PHYSICAL REVIEW A VOLUME 60, NUMBER 2 AUGUST 1999
Anomalous frequency pulling in the photorefractive oscillators
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The emission frequency of an optical oscillator is not, in general, the cavity frequency, because it results
from a compromise between the cavity and the matéai@m, crystal frequencies: this phenomenon is known
as frequency pulling. We study in this paper the mechanisms leading to frequency pulling in oscillators with
photorefractive gaitOPG), and compare them with those of lasers. We find that because the pulling in OPG
does not depend explicitly on the empty cavity mode frequency, behaviors different from those observed in
lasers are obtained. In particular, for a given set of parameters, the frequency pulling has a constant sign, so
that the emission frequency is always larger smallej than the maximum gain frequency. This leads to the
counterintuitive effect that, in some conditions, the emitted intensity could decrease as the losses are decreased.
[S1050-294{@9)09908-4

PACS numbd(s): 42.65.Hw, 42.70.Nq

I. INTRODUCTION Il. EXPERIMENTAL SETUP

, : . The photorefractive oscillator is constituted by a ring cav-
In the field of spatiotemporal dynamics and transversei=y (lengthL=1.34 m with a BSO (Bi,SOy) photorefrac-
pattern formations in active systems, st_udies ha\_/e been rea{k/e crystal as .an amplifier. The cavity isolimited by three
|zed_not or_1|y on lasers but also on oscillators with phomre'plane mirrors and a beam splitter with 90% reflection, used
fractive gain(OPG [1-6]. The latter presents the main ad- as an external coupléFig. 1). We used a cavity with four

vantage c_>f very long characteristic times, .I(.aadmg ©Omirrors because it corresponds to a simpler distribution of
dynamics in the range of a few hertz. ThIS.SImpherS greatlycavity eigenmodesin a cavity with an odd number of mir-
the detection and the analysis of the spatiotemporal dynamr-orS’ a geometrical phase introduces a dependence of the

ics. OP.G are used in many qt_her fielqls, as they offer gqo%ode frequency on the mode symmetryhe cavity is sta-
properties for pattern recognition devices, mass memories,;i,qq by a lens(focal lengthf=1 m), and its transverse

and image. processirig]. In spitg of a gain process funda- ize is ruled by an iris. The beam waisti{=0.4 mn) is
hmentagly dlfferer;]t, Igrgéa ?naclipgles bet\;veen :jasﬁf’ %‘g GOP cated inside the crystal, and the distance between the iris
claa\gi-Aeg;:{Tﬁ]p asized, leading, €.g., to modet the a%5fd the crystal is small in comparison with the Rayleigh

However, deep differences exist in the involved pro-

cesses, in particular in the frequency domain. Indeed, be- —x; | BS
cause of its very narrow gain bandwiditnly a few H2, the [Nd*-YAG pump laser | O
OPG emits always at the same frequen@ithin a few i

hertz, and, therefore, a huge frequency pulling is required 7

for oscillation. We show in this paper that these properties Ef%)
lead to some original behaviors of the OPG, fundamentally T :
different from that of the laser. We show in particular that a = Lz BS
decrease of the losses may lead to a decreasing of the emittec :
intensity, and that frequency pulling can take values larger
than the frequency interval between transverse modes. We
give in this paper experimental evidence of these atypical a 4 Ve
behaviors. M T £ M

L

The paper is organized as follows: after this introduction,

the second part is de.VOted to th.e description of th.e EXPEr £ 1. Experimental setup. The cavity is limited by the mirrors
mental setup. _The_ third part derives some prope_rtles of thf?/l and the beam splitter BX.; is a lens that geometrically stabi-
frequency pu!llng in the OPG from a model pre_VIously de'Iizes the cavity, while the iri$ rules the Fresnel number. The angle
veloped[9]. Finally, Sec. IV describes the experimental 0b- _ 1 5 petween the pump and the cavity axis has been chosen to
servations and their interpretation as a consequence of theyimize the gainL, is a set of lens to image the pattern on the
properties described in Sec. Il CCD camera. The pictures are recorded on a video recOwizR)

