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Spontaneous transverse pattern formation is experimentally studied in a Bpfia@refractive oscillator
under degenerate four-wave mixing conditions. A near self-imaging resonator of high Fresnel number and
quasi-one-dimensional in the transverse plane is used. A fine control technique of the cavity dédinéng,
described. It allows a precise study of the relatiofofvith the transverse wave number of the roll patterns
selected by the system. The Ia@:—ﬂla is verified, which evidences that wave-number selection is mainly
dictated by the cavity geometry. The experimentally obtained value of the diffraction paramegtches the
theoretical prediction within the error intervals. The bifurcation diagram obtained by vatystgows homo-
geneous states and domain walls for positiveroll patterns for negativé), and nonperiodic patterns for
intermediate, negative detuning values. The latter are interpreted also in the frame of the cavity selection
mechanism by taking into account the finesse of the cauvity.
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[. INTRODUCTION the cavity frequencyw, caused by possibly existing linear
o _.and nonlinear dispersiori§].

Spontaneous pattern formation is common to many dissi- | 5y (1) is found in theoretical studies of many different
pative, nonlinear systend—3]. The interplay between dis- nonlinear optical systenf@—6]. From the experimental side
sipation, nonlinearity, spatial coupling, and the feed of ensome studies have reported qualitative results on the depen-
ergy into the system can provide by itself an ordering in thedence of the transverse wave number on the detuning
form of periodic patterns. These patterns are characterized ljy 0-13; experimental quantitative verifications of those pre-
their wave number and their symmetries. Nonlinear opticslictions are however almost lacking. In particular, Ackemann
offers a rich variety of systems where pattern formation taket al.[14] have demonstrated E(l) in a broad-area vertical-
place[4—6]. In large aspect ratichigh Fresnel numbgnon-  cavity regenerative amplifier by varying the frequency of the
linear optical resonators, the cavity is mainly responsible folexternal master oscillatgthe cavity frequency was constant
wave-number selection while the symmetries of the patternby construction of the devigeBortolozzo, Villoresi, and Ra-
depend on the form of the nonlinearity. The mechanism ofmazza[15] have evidenced lawl) in a nondegenerate four-
wave-number selection in these oscillators is based on th@ave mixing photorefractive oscillator by varying the cavity
resonance of tilted waves with respect to the cavity axidrequency. Nondegeneracy is a key feature in IRE5] as it
[7.8]. It is in fact a consequence of the spatial filtering allows to fix the cavity resonances by beating the signal with
brought about by the passive resonatamterferometey e Pump. As a drawback, their system does not support
which also manifests, e.g., in the off-axis, spontaneouslftable patterns, and lai) was inferred from transients.

emitted photons by an atom in a microcaviy, properly de-jo % B2 (RN U TR IIEE S SECH 2 edlator. The
tuned from the atomic resonanf@. 9 gp .

In the paraxial approximation, the spontaneously selectef equency degeneracy between pump and signal entails a

t bir | dicted to follow the | hase sensitivity of the system that favors pattern stability.
ransverse wave numbey IS predicted to lollow the 1aw — ag 3 drawback, this degeneracy forbids to measure the cavity

detuning by beating, as in RgfL5], and a new technique is
used, which is described. The agreement between our mea-
surements and lawl), as theoretically evaluated, is remark-

where)=w.-w is the cavity detuning parametan, is the  apie For negative detunings rolls are found, while for posi-
frequency of the lightw is the frequency of the closest e detunings homogeneousn-axig emission as well as

cavity mode, ana is a diffraction parameter that depends on 4o main walls are observed. For small and negative detunings
the geometry. For negativ@, Eq. (1) can be fulfilled and ¢ system shows nonperiodic stripe patterns, which are also
tilted wave emission is predicted &s #0. On the contrary  jnterpreted in the frame of the commented cavity selection

for positive() no transverse wave number can satisfy 8.  mechanism when the finite linewidth of the cavity is taken
and on-axis emission is expected. This mechanism is of genaty account.

eral validity provided that one takes into account the shift of

k2 =-0Qla, D

Il. EXPERIMENTAL SETUP

The system under study is a photorefractive oscillator in a
*Email address: adolfo.esteban@uv.es degenerate four-wave mixing configuration. Two counter-
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FIG. 1. Scheme of the experimental setup. See Sec. Il for an explanation of the symbols.

