our scheme as regards
scribed in[1-3], where the existence of stationary spatial macroscopic physics. However, the intrinsic motion of soli-
solitons was shown. Ifil,2] a laser with saturable absorber tons was not reported if8].
was used and if3] a system was studied where the gain and
loss elementg were differently oriented photorefractive crys- Il. RESONATORS WITH NARROW-BAND GAIN
tals. The spatial solitons found ja—3] are bistable, i.e., they
can be “written” anywhere in the laser cross section. If sub- For a theoretical analysis we use model equations for
jected to extrinsic force¢e.g., phase gradients due to non- resonators with a narrow-band gain element and saturable
planar or tilted resonator mirrors, or gain gradients due to absorber, without specifying a particular nonlinear optical
spatially inhomogeneous pumpghe soliton can move. The system. Two essential properties of the system are taken into
solitons in[1-3] are, however, stationary for transversally account:(i) the self-imaging resonator arid) the amplify-
homogeneous parameters. In the present paper we show dpg medium and saturable absorber are placed in Fourier-
namical spatial solitons, which, differently frofh—3], move  conjugated planes of the resonator. The model equation for
at discrete velocities for homogeneous laser parameters, witiesonators with narrow-band gain is a complex Swift-
the velocity modulus depending on the resonator tuning antiohenberg equatiofCSHE), which was derived for lasers in
the direction of motion arbitrary. [5,6], for PROs in[4], and for optical parametric oscillators

The essential difference here from the experimé¢mig] in [7]. For an additional saturable absorber, the nonlinearities
is a narrow spectral line of the gain medium. Ih,2] a  in the CSHE are correspondingly modifig2].
broadband laser medium was used, which causes no fre- For the experiments a ring resonator PRO with four
guency selection and consequently no tunability of transhighly reflecting plane mirrors and four identical intracavity
verse modegor transverse wave numb@rdn aperture in  lenses (focal length f=100 mm arranged in near-self-
the far-field plane was necessary for soliton stability. Theimaging geometry was used. The total length of the resonator
spatial width of the solitons was determined by the inverses L=8f+1, wherel is a small shift from the self-imaging
width of this aperture if1,2]. Here we use a photorefractive configuration {I|<f ). A BaTiO; crystal homogeneously
crystal as the amplifying medium, which is equivalent to apumped by a single frequency Ataser(514 nm and a cell
narrow spectral gain line laser amplifig]. The width of the  (with 10 mm diameter of apertureof bacteriorhodopsin
gain line [which for a photorefractive oscillatofPRO is  saturable absorbdi8] (saturation intensity~ 10 mW/cnf)
inversely proportional to the photon lifetime in the resonatorwere placed in Fourier-conjugated planes of the resonator.
[4]] is a fraction of free spectral range. This narrow gain lineThe transverse structure of the PRO emission in the near
of the PRO amplifier allows spatial frequency selection infield (saturable absorber planand in the far fieldgain crys-

tal plang is monitored by a charge coupled device camera.
The PRO with an unbleached BR absorber was below

*Permanent address: Institute of Physics National Academy ofhreshold at maximum available pump intensity
Sciences of the Ukraine, Kiev, Ukraine. (=120 mW/cnf). The PRO emission was initiated by an
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vectork, space, where each ring corresponds to one longi-
tudinal mode family.

The emission on many longitudinal modésany reso-
nance rings is not describable with the mean-field CSHE
model, which by definition describes only a single longitudi-
nal mode case. The CSHE describes the spatiotemporal dy-
namics of an order paramet&(r, ,t), which is proportional
to the complex envelope of the optical field and is defined in
the transverse plamg =(x,y):

(A+dV?)

dAIt=(p—1)A+i(A+dV3)A— X2

A—|AJ?A.
(1)