and/or processed on a computBC). A voltageV is applied on the

crystal to increase the gain. The other beam spliie® allow us

*Present address: Dept. de Fisica, Universitat Aatoa de Bar-  to make interferences between the intracavity signal and the pump,

celona, E-08193 Bellaterra, Spain. in order to perform a heterodyne detection.
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Avp wherea is the iris aperture and, is the beam size at the iris
(Wa=w,g). In our cavity,Ng may take values up to 150, but
Avyy Avy we focus here on small values, typically up to 30.

The gain bandwidth v of the OPG is only a few Hz,

) leading to dynamics time scale of the order of 1 s. Therefore,
the detection of the spatial patterns may be done through a
Vp o VoV Vg standard video camera.

The long time scale of the acquisition processes makes
primordial the stability of the cavity. To realize the experi-
ments described here, we have used an active stabilization of
the cavity: a counterpropagating control beam with an inten-
sity 107 to 10° smaller than the main signal beam and with
length(typically 8 cm against 94 cjnso that the iris is in the  normal field polarization as compared to the latter is intro-
near field area. The gain in the BSO crystal is obtained byluced in the cavity. This control beam interferes with a ref-
two-wave mixing with a pump beam provided by a fre- erence beam, leading to an interference pattern monitoring
quency doubled Nt -YAG laser (wavelengthh =532 nm, the cavity length. A lock-in amplifier is then used to generate
intensity about 10 mW/cR): the optical grating created by an error signal that compensates for the fluctuations of the
interference between the pump beam and the intracavitgavity length by moving one of the mirrors of the cavity
beam induces an electric charge grating, which itself inducethrough a piezoelectric translator. The control beam comes
an index grating with a phase shiftwith the optical grating.  from the pump laser, so that the possible frequency shift of
The maximum gain is obtained fap=#/2. In the BSO, the later is also compensated.
phase-shift value is adjusted with a dc electric field applied It is easy with such a system to measure the emission
to the crystal. Therefore, the gain is linearly related with thefrequencyr or the phase of the fields. A heterodyne detec-
applied electric field, which can reach 1 kV/mm in our ex-tion is achieved by mixing the pump and the intracavity sig-
periments, corresponding to a typical linear gain of 10. Notenals. If the pump field phase is taken as a reference, the
that the gain curve is detuned from the pumping frequencyesulting field is
v, the maximum gain frequency, is such thatA v, = vg _ _ _

— v, takes values between 1 and 4 Hz, depending on the E (XY, D) =Ep(x,y)e?™ s +E(x,y)e'?™el¢ (1)
pump power(Fig. 2). At the startup of the oscillator, the

intracavity beam intensitys is zero except for the diffusion |eading to a detected intensity:

of the pump in the crystal. Thus the signal is constructed
from this diffusion noise.

The signal pattern emitted by such an oscillator can be
interpreted through the eigenmodes of the empty cavity, .
namely the Hermite-GausBiG) or the Laguerre-GaugsG) ~ WhereE, andE (respectivelyl, andl) are the pump and
modes[1]. Each mode is associated with its longitudinal in- INtracavity fields(respectively, intensitigs while ¢ is the
dexk and its transverse indices andn (respectivelyp, |, phase of the intracavity f|eld_. It appears fr(_)m E2). that the
andi) for HG (respectively, LG modes. In the following, tme-dependent part of the mtensﬁcy provn_jes Fhe frequency
HG (respectively, LG modes will be notecH,,, (respec- d!fferenge between the pump and mt_racawty signal frequen-
tively, Ayy;). The frequency separation between two mode<i€s, while the phase qf the intracavity field can be deduced
with successivé and identical transverse indices is the freeToM snapshots of the interference pattern.
spectral rangé\ v, =c/L, wherec is the light velocity. The
frequency of a transverse mode is ruled by the family index lIl. FREQUENCY PULLING
g=m+n (respectively,q=2p+1) for HG (respectively, ) ) ) )
LG) modes. The frequency separation between two modes AS the gain bandwidth of the OPG is very narrow, its
with  successive q and same k is Ay,  €mission frequency always remains within a few hertz of the

