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Time-resolved pattern evolution in a large-aperture class A laser
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Quasi-instantaneous transverse patterns have been measured in a broad-aperture class A laser, using an
ultrafast camera. The evolution from order to fully developed turbulence is observed as the Fresnel number
increases up to 110. In the turbulent regime, two very different spatial scales coexist, one order of magnitude
apart. The linear analysis allows us to interpret most of the features of the experiment.
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[. INTRODUCTION fast local dynamics with a characteristic period of about 50—
100 MHz and a very small spatial correlation length of about
Large-aperture optical systems are very complex deviceSO wm. In addition, there is a slower dynamics, with periods
having a rich spatiotemporal dynamics. A great deal of ex-of more than 100 ns, whose correlation length is of the order
perimental work in this field has been carried out with classof 1 mm. Therefore, it seems that two different levels of
B lasers(in particular CQ, [1—-4]), and more recently also in spatiotemporal order have to be considered in our system, as
semiconductor lasef$,6]. However, much less research hashave been reported in other broad-aperture ddasguivalent
been devoted to clasa lasers[7-9], mainly due to their optical system$13,22.
quivalence with slower devicdand, therefore, easier to deal ~ This indirect information about the spatiotemporal behav-
with) as optical parametric oscillatg©PO), degenerate op- ior makes us wonder if the two temporal scales have observ-
tical parametric oscillato(DOPO), etc.[10-12. able spatial correspondence, as it could be deduced from its
On the theoretical side, a considerable effort has beenorrelation lengthg9]. Hence, two experiments have been
made to predict, from the basis of the Maxwell-Bloch equa-performed. First, we have obtained quasi-instantaneous mea-
tions, the spatiotemporal behavior of large-aperture lasersurements of the full pattern with different aperture sizes, to
[2,13,14. Hence, in order to make a comparison with theseobserve the evolution from a moderate to a high Fresnel
predictions, it becomes of major interest to measure timenumber. As we will show in detail, we are able to observe the
resolved transverse patterns. Unfortunately, so far the exevolution of the turbulence, from a state influenced by the
tremely fast dynamics of the lasers kept us from obtaininggeometrical conditions of both the cavity and the gain, to a
direct evidence of the time-resolved pattern evolution, andtate dominated by the inner dynamics of the bulk medium.
only averaged patterns have been repofied,5). In the second experiment we enlarge part of the pattern by
Just recently, our group has obtained experimentally infmeans of an optical device, in order to uncover the short-
stantaneous snapshots of a broad-aperturg I@€er, repre- correlation length structures whose temporal fast dynamics
sentative of the clasB [15,16]. In those works we studied we had observed previously.
the complete spatiotemporal dynamics of the system, which
could be reproduced by means of a model based on the A. Setup

Maxwell-Bloch equations. Fgllowing this line, in th? present g complete setup used in both experiments is sketched
work we study, both experimentally and theoretically, thein Fig. 1. Our source is a coaxial flash lartfL in Fig. 1)

time-resolved spatial dynamics of a large Fresnel numbeﬁumped untuned dye laser having a flat-flat reson@tor-

pulsed dye laser, representative of the clastn particular, rors reflectivitiesR1=0.3 andR2=0.997, respectively The
instantaneous snapshots of the transverse spatial distributi%gvity length isL=1 m. A Rhod.amir’le & solution in

of the intensity have been measured, showing several impoFﬁethanol with a concentrationss10-5 mol/l. was circu-

tant differences with clas8 lasers. lated through the flash-lamp inner tube, whose active diam-
eter is 18 mm and overall discharge length was 320 mm. The
Il. EXPERIMENTAL RESULTS dye flow velocity is 6 I/min, several order of magnitude

. ) ) slower than the intensity dynamics, as we have observed
Several works have been carried out previously in our

group studying the local dynamics of this dye laf@r17—
21]. From these studies we know that two different spa-

- : e . Camera
tiotemporal behaviors coexist in the system. First, a turbulent
R2 FL D Rl Microscope
*Electronic address: ileyva@escet.urjc.es FIG. 1. Experimental setufR2, total reflective mirrorFL, co-
TElectronic address: jmguerra@fis.ucm.es axial flash lampD, diaphragmR1, partial reflector mirror.
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9, (d) 12, (e) 14, and(f) 16 mm. Real images

size: 2020 mm.
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previously. Therefore, we can consider the dye flow as stathat positive detuning favors the growth of a traveling trans-
tionary for all purposes. The laser is operated in a single shotersal wave, which manifests itself as an off-axis emission or
regime leaving enough time between two shots to avoid adtilted wave[25]. The spatial period of this kind of pattern is
cumulating radial thermal gradients. determined by inner parameters of the laser, but the travel
An intracavity diaphragm[@) allows us to change con- direction of the wave is not theoretically determined. This
tinuously the Fresnel number from 1@iaphragm diameter 6 spatial symmetry breaks due to the nonlinear competition
mm) up to 110(diaphragm diameter 16 mEventually, we  petween the different possible waves, or due to anisotropies
can mak(_a the_light to go through_a bro_ad-ap_erture tel_escogﬁ the mirror alignment or the gain distribution.
without distortion. By means of this device, with a maximum  ~,,r gpservations in this first experiment support the men-