Here A is the resonator detuning=I1\Q/27 is the diffrac-
tion coefficient,| is the difference of the resonator length
from the self-imaging lengtlfor the total length of the cor-
responding plane mirror resonato® is the finesse of reso-
nator, \ is the wavelengthp is the pump normalized to its
threshold value, andw is the width of the gain line(For the
laserAw corresponds to the width of the gain line; for PROs
Aw=2 since the PRO gain line width is the width of the
resonator mode ling4].) The Laplace operator acts in the

near-field transverse plaré? = 9%/ 9x?+ g%/ dy?. The time

FIG. 1. (a) Far-field emission of PRO with the saturable ab- IN Ed. (1) is normalized to the characteristic relaxation time
sorber bleachedb) lllustration of resonant rings in the far field of Of the active resonatdphoton lifetime in lasers or relaxation
a planar resonator. The central frequency of the gain line detetime of refractive index grating in PR@sThe frequency is
mines the modulus of the wave vector w/c. The resonance con- nhormalized to the corresponding relaxation rate.
dition determines the component of the wave vector along the op- It follows from Eq. (1) that the PRO supports waves with
tical axis k,=27n/l. Concentric resonant rings result with , particular transverse wave numbers. Inserting the ansatz in
~k—k>2/2k. Each ring corresponds to a different longitudinal modethe form of tilted wavesA(f, ,t)=exgd (K )t+ik, 7, ] into
family (Wlth index n). The Wldth of the rings corresponds to the Eq. (1), one obtains the form of the gain lingk,)=p—1
spectral width of the gain line. —(A-dK?)%Aw? Zero detuning leads ta(k )=p—1

N _ —d?k?/Aw?, which corresponds to the action of the aperture
additional (bleaching expanded beam of a Nd:YAG laser i, the far field(suppression of the higher components of the

(532 nm) (where YAG denotes yttrium aluminum garhet spatial spectrum Nonzero detuning leads to maximum am-
which irradiated the BR absorber. The threshold for the ospjification of radiation with nonzero transverse wave num-
cillation onset was thus lowered to a few mW/cof pump

. ! . \ _ v/ bersdk’=A. In K, space the maximally amplified wave
intensity. At relatively high pump intensities (20-30 mpers lie on a ring with a radius proportional to detuning
mW/cn?) dynamical transverse patterns, resembling speckleng a width proportional to the width of the gain lideo.
fields, are observed in the near-field plane. In the far ﬁeldConsequentIy PRO&n, in general, narrow gain line non-

this corresponds to radiation on many resonant rings, agear optical systemsemit tilted waves, with the tilt angle

shown in Fig. 1a). _ , proportional to thepositive) detuning. This has been shown
The excitation of multiple resonant rings can be under«q, |asers in[10].

stood by employing the analogy between the plane mirror

and self-imaging resonators. As shown recen®yd], the  egonant ringor the central spot, to which the ring contracts
.near.self—lma}glng _reso.natorlwnh a small SH|ﬁrorr_1 self- i the limit of zero detuningsince the mean-field approxi-
imaging configuration is equivalent to the plane MIrTor réSO+mation (single longitudinal modeis assumed. In reality,
nator of total length. Then the resonant frequencies of theyith no external spatial frequency filtering an infinite num-
equivalent plane mirror resonator a&g=2mcn/l and the  per of rings is possibléFig. 1). We used therefore a dia-
resonant wave numbeky=2mn/l. If the central frequency  phragm in the far-field plane to restrict to only one ring.

of the gain linew=kc does not coincide with any of reSO-  The role of the diaphragm in our experiments is different
nant frequencies then one can decompose the wave Jectorfrom that in[1-3]. In [1-3] the radius of the diaphragm
(of arbitrary direction and fixed modulus=w/c) into lon-  determined uniquely the size of the spot in the Fourier plane
gitudinal (parallel to resonator axisand transverse compo- and consequently the width of the soliton beam. In our case
nents, as illustrated in Fig(l). The longitudinal component of a narrow gain line PRO, the role of the diaphragm is only
must match the resonance condition of the cavity. The trango remove the high-order rings associated with the higher-
versal component is thek, = k2—kn~k—kﬁ/2k. This  order longitudinal modes, but not to influence the central
corresponds to a family of resonant rings in transverse waveng. The soliton width, e.g., is given here by the width of the

The theoretical approaati) takes into account only one
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near-field plane

)
’

far-field plane ,//

FIG. 2. Intensity distributions in the near and the far field. A
central spot in the far field corresponds to an arbitrarily positioned
stationary soliton in the near field. A spot on a resonant rikg (
#+0) corresponds to a moving soliton. Emission involving t(eo
more) resonant ringsK,) corresponds to moving solitons, which
are modulated along the direction of propagation.

central spot or the thickness of the ring in the far field, in
other words, by the gain line width, and not by the dia-
phragm radius.