= A,/ arccos/T—L/2f. The ratioR,=Av_/Avy plays a quimum gain f_reque_zncyxo_, whatever the cavity I_ength._
main role in the dynamics of the oscillator and may be ad-This can pe obtained if, as in lasers, frequen_cy pulling shifts
justed by changing. or f. Note that astigmatism changes the the €mission frequency from the empty cavity mode fre-
frequency of modes and, therefore, lifts the degeneracy dfuency vq in the direction ofw, (Fig. 2). However, this
modes with same. Because of the high level of losses in the frequency pulling plays here a much more important role

cavity (typically 75% by round trip, the resonance width of thanin lasers, as is very close tov,. Let us remember that
each mode, i.e., the cavity linewidthvc, is very large: in lasers, the relation between the effective emission fre-

Ave=50 MHz. quencyr of a mode and the empty cavity mode frequengy

As modes with higheq are more spatially extended, the IS given by
modes effectively emitted by the oscillator depend on its

FIG. 2. lllustration of the different frequencies involved in the
OPG. v, is the pump frequency and, the maximum gain fre-
quency. v, is the empty cavity mode frequency, whiteis the
active frequency corresponding tq .

I =1,+1+2E,Ecod2m(v—rp)t+¢], 2

transverse size. This size, fixed by the iris inserted in the v=vq=(vo—vg)Avc/Av, 3
cavity, is measured through the Fresnel num¥er with
2 where Ave and Av are, respectively, the cavity and gain
Ng= a , linewidth. Note that if this expression was applied to the
Wa OPG, we would find a large frequency pulling, since experi-
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mentally, values oA v are very large. However, previous 1
theoretical works show that frequency pulling in the OPG is
given by[9] o 08
Q0
1¢ B 00
Avg=v—vg=n = (4) c
q q ' ©
2ty Sy £ 04
with 0.2
' 0]
Cq= fodz F2)cod ()~ vg(0) + ¢1, (58 0 02 04 06 08 10 12

z (cm)

I . FIG. 3. Theoretical evolution of intensities in the crystal. The
Sq:f dz K(2)sin §/4(2) — §4(0) + ¢], (D) solid lines (dashed ling represent the evolution df,(z) [14(2)].
0 The gain is(@ I'=5 cm'!, (b)) I'=10 cm'?, and (¢) T
=20 cm'. Other parameters ar¢=m/4, a=0.6 cm ', 14(0)
=0.01, and'=10 cm 1 for I4(2).

lo(2)VI4(2)

F(z)= Io(2) + qlq(2)

(50

and mode lossless intensities is a constant all along the crys-
tq is the cavity lifetime and is the length of the crystal. The tal, and we normalize this sum to 1:
z axis is the propagation axis, with its origin at the input of _ _
the crystall, andl, are, respectively, the pump beam inten- lo(2) +14(2)=1. (7)
sity and theg-mode intracavity intensityy,(2) is the phase _ ) ) _ _
of the g-mode electric field whilef, is a constant, which This leads to the following equation for the mode intensity
depends on the transverse profile of the mode. In the follow! 9f:
ing, we will usefq=1 for simplicity, as we discuss essen- _
tially the monomode case and because the profile beam dlg(2) _ I_(z)[l—l_(z)] ®)
shape does not change the qualitative behavior of the OPG. dz K 4
For the sake of clarity in the following discussioAy is

normalized to the free spectral range, with =T sin¢, wherel is the crystal gain at the active
frequencyv. Thus the space evolution of the intensities in
Avy PC, the crystal can be approximated by
T AN 28, © 14(0)
14(2)= exp—az), (93
where?P is the cavity loss coefficient. K 14(0) +[1—14(0)Jexp(— 72)
The main—and most surprising—characteristics of Eq.
(6) is that frequency pulling in OPG appears not to depend lo(z)=exp(—az) —14(2). (9b)