X 10 magnification, it is possible to obtain detailed images of;, o interpretation, although they show some small devia-

smg'll alrleatsh Ofl.thhet spoth th di ¢ hich tions from theory due to the fact that a real broad-aperture

_ minally, the fignt reaches the recording system, WRICh €Oy, 0 4 not satisfy the ideal conditions, such as infinite
sists of a camera incorporating a fast microchannel plate N ansverse size or spatially homogeneous gain. In Fig. 2 we
tensifier with a 75& 750 pixel array. The maximum time . : - '
resolution of 10 ns is fast enough to register the instantag'tl(OW dr'ﬁerigt resrliltf of snap?réotg %bti';ef 4W'th daléO—ns
neous evolut!on of the pattern, and the spatia}I resolution O?espoesclzjti\?e? Tﬁgﬁmuaeess'zﬁ:\/g be,en’ tr,eaté d té ?:creasemm’e
30 um per pixel allows us to resolve the details of the laser ©SP Y- 9

spot. The camera shutting system is synchronized with th&°"rast in order to appreciat_e the details.
Iet)ser shot g sy y We observe that foF=15[Fig. 2(a)], the laser presents a

striped pattern corresponding to the intensity of a tilted
wave, with a spatial period of about 0.5 mm. The tilting of
the stripes, which varies slightly from shot to shot, is due to
By means of the intracavity diaphragb (Fig. 1), we  the symmetry breaking caused by the small anisotropies, as
perform a systematic reduction of the system aperture, frorwvas mentioned above. Therefore, in this regime, in which the
the maximum possible Fresnel numEs=106, down toF  total available energy is not very high, the pattern geometry
=15. For smaller sizes, the gain becomes insufficient tseems to be strongly influenced by inner anisotropies or mis-
maintain the laser operation and the system falls undealignments. However, as expected, the pattern does not retain
threshold, even for the highest excitation that can be reachethe circular geometry of the boundary condition. Vortices or
In order to have equivalent measurements for each diadefects are not observed in any case.
phragm, we have taken into account the threshold decrease As FincreasedFigs. 2b)-2(d)], the stripes do not extend
with the increase of the diaphragm size, so that the measurérom side to side of the aperture, but they break in smaller
ments were made using an excitation twice over thresholdtructures. However, the mean transversal structure size is
for each diaphragm size. still about 0.5 mm, not showing measurable dependences
As it is well known, in an unstable resonatfftat-flat  with the aperture, as could be deduced from the theoretical
mirrors) as ours, Gaussian modes are not possible. For vergrediction. Finally, for even bigger Fresnel numbgfigs.
small Fresnel numbers, Bessel modes could ap[@ar4, 2(e) and 2f)], the stripes almost dissappear yielding to a
but this is not our case since even the smallest aperture wgranular intensity distribution, without a preferred direction.
can use is still too large to obtain a simple modal patternNevertheless, in Fig.(®) small stripe domains, with different
Instead, from the theory of broad-aperture lasers we knouilting, can be observed.

B. From moderate to high Fresnel number
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FIG. 4. (a) Detail of an instantaneous snapshot of the amplifi-
FIG. 3. Spatial power spectra of the transverse intensity Snap(_:ated transverse pattern. Real size of the amplificated area in the
shots for the aperture sizes @ 6 mm (b) 16 mm. photography: 1 mm1 mm,(b) spatial power spectrum @#f).

) . . To be sure that the observed structures are due to the
Therefore, it appears that, as the effective transversal S'Zé’ystem dynamics, and not due to other effects such as inho-

is larger, the anisotropy of the gain medium losses mﬂuenc?nogeneities in the turbulent liquid host, we have repeated

on the selection of the pattern, allowing the survival of dif- the experiment without any flux. The results are the same,

ferent waves with the same wavelength but traveling in diftherefore we can discard this possibility.

ferent directiong26]. Hence, in this experiment it is observed the instantaneous
The structures in the instantaneous photographies argynamics of the transverse traveling wave. It is observed an

complex and their average structures size is difficult to deevolution from a relatively ordered situation when the

termine. Therefore, we perform the spatial power spectra ifFfresnel number isF=15 [Fig. 2(a)], to a well developed

order to observe in the Fourier plane the characteristic sizeirbulence wher7> 100 [Fig. 2(f)].