propagating pump beams illuminate a BaJi®@ystal which The active Fabry-Perot resonator is formed by mirrors M1
produces scattered light, part of which seeds the oscillatioand PM4, both of 95 % reflectivity. The*Gxis of the crystal
in a Fabry-Perot resonator. Starting from this random seet oriented to maximize the coupling efficiency of the pumps
the emission along the resonator is dynamically ruled by thénside the resonator, keeping it in the horizontal plane.
gain(that gives the fraction of light that is diverted from the ~ The pump beams are horizontally polarizéd the plane
pumps to the resonafprthe losses, the detuning, and the of the drawing, and are extraordinarily polarized in the crys-
diffraction (defined by the resonator geomeétryfeach of tal. As a result, the generated field will also be horizontally
these parameters can be, to a certain extent, controlled epelarized and will pass through the polarizing beam splitters
perimentally. The gain can be modified by the relative orienPBS1 and PBS2. The high reflectivity piezomirror PM2
tation among the crystal'Caxis, the pumping direction, and bends the path to complete the resonator. Self-imaging con-
the cavity axis. The losses are biased by the scattering in thdition is achieved by means of two telescoglenses L1-L2
crystal, the reflectivity of the mirrors, and the Fresnel reflec-and L3-L4), which image mirrors M1 and PM4 ontor very
tion at the crystal facets, but can be modified by means oflosely tg the crystal location. The effective cavity length
apertures. The detuning can be modified by fine adjustmertan be varied by coarse axial displacement of piezomirror
of the cavity length, as described below. Finally, using a neaPM4. This telescopic arrangement also provides easy access
self-imaging resonatofl6] the effective length of the reso- to the far-field (Fouriep pattern in the intermediate focal
nator can take any desired valgi® magnitude and sign, planes FP1 and FP2. In our experiments, in order to permit
including zerg, allowing the control of the diffraction. transverse modes, the mirror PM4 is shifted 4.50 cm from
A scheme of the setup is shown in Fig. 1. Pump beamshe self-imaging position. The finesse of the active resonator
(P1 and Pg from a single frequency Arlaser at 514.5 nm is really small: The transmissiohof the resonator was mea-
and typical intensities of 100 mW/d&n illuminate the sured as a function of the driving voltage applied to PM2,
BaTiO; crystal (5X 5x 5 mn¥). From the operational point and the data were fitted to an Airy functiom=1/[1
of view the system is composed of the nearly self-imaging+F Sir?(8/2)], with the resultF=0.23+0.04(see Fig. 2

active resonato¢similar to those used in Ref§l2,17), the The other polarizatiorgperpendicular to the plane of the
stabilization resonatof18], and the observation and mea- drawing is used for optical length stabilization purposes,
surement systems. feeding a small amplitude signdREF) through mirror M1.
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to image the crystal exit face and the Fourier plane FP2 onto
charge-coupled device cameras CCD1 and CCD2.

Ill. EXPERIMENTAL PROCEDURE

Once the system is stabilized, we are able to change de-
tuning by means of a dc voltage applied to the piezomirror
PM2 which modifies the optical length of the active resona-
tor. As the cavity length is very large as compared to the tiny
displacements of PMpof the order of the light wavelength
which are admittedly linear on the dc voltage variations, the
250 260 270 280 290 300 310 320 cavity eigenfrequencies also depend linearly on this voltage.

Applied DC voltage (V) The voI_tage was chqnged in1V steps in _order to stqdy
the behavior of the spatial patterns with detuning. Recording

FIG. 2. Transmission properties of the active resonator. Squaredime was about 1 min to avoid the possible detuning shift due
measured transmitted intensity as a function of the dc voltage ag© the drift of the active resonator. An example of the so-
plied to PM2. Continuous line: the best fitting Airy function. obtained patterns is shown in Fig. 3 corresponding to de-

creasing voltage valudgslecreasing cavity frequenciefsom
Light is reflected on both polarizing beam splitt€PBS1  (g) to (k). A homogeneous stai@), a domain wall(b), and
and PBS%, and the high reflectivity piezomirror PM3 com- periodic stripegg)—j) are shown, which are connected by a
pletes the_ control rgsonator._The f!nesse of this resonat@eries of nonperiodic striped patter@@—f). All these pat-
(over 10 is appropriate _for f_me adjustme_nt _of the cavity arns are steady, except the transient competition between
length. Piezomirror PM3 is driven by a periodic voltage and,q;s of high spatial frequency and the homogeneous state
the variation of thg resonator tra_nsmission, measured by p.h%hown in(k). Further decreasing voltage frok) the system
todetector PD2, is then used in a feedback loop to dr'v.efalls onto a homogeneous state and the above sequence is