explicitly on the frequency of the empty cavity mode, or on , . .
the maximum gain frequency of the crystal, but only on theConcer.nlng the phase evolutioff] shows that it can be
intensity and phase of pump and modleThis is a funda- aPProximated by
mental difference of OPG with lasers. In the latter, the fre- .
quency pulling vanishes as the cavity detuniéig vq— v Wo(2) — hg(0) = n—ln E(Z) (10)
goes to zero, and it increases ascreases: frequency pull- q a 14(0)
ing always reduces’— vg|. In the former, as frequency pull-
ing does not depend on cavity detuning, its action|en with 2%’ =T cos¢. Figure 3 shows the typical evolution of
—vg| cannot be directly predicted. However, it appears inintensities inside the crystal, as a functiorzpbbtained with
Egs.(4) and(5) that in the OPGA v, depends on the pump Eq. (9), for different values of the gaili. Note that in these
and mode intensities, and on the mode phase. Moreover, theguations, the independent variakles rescaled by a factor
phasey(2) is essentially proportional tig,(2)/14(0) [9] and  cos#, where & is the angle between the pump and mode
l4(2) is related tol,(0). Therefore, all parameters being beams, typically 2.8 10 2 rad. Thus co# is almost equal to
fixed, Avy appears to depend exclusively on the mode intend. Other parameters are typical of our experimé¢aee cap-
sity 14(0). From this relation, it is possible to evaluate the tion of the figurg. For a given gainl’, the value ofl4(0)
active frequency as a function of the detuning. In the nextletermines that of(l), and, therefore, the net gaim,
paragraphs, we derive this relation and some other funda=14(1)/14(0) of the crystal. In stationary regime,, must
mental properties of OPG emission mechanisms. compensate exactly for the cavity losseg,(1—7P)=1],
We use the approximations proposed 9 The first one  and each value dfy(0) corresponds to a unique value of the
concerns the space evolution of the intensities in the crystafain. Using Eq(9a) in the expression of,, we obtain
Introducing as in [9] the lossless intensitied4(2)
=loq(2)e“*, wherea is the absorption coefficient in the 1 |n<|q(0)_|max>

photorefractive crystal, we assume that the sum of the pump I=- | sing l4(0)—1

(11)
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FIG. 6. Plot of the frequency pullind v, as a function of the
intensity I,(0) in the cavity. Solid(dashed line corresponds td’
=10 cm 1 (5 cm 1). Other parameters are those of Fig. 3.

FIG. 4. Theoretical gain valug necessary to obtair(0) at the
crystal input. Parameters age= /4 andP=75%.

with emission intensity. This relation has been obtained using the
—al) properties of the crystal and the relation of self-consistence
_&xp—al) (12 of the field inside the cavty.

mex Yn ' Let us now come back to the mechanism of frequency

Figure 4 shows the gain value necessary to obtain an inte djustment in the OPG. Figure 6 shows a plothol, as a

sity 14(0) with 75% cavity losses, as in our cavity. The in- unction of14(0) obtained by using Eqs6), (.9)’ and (10.)'
a ; : : o This curve does not correspond to the stationary regime of
tensity grows with the gain, but intensities larger tHap,

cannot be obtained. In this last case, the pump intensity is néP‘?nO dF;G’e Egg%ffhteh?n?jzgasaze@g ];'1);?/%’ :gglr? i?%&eal
sufficient to generate the energy exchange necessary to re 7 P Y, §