and direction. In Fig. 3 are shown the spatial power spectra

of the instantaneous intensity distribution when the aperture C. Structure coexistence

sfystem i.s 6 mniFig. 3(a)].and 16 mmFig. 3(b)], respec- Once we have observed the big-scale structure in the pat-
tively. It is observed that in the small-aperture case the prer,

AN . €tern, we look for the small structure from which we have
ferred direction is very strongly determined, whereas for bignirect evidence. In order to perform this measurement, we

aperture sizes the ring-shaped power spectrum indicates thg,ce after the laser output a broad-aperture telescope than

existence of spatial frequency contributions in all directions gjjows us to magnify the image up to 10 times the original

due to the loss of influence of cavity anisotropies. size. Therefore, the spatial resolution of the system increase
However, the absolute dominant spatial frequency doegy 3 um, but for this experiment just 256256 pixels are

not vary significantly. It can be observed that the maximungctive.

contribution corresponds to a transverse wave nunkger An example of these measurements is shown in Hia). 4

=7000 m!, which is equivalent to an approximate struc- The instantaneous image, taken with a 10-ns exposure, cor-

ture size ofS,=450 um, as it was estimated from the pho- responds to a real area of aroun&k1 mn¥ in the pattern

tographies. without amplification. We find that each big structure ob-
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40— K ‘ @ = K (b) guency of the laser emission, ands the speed of light. In
§ addition,/\; is the Laplacian in the transverse coordinates of
35 E the systemx=(x,y). In dye lasers, the polarization decay
rate is asy, ~10* s~! and the inversion decay rate as
30 =4x10° sl The losses coefficient will be taken as
o002 :,(‘10‘:‘:?) % 1 —¢In(R/4AL=1.5x10° s7!, whereL=1 m.
L 25 In order to understand the origin of the spatial frequencies
— ko'Ak(c) observed in the system, we center our theoretical study in the
20 E /\ linear stability analysis. This is a powerful tool that has been
§ / \ extensively usef2,25,27. To our knowledge, these analysis
15 have been applied only to claBsor C lasers, and have not
I S e w—— been particularized for class lasers. In addition, as far as
%8 T 12 a6 q(10'm’) we know, the conclusions coming from the analysis have not
K(10* m*) been but occasionally contrasted with real broad-aperture la-
sers[5,16].

FIG. 5. Results of the stability analysis of the Maxwell-Bloch As it is well known, the stability of the nonlasing solution
model: (a) Neutral stability curves whea=0.02, around the criti- E=P=0, D=1 yields the following neutral stability
cal wavek,=5%x10* m. Maximum value of the real parts of the threshold'
complete Maxwell-Bloch model eigenvalues for 2.0 and:(b) k ’
>k, , (0) k<k,. 5

a 2
served in the measurements without magnification consists oyt u)= EKk
of a cluster of smaller structures. As it was made for the full r(k)=1+ V Fr : (]
pattern, we perform the corresponding power spectrum in +

order to measure this structure size. As can be seen in Fig.

4(b), the maximum contribution in the spectrum corresponddVherek is the transverse wave number of the corresponding
to a spatial frequency df,=5x10° m™L, equivalent to a traveling wave. The transverse wave number with the lower
(o) [l

spatial period of S=60 wm. threshold is called the critical wave
Therefore, we conclude that in this system actually coex-

ist spatiotemporal structures with two different spatial scales, 26(y, tk)
one order of magnitude apart. K=V (©)

Ill. MODEL AND THEORETICAL RESULTS

However, being our system a multimode one, the detuning
In the dye laser, the gain line Bv~vy, =1 THz wide, parameters is not well defined. Nevertheless, we can esti-
and the free spectral ranged®L =150 MHz. Therefore the mate an effectived value by considering which detuning
number of longitudinal modes that may be active-i6600.  Vvalue is needed to obtain a stationary transverse wave having
However, it is possible to consider every longitudinal modethe spatial frequenck observed in the measurements. Thus,
as independent, all of then behaving in an equivalent way. Iwe will use the main spatial frequency observed experimen-
consequence, we will obtain information about the spatally for the small size structuresk,=m/Se,,~5
tiotemporal dynamics of our system from the Maxwell-Bloch X 10* m~?, as the ansazt critical wave. Substituting the dye
(MB) monomode moddI2,15]: laser parameters in E¢3), we obtain an effective detuning
value of 6=0.02. We will use this value in all our posterior
calculations. This is the most energetically favored solution
E— krP, (1) inmediatelly after threshold. When the pump increases, new
solutionsk are allowed in the system. But also these initially
allowedk lasing solution can be themselves destabilized and
IP damped, yielding their energy the other new structures rais-
- =~ nl(1+19P+ED] ing in the system, more energetically favored for the new
pump value. Therefore, to obtain information about our sys-
tem behavior for other values, we need to study the stabil-
ity of the primary traveling wave solutions perturbed by
' secondary solutions in the form of traveling-waves of wave
vector q [16,28. Hence, we linearize the Maxwell-Bloch
where E=E(x,t) is the slowly varying electric fieldP equations around an arbitrary traveling solution with homo-
=P(x,t) the polarizationD=D(x,t) the population inver- geneous amplitudes,=E,e'*~ %), P,=P,e*~ Y and
sion, r =r(x,t) the rescaled pump. The parameter repre- D,=D,;, wherek is the wave vector of a traveling solution
sents the cavity losses,=c\/27« is a diffraction coeffi- arising from the unstabilization of the nonlasing solution.
cient and 6=(wy—w)/(y, +«) the rescaled detuning, Writing the complex fields in the polar fornlE=|Et|e”’E,
where w,, is the frequency of the transitiom is the fre- P=|P|e'®P, it is useful to define the vector variable,