mirror PM4 and correct the resonator length variations. F"repeated We note that, when two-dimensional patterns are
nally, the piezomirror PM2 allows fine variation of the active _ 5 aq .phase domair(,$losed domain wallsare generic
cavity length without interfering with the stabilization. It can for this :system at positive detuning&9]

bhe modulated as V]Yelrll with a periodic "lo'(;"?‘ge 'E order tol US€ |n order to test law(1) both the transverse wave-number
the resonances of the active cav_(mcu ing the CWSta ...k, and the cavity detunin§) must be measured. The first is
detected in PD1 to measure the drift of the active cavity wn?ﬂ

rivially determined by measuring the spatial period of rolls,
respect to the control one. The subsystem formed by PBS f he diqiti : f hidh =27/ A. D )
PBS2, PM3, PM2, and the crystal is held on a rigid; rom the digitized images, from whidk, =2a/A. Detun

ing measurement is more involved. In princigle can be

and stable Invar plate which is also shielded from aircu”em?heasured by determining the cavity free spectral range
so that the optical path difference between active and StathSR) in terms of the applied dc voltagén our setup one

I1|_zhat|0n g.el.sonaftoﬁ is kept constant excgpt Ifcr)]r smhal_l dr'ftSFSR was completed after an increase of 3311 Nowever,
e stability of the system is very good, although in rare, o hoeq 1o know further at which voltage values zero detun-

ocgasm]?so \éveM{_(')uPd_ dn:‘ts in the cavity frﬁqulfnctj:ythortl theing (exact resonangés achieved. This last part is not easy to
order of ©. zimin. In any case we checke al OUlagsess at all and we proceeded as follows. Two consecutive
measurements were not affected by this drift, as we will

di series of rolls, corresponding to adjacent longitudinal modes,
ISCUSS. N . . were scanned. Figure 4 shows the relation between the
In order to simplify the s'tudy,'the. transverse d'mens'o.n%quared wave number of rolls and voltage for the two
are reduced to one. This simplification permits the descripsg<acutive series. Data corresponding to nonperiodic pat-

tion with a lower number of parameters and avoids curvatures s are not depicted. A linear relation betwé@nand the
effects that may mask the results. The system is made ong, e yoltageV is apparent. The horizontal distance be-

dimensional by means of slits S2 and S3, 0@ width, t the t traiaht i is the ESR finiti th
located at both Fourier planes. The length of the slits in thqmﬁsnectsanwgfstrr]zge Iirl1r:eessv|\jth ?hesa )“%y:%ecljrgﬁlgg,s agg_ €

Fom_me_r planes is ad_Justed n order to_avc_md rnUItlconlcalcording to Eq.(1), the voltages at which the cavity detuning
emission corresponding to different longitudinal modes. Thﬁ)zo Both series were fitted to a linear relation
insertion of the slits should produce a one-dimensional fiel '

Transmitted intensity (normalized)

in the crystal plane, without variation in the direction perpen- ki =-aAV,
dicular to the slit. Nevertheless, owing to crystal inhomoge-
neities, the effective cavity length may vary for different AV=V-V,, (2)

transverse areas of the crystal. Additional broader €8s

and S3 of 400 um are then located in the primary mirrors With the resulta;=(5.30£0.09 X 10°° um™2 V™! for the left

that select a sufficiently uniform portion of the active me-one anda,=(5.31+0.07 X 10" um=2 V~* for the right one.

dium. The fact that both slopes coincide indicates that the drift of
The system is complemented with the image acquisitiorihe cavity resonances is not important in these measurements

subsystengat the left of the figure Lenses L5-L7 are used as well as allows us to determine the cavity FSR in terms of
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FIG. 3. Experimental recordings of the ne&eft) and far(right) fields under different detunings measured in percentage of the free
spectral range. Also the voltage applied on the piezomirror PM2 is indicated.

the applied voltage, which evaluatésVrsg=31.9+0.3 V. IV. WAVE-NUMBER SELECTION VERSUS CAVITY