I.(1). On the other hand, the effective gdinof the crystal owever, this curve already shows a crucial property of the
a /e ” ' . . frequency pulling in OPG: the zero frequency pulling does
depends critically on the active frequency, typically as

not correspond to the maximum intensity, and the curve of
[9-17 d X ) i L -
etuning as a function of intensity is completely asymmetric:
1 positive (negative frequency pulling corresponds to large
, (13 (smal) intensities. Let us give a first analysis of the mecha-
To '+ (apAvy) " H1—-Avy/Avgy)? nisms leading to oscillation in an OPG. For a given cavity
detuningd,;, a necessary condition to have a significant gain
whereAv,=v—w;, I'g is the maximum gairii.e., the gain s a frequency pulling oA v,~ 8, because the gain linewidth
atvp), anday, is the slope of the curve at=v,,. a,, I'g, and  is very narrow. Following Fig. 6, this value corresponds to a
vo depend mainly on the crystal characteristics and the anglenique intensityt ,(0). In thestationary regime, this intensity
between the pump beam and the cavity axis. Therefore, exnust correspond to a gain compensating exactly the cavity
pressiong11) and(13) link the emission frequency with the |osses. Therefore, the stationary regime appears to result
emission intensity, in an asymmetrical way, as shown in Figfrom a self-adjustment of the intensity with the cavity detun-
5. This asymmetry is inherent to that of the gain as a functionng. This adjustment can occur only via an adjustment of the
of the emission frequency. Through Fig. 5 we have now theyain, i.e., of thev— v, value.
relation between the active frequency of the oscillator and its  To obtain the dependence of the active frequency with the
detuning, we inject the equations corresponding to Fig. 5 in
0.15 those corresponding to Fig. 6. The result is shown in Fig. 7
for two different values ofp. We see that one can define an
active detuning intervali.e., a detuning interval on which
0.10 the OPG oscillates: for detuning values inside this interval,
two active frequencies are compatible with oscillation. Out-
side it, the corresponding cavity mode cannot oscillate, be-
0.05 cause the necessary pulling does not correspond to a reach-
able intensity(e.g., the required gain is too langeThe
parameterp appears to be critical, but only concerning the
0 width of the active detuning interval. For examplg=0.3
0 0.5 1.0 1.5 2.0 2.5 4 ! :
corresponds to a value relatively closer from a singuldety
v—vp (Hz) described irf9]) than ¢= /4, and the active detuning inter-
FIG. 5. Output intensity of the OPG as a function of the activevaI IS Iar_ger. The choice betwg_en the .tWO pOSS|bIe_ active
frequency. Parameters ags= /4, P=75%, a=0.6 cm !, T fre_quenmes results from a_stab|l|ty criterion. Int_roducmg the
=10 cm'!, Avgy=1 Hz, anda,=2. The three previous param- gain dependence on the intensfiigqg. (11)] in Fig. 6, we
eters have been obtained by fitting an experimental curve of thebtain the real variation o v, with 1,(0) (Fig. 8). The
gain as a function of the frequency. stability of the active frequency can be deduced through

T'(v)=

1(0)
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25 the frequency range in which the OPG oscillates and a spec-
tacular consequence is that frequency pulling has a fixed
= 20 sign, depending only on th¢ angle. Another consequence is
L, 5 that the active detuning interval does not conipriori v,
o and so when several modes are competing, the oscillating
I 1.0 @ one is nota priori the most resonant one.
> We found in the above paragraph that monomode theory
05 predicts very unusual properties for frequency pulling in an
OPG, namely, an asymmetry in the emission intensity as a

function of the detuning, and a constant sign frequency pull-
s ing. We describe in the following some experimental obser-
Avq vations confirming these theoretical results. Some properties
of the multimode behavior are also experimentally studied.
We show in particular that the properties of frequency pull-
ing in OPG can lead to surprising behavior, as, e.g., a de-
1.5 creasing of the output intensity of the OPG while the losses
are decreased.