JE

PR

] ia
1—|5—§Al

1
D—1- > (E*P+EP*)

2

dD
FIan
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o =
|-Urn =2

4

C
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Slo § o

Then, we expandJ=U,+Ue'%, where U, is the solution to be perturbed, atd}(qg,t)e'™ is a small perturbation. We
introduceU in the MB system, to obtain a linear equatiofJ;=LqU;. As the matrixL, is time independent, theb,
=uqe“(q", where\(q) are Liapunov exponents, i.e., the eigenvalues of the maiki3]:

a

—K —K(ﬁ’—z(q2+2kq005a) K k&' 0

a !
— K 5’—§(q2+2ch05a)) —K — K6 K 0

Lq= YL —y,6 — YL y. 6 Y| )

v, 0 YL —v.6 YL y. 0
R B CIERER
Nt 52 Nt 52 Nire2z Nips2 I

q=3x10° m™1, which spatially means the appearence of
whered' = 6+ (w/y,), ando=axy, /2(xk+y,)k? isthe 0S-  ggryctures with an average size of about 1 mm. Simulta-
cillation frequency of the traveling solutidnwhose stability neously, for wave numbers shorter that [Fig. 5c)], the
is being tested, and is the angle between this traveling corresponding instability gives rises to the growing of new
vectork and the perturbatiog. traveling waves in a band centered arogpe3x 10* m™1.

The results are shown in Fig. 5, for pump values fromypy; s " in this case the damping of the unstableaves
thresholdr =1 up tor=4, for wave numbers around the yonerates secondagwaves nearer the more favoralidg.
critical wave Ko, and the detuning vaIuﬁ egtlmated from However, we found a caveat of this simple interpretation
the experlr;:ent. In the”callse pLesented Ibn g'g'a‘:’é tge per:]rturb%T the observed spatial scales when we calculate the corre-
trlgsr,]ul?sliorco?;?)rzggr?;?vfa\}gstafeF:iarl;:ﬁ;re wakebut the sponding oscillation frequencies, since the frequency associ-

In Fig. 5(@ we show the neutral stab.ility curves, that is ated to the |nstab|I|t|e_s Is of _the order af=10 GHz, sev-

' "eral orders of magnitude higher than the observed ones,

the pairs k,r) for which maxRe(\)]=0. These represent
the boundary between stabitevalues(inside the linesand about 50-100 MHz. We are aware that our measurement
system would not be able of detect such an extremely fast

unstablek (outside the lines for each pump value,. It can X : ]
be seen that, as usual, the critical wave remains stable f¢féduency. A possible explanation of this effect from a
anyr andq values. This means that the system always precompletelly different point of view has been attempted in
sents structures whose size can be related to the small scak€fs.[29,30, in which the spatial dynamics was not consid-
observed in the photographs. However, the stability is lim-ered.

ited both fork<<ky andk>Kkg by two asymmetric amplitude

instabilities. In order to show how these instabilities manifest

themselves in the generation of new wavelengths in the sys- IV. CONCLUSIONS
tem, in Figs. Bb) and 5c) we plot the maximum of the real
parts of the system eigenvectdrk6], when the pump is In this work we report the measurements of quasi-

=2 as in the experimental system. It can be seen that fantantaneous patterns of a large-aperture chaksser. These
wave number larger tha(, [Fig. 5(b)], the instability gives photograghs reveal the simultaneous presence of two levels
rises to a band of new wavenumbers centered ar@sn8  of spatial structures, with sizes one magnitude order apart.
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The analysis of stability based on the Maxwell-Bloch model ACKNOWLEDGMENT

shows that, for our experimental conditions, there are two

instabilities actives having spatial periods of 0m and 1 The authors wish to acknowledge the comments and sug-
mm, respectively, in good agreement with the observedestions of J. R. Pelaez, who has contributed determinantly
structures. to the improvement of this work.
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