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Speckle experiments in random lasers
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We present measurements of speckle in a random laser. We analyze its first-order statistics and show that,
contrary to what might be expected for passive systems, analyses of the intensity distridiificend the
speckle spot size do provide information about light transport inside the syB{ginis used to determine the
degree to which an incident probe is amplified by the random laser. The shrinking speckle spot size reflects the
change in path length distributid®(A); we deduce that the average path length in the studied random
laser is two times longer above threshold than in a passive diffusive system.
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[. INTRODUCTION discuss only speckle in space, i.e., a fluctuating intensity with
angle.

Random lasers are strongly scattering media that amplify If a coherent plane wave falls on a rough surface, a
light. There are striking similarities between these systemspeckle pattern can be seen on a screen positioned at some
and more conventional lasers based on a gain medium eflistance from the scattering object. The scattered fields at a
closed in a cavity with two mirrors to provide optical feed- Certain position on the screen comes from all points of the
back. An example is the observation of a threshold for lasingough surface, and its random phases are distributed uni-
action and frequency narrowing in random lagdrg]. Evi-  formly between 0 and 2. The speckle is the sum of the
dently, the optical properties of random lasers are quite dif€lectric field vectors of all th&l contributing partial waves.
ferent from those of conventional lasers: the propagation of he summation constitutes a random walk in the complex
pump and fluorescence light is diffusive in a random laser. Irplane, with a resulting field&=1/\/N =,aexp(#y), where
contrast with cavity systems, scattering is actually advantathe summation is over the different contributions arising
geous. Since feedback is provided by multiple scattering, th&om different light pathg8].
random laser threshold is lowered by a stronger scattering, The sum results in a Gaussian distribution fr with
i.e., a shorter transport mean free phttbecause the feed- most probable value E=0 and variance (|E[?)
back is more efficient. =lim, . (2N)"*Z\(|ay/?). The observed intensity=|E|*

The random laser t'hreshold has been a topic. of' particUgen follows a Rayleigh distribution
larly intense research in the past years. The ambiguity of the
concepts of diffusive loss and feedback by multiple scatter- 1 1y
ing, and the theoretical prediction of an intensity divergence, P()= me (1)
have spawned a continuing debate about what happens at,
and above, the laser threshold. Recently, we demonstrated The typical speckle spot size depends on the characteristic
experimentally and theoreticallj4] that this “explosion”  distance along the screen on which the fields that contribute
does not occur, but rather is prevented by the dynamic intetto the speckle dephase. The largest path length difference at
play between laser light and excited population, resulting ira spot on the screen is caused by the partial waves arriving
gain saturation. The slow response of the population, comfrom opposite ends of the illuminated region of the scattering
pared to the light kinetics, starts a relaxation oscillation at thesurface. Consequently, the typical angular size of a speckle
threshold crossing. We also established that the concept gpot is\/d, if d is the diameter of the illuminated region.
loss in a conventional laser should be identified with theThis shows that a measurement of the speckle spot size, for
local magnitude of the intensity gradient in a random laserinstance, by the autocorrelation function of the speckle pat-
The threshold condition now dictates that gain balances thigern, does not usually give information about lighside a
transport locally. Consequently, a large gain coefficigyfiz) scattering medium. The spot size in reflection depends
only builds up where the transport is large, i.e., near thenainly on the incident beam diameter. In transmission the
interface of the mediumz=<10, wherez measures the dis- most influential parameter is the sample thickness, which
tance from the interface. Like in a conventional laser, thedetermines the degree to which an incident point source
gain grows linearly with pump rate below threshold, and isspreads in transport to the rear interface.
pump independent well above. Light transport is affected by the presence of gain in a