0.083 0.085 0.087

v—vp (Hz)

1.0 (b) IV. EXPERIMENTAL RESULTS

The present experiments have been realized with the cav-
ity described above, corresponding 4o, =224 MHz and
0.5 R,=3. In this case, as the cavity detunidyvq— v, is
024 -0.245 swept, three zones are successively encountered, where
Avq modes withg=3n, q=3n+1, andgq=3n+2 (n is a inte-
gen are resonant. When the Fresnel number is high enough,
FIG. 7. Plot of the active frequency,’q as a function of the these zones first join, and then mix togeth&l. At a low
frequency pulling. Note that in the stationary regime, frequencypragnel number, typicaliN-=3; only q=0, g=1, andq
pulling is almost equal to det'uning, and, therefqre, these curves give:2 families are encountered. Thanks to the choiceRpf
also the dependence of, with o. The phase isb=m/4 and® _3 40 three families are separated by, /3, which is the
=0.3in(a) and(b), respectively. Other parameters are those of F'g'maximum frequency separation allowed for these mode
3. families, making easier the analysis as a function of the fre-
e.quency. For a given mode family, asis varied, the total
Jntensity of the pattern first grows, reaches a maximum, de-
creases, and finally vanishes. An example of such an evolu-
tion is given in Fig. %a) for theq=1 family: the asymmetry
theoretically predicted appears clearly. Th@rigin is arbi-
trarily chosen at the maximum of the curve. Note that for
technical reasons, the asymmetry is smoothed: because our
active stabilization of the cavity is less efficient when the
detuning is swept, we had to record these curves in a rela-
tively short time(typically 30 9, so that the growing edge of

Fig. 8 and Fig. 5: considering perturbations of a given fr
guency, the successive iterations between both figures sh
an amplification (unstable caseor an attenuation(stable
casg of the perturbation. Lowethighen frequencies tham,
appear to be stabl@instable for the ¢=m/4. This result is
general for 6< p<m/2, while for 7/2< ¢<ar lower (highep
frequencies than, are unstablgstablg. For m<¢<2,
the gain is negative. Moreover the frequency pulling is nega
tive for 0<¢< ¢, and 7/2<p<¢, and positive forg,
<¢p<m/2 andp,< p<, wherep, and ¢, depend on the

. o he curve appears less stiff than it really is.
OPG parameters. In this way, the frequency pulling in OPGI )
oscillators appears to be totally different from those of lasers Figure 9b) shows the way the beam frequency evolves on

First, the resonance is not particularly favorable to the oscil—fhe same |_nterval. The freqyenc_y orgin 1S chosen at the
aximum signal frequencyy, in this particular case at 1.37

lation. It is th in value rather than th ning that fix . L
ation. Itis the gain value rather than the detuning that fixe z from v, while the 5 origin is the same as in Fig(8. It

0.089 appears on this example that &sis tuned, the beam fre-
quency grows fromw,,=0 Hz (i.e., 1.37 Hz fromv,) to
Vmax=11 Hz (i.e., 2.37 Hz fromw,). Thus not only the
emission frequency exhibits a severe asymmetry when the
frequency cavity is tuned, but also the frequency appears to
0.085 be always on the opposite siderfas compared te,. This
behavior agrees with the results deduced from Figs. 7 and 8.
It appears whatever the direction of the detuning variation,
0 0.05 0.10 0.15 and is general in the present experimental setup. In our ob-
14(0) servations, the emission frequency is sometimes betwgen
and vy, sometimes on the other side af. This depends on
FIG. 8. Frequency pulling\v, as a function ofl ((0). In this ~ several parameters, as the cavity length, the crystal gain, or
figure, contrary to the plot of Fig. 6, the gain is not fixed, but takesthe angle 2 between the pump and cavity beams. We have
its real value depending dn(0). Parameters are those of Fig. 6. not found a simple rule to determine from these parameters