Note that this value compares well with the direct measure- DETUNING

ment of the cavity FSR, 33+1 V, based on the scanning of )

the cold resonator through piezomirror PM2. We would like ~From the value of FSR obtained as 120+1 MHz, the fact

to note that the indirect method is more precise than théhat a voltage increase dVesg=31.9£0.3 V is needed to

direct one, especially because of the lack of precision in thé¢an one FSR, and the assumed linear relation between volt-

measurement on the screen of the oscilloscope, due to g€ increase and detuning, we arrive at the correspondence

low finesse(smaller than 1of the active resonator. Once the =fAV, with f=27FSR/AVrsr=(23.6+0.4x10° st vV~

FSR is precise|y known in terms of app“ed V0|tage, we Car(the factor 2r is included aq) is defined in terms of angular

relate it with its actual value. In the experiment the opticalfrequencies Hence relatior(2) can be written as

length of the cavity wag =1.25+0.01 m, hence the FSR is 5

equal toc/2L=120+1 MHz. Ky == Qfagq, 3
Finally we note two further observations from Fig. 4. On here

the one hand the highest wave numbers for both series do not

fit to the straight lines as good as the others because of the Aexpr= fla=0.445£0.015 rAs ™, (4)

limitation induced by the diaphragm. On the other hand, the

plot is not reaching to zero wave number because the perdnda=(5.30+0.09x 10° um~ V™! has been used. Hence

odicity for these cases does not exist as commented. law (1) is proven.
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x10° resonant, i.e.¢p(k,)=2pm, p being integer, if it verifies the
: following relation:

k2 = (qmc/L - Q)/a, (7)
1 . .
whereq=p-m s an integer and
0.8 2
c |
=——. 8
0.6] a 2wL ( )

We observe that if we restrict to the longitudinal mode
whose frequency is closest to that of the wdthlen q=0),

0.4

Squared wave number (um-2)

02 g which is the single longitudinal mode approximation, rela-
T tion (7) becomes law(1). Values ofq different from zero

900 210 220 2% 240 250 260 270 280 290 300 account for the multiconical emission observed in this type

Voltage (V) of experiments which in our case are ruled out by the

insertion of slits in the Fourier planes. Using the experimen-

FIG. 4. Dependence of the spatial frequency of rolls on thetdl values 1=4.50+0.01 cm, L=1.25+0.01 m, and o
voltage applied on the piezomirror PM2, corresponding to two con=3.659x 10'° s™* (\=514.8 nm, we obtain
secutive longitudinal modes. Diamonds and squares correspond to
experimenta? data. Straight lines correspond ?o fits of the (E)ata to @theory = 0.442+0.005 rAs™, (9)

Eq. 2. which coincides, within the error interval, with the experi-
mentally determined diffraction coefficieid).

We now study how Eq(4) compares with the theoretical It is to be pointed out that wave-number selection has
prediction based on the assumption that wave-number selebeen theoretically explained in terms of the modal structure
tion is governed by the resonance of tilted waves in the resoef the cold cavity(including only linear contributions This
nator. For that we note, referring to Fig. 5, that the phaseneans that nonlinear phase shifts possibly given by the pho-
accumulated by a tilted wave of optical frequeneyand torefractive effect or, in general, nonlinear dispersidoe,
transverse wave-numbkr along a resonator round trip can e.g., to the nonlinear resonance eff¢20]) are apparently
be written, in the paraxial approximation, as absent in our experiment.

We note from Eq(8) that in our resonator the diffraction

o(k,) = $(0) - C_|k2 5) coefficient can be controlled by means of the offseand
L o L can take both positive, negative and null values, as com-
mented.
wherel=(-l,+1,+d/n) is the effective length of the cavity It is instructive to think of Eq(7) in terms of a graphical

(the resonator is exactly self-imaging whén0), c is the  construction as follows. In the used paraxial approximation,
speed of light in vacuumn is the refractive index of the the longitudinal componenk; of the wave vector can

crystal, and be written ask;=w/c—k? c/2w. Hence, from Eqs(7) and
(8), we obtain that a wave of longitudinal wave numlier
¢(0) = 2wl /c, (6)  will be in resonance with the cavity if it verifies
where L=(L;+L,~I;+l,+nd) is the optical length of the K = wlc + LO/Cl - qdKef, (10

resonator. Note in the previous expressions thandl, are \ith sk ==/I. Thus, the resonance condition for a tilted

oriented distancessee Fig. 5 caption The frequencies of \yaye can be seen as determined by the intersection of a

the cavity longitudinal modesy., are defined by the condi- jcymference of radiuk=w/c with a comb of vertical

tion ¢(0)=2mm, m being integer, which yieldswcm |ines separated by the fundamental wave number of the