Ill. SATURABLE ABSORBER
IN THE FOURIER-CONJUGATED PLANE

At relatively high pump intensities (20—30 mW/éma
speckle structure is observed in the near field. The absorber
is completely saturated, thus the system behaves like a laser.
However, decreasing the pump intensity unsaturates the ab-
sorber and only the most intense spots from the disordered
patterns remain, forming solitons. The number of solitons near field far field
drops with pump and finally only one soliton remains, lo-
cated arbitrarily in the cross section of the saturable absorber. FIG. 3. Experimental observation of soliton dynamics in the
In the far-field plane the corresponding spot is centerechear and the far field when only one resonant ring is allowed. De-
around the optical axis of the systeﬁféi 0) if the resonator tuning is ar(?und 20% of thg free spectral range. The time interval
detuning is zero. This case is illustrated by the central spot ifétween adjacent pictures is 6 s.

time .

Fig. 2.
The stationary soliton is analogous to thosglir3|, ex- (A+dV2)2
cept for its dependence on the detuning: The solitons decayja/gt=—A+i(A+dV?)A— 2L A— |§|(0,,|a)A
for negative resonator detunirifpr 1>0). The solitons can Aw
then be excited again only after another exposure of the BR s g0 -
g y P +FIN(p,1,)FA. @)

absorber to the bleaching light and at zero detuning.

For positive detuning, the solitons become nonstationary:
Depending on the detuning value, the solitons splits into twq_|ere the definitions of the parameters remain as in(Ex
or three dynamical solitons moving in different directions. ~ . . '
The typical experimentally observed soliton dynamics af\(@:!) is @ nonlinear operator
relatively small resonator detunirgisible as a slight broad-

ening of the central spot in the far-field plane shown in

. : L : : : - A
Fig. 3. One soliton splits into two, which move in opposite N(a.l JA= @ _ 3
directions. One of them “dies,” e.g., due to larger losses (ela) 1+|AI%N, ©

near the edge of the aperture. The other survives, splits
again, and this process repeats periodically. .

For a theoretical analysis of moving solitons the model The operator of saturable absorptiNifa,l,) acts on the
equation[1] has to be modified. Taking into account the field variable A(F, ,t) in the spatial domain(near-field
saturable absorber, like {12], one obtains plane (I, is the field intensity saturating the absorbérhe
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gain occurs in the far-field plane, thus the nonlinear gain
operator acts on the field in the Fourier domgmis the
unsaturated gain ang is the gain saturation intensjtyThe
spatial Fourier transforntand inverse Fourier transfopnis
therefore used in Eq2) to change from the near-field to the
far-field domain(and vice versa

1 . .
FA:Z f fA(x,y,t)exp(lkXerlkyy)dX dy, (49

- 1
F—lAzﬁfJA(kx,ky,t)exq—ikxx—ikyy)dkxdkx.
(4b)

The spatial coordinate in the far-field plane is related to
the transverse wave number by=k, (A f/7). (A Gaussian
beam of widthr =\ f/ 7 is of the same width in the near-
and far-field planes of a self-imaging resonator with lenses
with focal lengthf.)

Numerical integration of Eq2) leads to moving solitons
(Fig. 4), similar to those observed experimentalfig. 3.
Figure 4 illustrates a permanent process of formation of two
moving solitons in the case of a small, positive detuning. The
scenario starts from the splitting of one soliton into two soli-
tons moving in opposite directions. Due to periodic boundary
conditions used in the numerical integration, the motion of
both solitons can last relatively long, until they fina(lcci-
dentally collide. In the collision process one of two solitons
dies and the process described above repeats.

To interpret the moving solitons, let us assume that a
radiation spot appears on the ring, centered around a particu-
lar resonant wave numbér, = (k,,0), dk)2<=A (this case is
also illustrated in Fig. R This off-central spot corresponds in
the near-field plane to a soliton moving with a particular
velocity, dependent ok, , and directed along the axis. To
show the motion of the soliton we rewrite the amplitude
equation(2) using a planform of the tilted wave with the
wave vectork, , A(F, ,t)=B(F, ,t)expikX):

=5 . FIG. 4. Dynamics of solitons as obtained by numerical integra-
dZ(VL + 2|kx(9/(9x)2 tion of Eq.(2). Time runs from top to bottom; the interval between
Aw? the plots isAt=6 (except for the last plot, wherAt=18). The

. A n . parameters ara =1, d=0.25x10"%, Aw=2, p=2.6,1,=10, a
—N(a,1,)B+F~'N(p,I,)FB. (5 =2, andl,=0.25. The integration region is of unit siz©nly half