5 0.087
>
<

0.083
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@ served, as illustrated in Fig. 10, obtained for the2 family.
The corresponding detuning is that of the maximum power
emission of theg=2 mode atNg=2, but shifted of some
MHz (less than 1Din the direction of they=0 family. With-
out changing this cavity detuning, we increase the Fresnel
number from 0 to 5 to obtain the diagram shown in Fig. 10,
where the output intensity of the OPG is plotted as a function
of the Fresnel number. The same behavior is observed when
0 0.1 Ng is decreasedwe did not observe any hystergsigor
&/Avy Ng< 0.5, the diffraction losses are so high that no emission
occurs. For 0.5:Ng<1.1, the H, mode appears and its in-
®) tensity increases with the Fresnel number.Msis still in-
RN creased, i.e., the losses are decreased, §henblde intensity
decreases until, &lr=1.4, it vanishes completely. Finally,
F bt atNg= 1.6, the oscillation starts again, but on thg Fhode.
Further increasing the Fresnel number, the intensity gf H
i increases, but is replaced progressively by the Laguerre-
i ) i Gauss mode £. This behavior is quite unexpected in an
: optical oscillator: usually, the emission starts for a given
Fresnel number, and then the intensity increases monotoni-
cally as the Fresnel number is increased.
To analyze this behavior, let us distinguish its different
FIG. 9. Evolution of(a) the output intensity anth) the emission  gnomaliesii) for Ng>1.6, the intensity grows as a function
frequency of the OPG as the cavity detuning is swépt, =196 of N_ | but the pattern changes progressively frop té Ay,
MHz andR,=3. The pattern emitted is tre=1 mode. The origins 4 ji) while the detuning is fixed, the active mode depends
of detunings and frequencies are chosen at the resonance qf theOn N : it is theq=2 mode for highNg, and theq=0 mode
=1 mode. for low Ng . Moreover, for 1. X Ng<1.6, the intensity of the
) ] ) ) o OPG decreases, and even vanishes.
on which side will be the frequency pulling, but this is not  The first point(i) is easily explained by the presence of
surprising as, from theoretical predictions, it dependsfon  astigmatism, which lifts the frequency degeneracy of modes
and this phase is not directly gccessubl_e in the experimentsyside a family. If the H, and Hy, modes have not exactly
We showed in the theoretical section that as a consene same frequency, the separation between the frequency of
quence of the preceding results, when several modes agg,ch mode and the gain frequeneyis also different, and,
present, the oscillating mode is not necessarily the closegherefore, one mode is favored as compared to the other one.
from vo. We give in the following some observed behaviors\yhen the diffraction losses become negligible, i.e., at a high
resulting from this property. Let us look at what happensgresnel number, this difference no longer plays any role, and
when for a given detuning, the Fresnel number is increasedne | aguerre mode appears. More generally, if the Fresnel
In most cases, a mode appears as soon as the Fresnel nuMhgber is chosen larger than 3, modes of other families
becomes large enough, and its intensity increases as a fungsyiq also appear. Figure (H shows what happens on a
tion of Nz. However, more complicated behaviors are Ob'larger range oNg in the case where the cavity detuning is
chosen at thegy=1 family, but slightly shifted to the k)
) mode. The mode appearing fl=2.5 can be either one of
a2 the HG modes or one of the LG modes, depending on the
a9 alignment of the cavity, and, therefore, on the astigmatism.
’ WhenNg becomes larger than 5, a saturation of the intensity
is observed. More generally, after a Fresnel number whose
o value depends on the concerned mode family, the intensity
could even decrease. This effect does not correspond to a
ot F decreasing of the emission power, but to a change in the
= b spatial extension of the pattern, due to the appearance of new
0 1 2 3 4 modes inside it. Moreover, when the Fresnel number is still
Fresnel Number increased, the patterns may become nonstationary. Figure
11(b) shows how the beam frequency evolves as a function

FIG. 10. Intensity emitted by the OPG as a function of the fthe F | ber. EroMe=2.5 it i N
Fresnel number. Detuning is close to the maximum emission inten® the Fresnel number. Frolg=2.5, it increases UntiNg

sity of theq=2 modes, slightly shifted towards tlip=0 emission ~ — °- the frequency pulling appears to depend on the Fresnel
area. Other parameters are that of Fig. 1. Fo\Na<1.1, the ~number. This behavior is also observed in lasers: wien
pattern is the i, mode. AboveN:=1.6, the pattern is first thegd ~ INcreases, losses decrease, and, there@g,decreases. In
mode, then transforms continuously in the,Anode. The dashed the present case, the mechanism is similarAag depend

lines do not result from a fit: they have been added to make easiémplicitly from losses, through the self-consistence condition
the reading of the figure. of the field after a round trip in the cavity. Fdig>5, it is
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~ 0 . ted by the OPG as a function of the Fresnel number. This corre-
jai e ;’D"D o sponds to an enlargement of Fig. 2. The dashed lines do not result
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e d and the shift of the active detuning interval can lead to a
B2 decrease of the emitted intensity. Unfortunately, the theoret-