=mmc/L. If we express the wave frequenayasw=w.={,  effective cavity,dke, whose location depends on the cav-

relation (5) predicts that a transverse wave number will beity detuning Q. This construction will be used in the fol-
lowing section for understanding the behavior of the

PM4 PMm4’ M1’ Ml system.
L, | BaTio, | | L,
«—1 - 2,
I T i I V. PHYSICAL ORIGIN OF THE NONPERIODIC

PATTERNS

FIG. 5. Scheme of the nearly self-imaging resonator. Only the . . o
main elements are depicted. PM4’ and M1 are the image planes of Figure 6 corresponds to one of the series shown in Fig. 4,

PM4 and M1(see Fig. ] through the corresponding telescopes angbut now the horizontal axis is detuning measured in units of
beam splitters. The distancesand|, are oriented, being positive % FSR(let us call itA). For negative detuning (ranging
(negative if they point to the rightleft). The length of the crystalis from —90%FSR to 0% FSRstripes are observed, being pe-
denoted byd. The optical path of tilted waves only differs from that riodic rolls in regionA and nonperiodic patterns in regi@

of on-axis waves in their propagation between PM4’ and M1’.  [like in Figs. 3¢)-3(f)]. At zero and positive\ we observe
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either a homogeneous field or domain walls, as expected. We
finally note that for large and negative detuni@@oundA
=-90% FSR axial emission competes with tilted waves of
high spatial frequency corresponding to the next longitudinal
mode. Owing to nonlinear competition sometimes the central
spot at the far field takes all the energy but sometimes rolls
win.

Especially interesting is regidB. Figure 7 shows a series
of patterns obtained at the two sides, close to the line that
separates regiond and B in Fig. 6, for three consecutive
longitudinal modes. We see that these nonperiodic patterns
are robust structures of the system in the region of small,
negative detuning. We note that the transition from periodic
(roll) to nonperiodic patterns occurs at the same detuning
value, independently of the direction of the scan, i.e., both by
increasing or decreasing detuning. Clearly the transient stage
is different in both cases: if detuning is increased from region
A in Fig. 6 what is observed is the annihilation of some of
he already present stripes, whereas by decreasing detuning
rom regionC in Fig. 6 creation of isolated stripes is ob-
served. In any case the final state is a collection of stripes
separated by apparently random distances. In the far field
what is observedsee Fig. 7 is that these nonperiodic pat-

SERIES 1

SERIES 2

A=-12% Nonperiodic pattern

A=-15% Periodic pattern

2331137

SERIES 3

A=-12% Nonperiodic pattern

A=-15% Periodic pattern

S RII11Y

FIG. 7. Experimental recordings of both the n@aft) and far(right) field for three different longitudinal modes corresponding to the
transition between regions andB in Fig. 6. By decreasing detuning the periodicity of stripes is broken in the near field, which manifests
in the far field through the appearance of additional spots between the two which correspond to the periodic roll pattern.
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FIG. 8. Interpretation of the spatial frequency selection mechanism. Top row: density plot of the Airy function of the active resonator on
the planek, vs k, ; the paraboliclike curve represents all possible wave vectors of the light. Middle row: assumed linear gain as a function
of k; the horizontal line denotes the oscillation threshold. Bottom row: far-field intensity as predicted by4Eql; andd, denote the
borders of the slits located at the Fourier plane. In all figures the horizontal axis correspdndartd its size is indicated. Each column
corresponds to a given cavity detuning marked on the top. For details, see Sec. V.

terns contain a large number of small transverse wave num- gk,)=goT(k,), (12
bers. We ask why.
An explanation of this effect can be given by consideringhere[22]

the graphical construction already introduced at the end of 1

the preceding section, in combination with the fact that the Tk,)= , (13
cavity resonances are not sharpcall that that thé= factor 1+F Sinzm

of its associated Airy function equals 0)23he upper row in 2

Fig. 8 shows a scheme of the graphical construction given b}f—o 23+0.04 in ourexperiment andg(k,) is the phase
- . — . l