. . . . of the integration region is shown.
The nonlinear operators are invariant with respect to the

multiplier expfk,.x). [The multiplier expik,x) corresponds to
a coordinate shift in the Fourier domait(K, ,t)=B(K,
—Ky,t).] Assuming large spatial scalég,d,<ky, Eq. (5)
can be rewritten

9Bl at=—B+id(V2+2ik,d/dx)B—

advected by the underlying tilted wavand(ii) the envelope
diffusion is anisotropic with respect to the direction of propa-
gation of the underlying tilted wave: Diffusion is stronger
along the direction of propagatidialongk,) and weaker in

(9l at+2dkdl 9x)B=— B+ idV?B the perpendicular direction.
Larger detuning leads to emission on a resonant ring of
d?(4kZd?l ox*— a*1 ay*) larger diameter. Figure 5 shows the numerically calculated
Aw? B multiple solitons and the spatial Fourier spectrum for detun-
- P - ing larger than that corresponding to Fig. 4. We note that the
—N(a,1,)B+F'N(p,I,)FB, moving solitons are stretched along the direction of motion.

(6) The motion direction can be traced from the phase plot since
it coincides with the direction of the phase gradient.
which means that) the envelopd3(f’, ,t) propagates with a As the individual solitons compete for the gain, more
constant group velocity = 2dk,=2/dA along the direction moving solitons can exist simultaneously on rings of larger
of the tilted wave(using hydrodynamical terminology, it is radius. Thus, in general, the faster solitons coexist better.
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near field far field

FIG. 6. Experimental observation of moving solitons in the
near-and far-field domains, corresponding to a simultaneous pres-
ence of a few resonant rings. Stationary solit¢hsand two dy-
FIG. 5. Dynamical solitons as obtained by numerical integration@mical solitons corresponding to the first and second resonant
of Eq. (2): (a) intensity, (b) phase, andc) spatial Fourier spectrum. "Ngs (2 and 3 are shown in@). Three solitons moving with equal
The phase gradients indicate the direction of motion. The paramvelocity modulus, coexisting with stationary soliton, are shown in

eters are as in Fig. 4, except for detuning: 3. (b). A spatially modulated moving soliton, corresponding to simul-

taneous emission on a few resonant rings, is show(e)in
IV. BEYOND THE SINGLE LONGITUDINAL MODE

APPROACH : , - -
_ ) ) they compete for the gain, only one stationary soliton exists.
In the experiment we could observe soliton dynamics alserpe girection of motion of the moving solitons is free. Mov-
beyond that described by mod@). Model (2) assumes a g ggjitons correspond to emission of part of a far-field ring.

single angitudinal mode; thqs only one resonant rir_lg can bq’he velocity modulus depends on the resonator detuning
present in the Fourier domain. In experiments multiple reso- '

nant rings are possible if the diaphragm is opened. In Fig!BY changing the resonator length, one can continuously
6(a) three different solitons, with three different directions change the velocity of the solitons or stop the motion.
and velocities of motion corresponding to three different The moving solitons are stretched along the direction of
resonant rings, are simultaneously pregemte ring is actu- propagatlo_r(or equivalently occupy elongated sectors on the
ally degenerated to the central spot hefhe dynamical resonant rings Mathematically, the stretching is related to
solitons can coexist if they move with different velocities or the anisotropic diffusion with respect to the direction of
in different directions. Otherwise they overlap and competepropagation(or the direction of the underlying tilted waye
for the common gain in the far-field plane. The velocity = Solitons moving at the same velocity but in different di-
modulus and direction of motion correspond to the field disrections coexist because they occupy nonoverlapping frac-
tribution in the far field(see Fig. 2 for illustration tions of a far-field ring. Solitons with a different modulus of
Figure Gb) shows three solitons moving with equal ve- velocity also coexist because they correspond to the different
locity modulus but in different directiontbelonging to the |ongitudinal modes of the resonatatifferent rings in the far
same resonant ringThe moving solitons coexist with a sta- field). The solitons compete in velocity space and only one

tionary one. Figure @) shows the spatially modulated dy- soliton can occupy a given velocitynomenturh state.
namical solitons, which in the far-field domain correspond to

the simultaneous emission on twor more resonant rings.
This situation is also not describable by the ‘“single-
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