0 3 10 15 20 ical analysis performed until now concerns only monomode

cases. To describe more precisely this behavior, it is neces-

sary to use a multimode model. It is not in the scope of this
FIG. 11. Behavior of the OPG when cavity detuning is tunedpaper to check quantitatively theoretical predictions, but this

close to the maximum emission intensity of tige=1 modes, could be the subject of a future work.

slightly shifted towards thgy=0 emission area. Other parameters  The behavior described above has been observed in any

are that of Fig. 1. Ina) intensity emitted by the OPG as a function similar situation. In particular, in the case of a similar cavity

of the Fresnel number an) frequency of the output beam as a (R =3), the same behavior occurs when the detuning is

function of the Fresnel number. Note that for Fresnel ”Umber%hosen at thei=2 family, but shifted in the direction of the

Larger than_ 1dO thede_mitthedfpatter_n i_s rr;lgde of St;veral modes.dT —1 family, or when it is chosen at thg=1 family, and

requency indicated in the figure is in this case that corresponding.,: :

to ?he wiger mode. The das%ed lines do not result from a ?it: the)%hlfted to the tp mode(Fig. 1.

have been added to make the reading of the figure easier.

Fresnel Number

V. CONCLUSION

more complicated to analyze the behavior as the system be- Ajthough OPG exhibit many similarities with lasers, in
comes multimode. _ particular concerning their dynamics, fundamental differ-
The second pointii), i.e., the fact that different modes ences appear in the details of the mechanisms leading to
oscillate for the same detuning and differéi, is typical  these behaviors, in particular concerning their emission fre-
from the OPG. It results from the fact that the active detun'quency_ We have shown in this paper that because of the
ing interval depends on the cavity losses and, for modes Witk}ery narrow bandwidth of the OPG, a very large pulling of
different shapes, from the parametgr Therefore, wheNe  the empty cavity modes frequency occurs towards the maxi-
is Varied, this interval VarieS, and if the detuning is fiXEd, aSmum gain frequency_ This pu|||ng has an expression quite
in Fig. 10, different modes are successively observed. Thgitferent from that encountered in lasers, leading to original
decreasing of the intensity, and even the dark zone for 1.4ehaviors in OPG. We have shown in particular that the
<Ng<1.6, are a consequence of that frequency shift of th@requency pulling is essentially of constant sign, so that the
active detuning interval. Figure 12 shows an enlargement oémission frequency of pulled modes is always on the same
Fig. 10 with the corresponding emission frequendi®  side as compared to the maximum gain frequency. We also
points are not exactly the same as this is another set of exhow that the particular properties of the frequency pulling in
perimental measuremeitsas N is increasedy— v, first  OPG may lead to paradoxal behavior, as a decreasing of the
decreases as the pattern intensity increasesNAstill in-  emitted intensity when the losses are decreased. An open
creases, the pattern intensity starts to decrease, as descrifbstion is now to know what are the consequences of these
above, butv— v starts to increase. This means that startingeffects on the oscillator dynamics. lf—as we can suppose—
from low N, the frequency pulling increases, the emissionthey are not negligible, it is necessary to develop more ac-
frequencyv comes close tag, and then, afNg is still in-  curate OPG models than the class-A model. A first step
creased,y goes farther fromy,. This behavior is deeply could be to make a bimodal model that should help in detail-
different from that observed in lasers: although the losses oIng the interpretations given here: this could be the object of
mode hHy, decrease, its intensity decreases and finally vanfuture studies.
ishes. As discussed in the previous section, this is well ex-
plained by the process of frequency pulling in the OPG: ACKNOWLEDGMENTS
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