Eq. (10) for six detuning values scanning a complete free : :

spectral range. Each figure displays a density plot of the Airya\ccumulated by a tilted wave of optical frequermyand'
function of the cavityhence it shows its resonance strucjure trans'ver'se wave numbdr, along a resona'tor rqund trip
which solely depends on the longitudinal wave number, to-anOI IS given by Eqs(.5) and(6). It can_b_e erttef |2n terms
gether with a circumference of radilks w/c representing of the cavity detuning(} as d’(k{)_ ZQL/_C _le”“"

the light wave numbetits appearance is parabolic as the M0dulo 2r. The reason to includg in the gain is purely
horizontal axis, which corresponds to the transverse wave2ne€nomenological: we are adopting a simple picture in
number, has been squeezetccording to Eq(10) the inter- which those waves that are closer_ to the Iongltudlna_l reso-
sections between that circumference and the cavity resg}@NCes experience more net gain than those which are
nances should give the selected transverse wave numb@f-résonant, and we assume that this is just proportional
However, due to the low finesse of the cavity that selectiorf© the transmission properties of the resondiee could
mechanism is quite tolerant and, close to resonance, it i§ONSider, alternatively, thal controls the cavity losses
feasible that a broad band of small transverse wave numbefd!d hencey should be inversely proportional @; we

fits simultaneously the tilted wave conditiog and (10).  Prefer however to use the proposed picture as, in fact,
But we can try to be more predictive if we adopt, without cavity losses, understood as the parameter giving the loss

trying to be rigorous, the following simplest model: Assume©f Photons per unit time, are the same for all tilts, if we

that the observed emitted intensity at a given transverse waJgnore diffraction losses Use of Eq.(12) into Eq. (11)

number,l(k ), follows the simple law yields
Ik )Ns=puT(k,) -1, (14)
gk, 11 where u=gq/ y represents the linear gain to loss ratio for
1+1(k)g 4 (11) waves exactly on resonance with the cavity. By fitting the

Fourier spectral intensities of the different observed patterns

to Eg. (14) we obtained thaju=1.04 isable to reproduce
where g(k,) represents the linear gain for a given tit, the measured spectra for all cavity detunirigete thatu
represents lossegassumed equal for all wavesandlgis a is the single fitting parametely is just a proportionality
saturation intensity. We are thus assuming that the amplififactor). The middle row in Fig. 8 displays the function
cation mechanism is that of the simplest form of gain satuwT(k,) as a function of the transverse wave number, and
ration (note that we are ignoring the phase sensitive nature ahe bottom row displays the associated density plots of the
the four-wave mixing processAssume further that the lin- predicted far-field pattern according to Ed4). Note that
ear gain equals the product of a pump paramggefwhich  the predicted far fields compare well with our experimen-
should be related with the ratio between pump beam intental observationgsee Fig. 3. Especially note, around zero
sities[21]) and the Airy function of the resonatdXk ), i.e.,  detuning, how a set of tilted wavdalso the on-axis one
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can be oscillating. Therefore we expect, and obséRrg.  work was to provide evidence of the transverse wave-number
3), dissipative structures, but they are not periodic as theelection mechanisms existing in cavity nonlinear optics. A
wave-number selection mechanism given by the cavitycareful stabilization of the cavity allowed a good control of
does not work in a clean way here. Clearly the above is d@he cavity detuning which could be measured. The obtained
linear reasoning but we have checked experimentally thatesults show repetitivity and hence provide a solid base for
these nonperiodic patterns are not a transient stage: sonits study. The main conclusion is that transverse wave-
spots can change their intensity as well as their shape, buumber selection is mainly brought about by the cavity ge-
there is always a broad Fourier spectryaf low spatial ometry. This is true for negative detunings where the experi-
frequency content Under these conditions, we can seementally obtained and theoretically computed diffraction
stripes in movement in the near field. coefficients fully agree. Even more surprising, we find that
All the previous discussions lead us to the idea that eachonperiodic patterns observed at small negative detunings
tited wave has its own amplification, almost independentlycan be explained on the same basis as well, when the finite
of the presence of other wavgsote that the gain in Eq11) linewidth of the cavity is taken into account. Nonlinear ef-
does not consider cross saturajiorhis low nonlinearity can  fects, while present, do not seem to affect strongly the selec-
be reasonably understood as the obtained valug.fot.04  tion mechanism in our experiment.
is only 4% over thresholflaccording to Eq(14), u=1 cor-
responds to the threshold for oscillatjon ACKNOWLEDGMENTS
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