Speckle is the strongly fluctuating, grainy intensity patternmultiply scattering medium. The exponential dependence of
resulting from the interference of a randomly scattered cothe intensity on gain coefficient; and path length\, given
herent wave. It can be observed in space, time, and freby | =exp(x,A), enhances long paths more than short ones,
guency. Some statistical characteristics of the speckle patteresulting in a narrowed enhanced backscatter ¢8r#. This
contain information about the transport procgSs7]. We  modification of the path length distributid®(A) is also ex-

pected to show in a measurement of speckle. By enhancing
the weight of(far-reaching long paths, the gain facilitates
*Corresponding author. Email address: adlag@phys.uva.nl the spreading of light.
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The field of speckle experiments in random lasers is a 532 nm
largely uncharted territory. The only data available of the 10d@ A Al " 4 100
effect of gain on a speckle pattern produced by a probe beam J /'-' iL ¢leo 3
are those of Wiersma and Lagendif{. Gouedarcet al.[10] __ 084 I 1l o | 2
and Noginovet al. [11] studied the related subject of coher- W 064 i : - J 6o

. . . . .0 = s

ence properties of the generated light. In this section we J i ¥ =<
present experimental results concerning the intensity statis- £ 04+ f ", i -4 40 g
tics and speckle spot size. In contrast with passive systems, 3 0 2_' R i ’f [0
these measurements do depend on parameters of light trans- “1 ./ ] L o I
port. There is no theory yet to compare the measurements 0.0 f—rp—r— f——to0 =
with. We will give qualitative explanations of the results. 500 525 55000 04 08 1.2

Theoretical studies of speckle in random laggrda—15 A (nm) 1, (mJ/mm?®)

invariably investigate speckle correlations. Although inter-

esting, these correlations are experimentally not easily acces- FIG. 1. (a) Line: normalized emission spectrum of a coumarin 6
sible, because of the stringent requirements they pose to ti§@lution in hexylene glycol, with cw 488-nm excitation. Points:
sample materials and the detection method. A further limita"0rmalized emission spectra of the solution with Jiratterers
tion of the theoretical efforts in this field is that they all rely (=10 #m) below (solid line) and above thresholttlashed ling

on a stationary formalism, with fixed gain, so they encounter! "¢ PUMP source is a 482-nm pulse of duration 2.6msEmitted

the explosion when approaching the laser thresf)d intensity from the scattering solution at 527 nm, near the maximum,

as a function of pump intensity. The threshold is found to be at
approximately 0.22 0.05 mJ/mn.

[l. EXPERIMENTAL DETAILS . . .
is 10 um, from enhanced backscattering. This sample has a

Spatial speckle can only be observed if the coherenceather high threshold pump intensity bf=0.22 mJ/mr,
length of the light is much larger than the maximum pathdetermined from the measurements shown in Fig. 1. We
length difference between partial waves contributing tocould not find a reliable, durable combination of dye and
Speck'e_ We use a pu|se from a frequency_doub|ed,solvent that amp|ifies We” at 532 nm, and W0u|d SUSpend the
Q-switched Nd:YAG (yttrium aluminum garnetlaser (Co- colloid, with a lower threshold. The usual rhodamine-type
herent Infinity 40—10Das a probe pulse. Its duration is 2 ns, dyes in random laser experiments amplify near 600 nm.
and the linewidth is 1.5 times transform limited, from which Since a sufficiently coherent pulsed probe source in this
a coherence length of 40 cm is deduced. This probe produc&¥avelength range was not available, we chose to use a dif-
a speckle with a good visibility. The probe can be amplifiedferent dye. _ _
by a dye with a large gain at 532 nm, we choose coumarin 6. The speckle is recorded on a Kappa CF 8/1 FMC 8-bit
In dye lasers this dye is usually dissolved in ethylene glycolcharge-coupled deviceCCD) camera. The light from the
but unfortunately our TiQ[16] colloid is not suspended well Sample passes through an aperture, blocking stray light, a
in this liquid. Hexylene glycol2-methyl-2,4-pentanedipls 532-nm !nterference filter with a transmission full width at
a good alternative. The fluorescence spectrum of coumarin Balf maximum of 1.0 nm to remove most of the fluorescence,
in hexylene glycol is nearly equal to that in ethylene glycol.@nd a neutral density filter. The image is a single shot expo-
Hexylene glycol also slows sedimentation of the scatterer§ure, because the sample is liquid so the speckle changes
by its high viscosity. We use an optical parametric oscillatorcontinuously. The probe beam diameter is 0.8 mm. This pro-
(OPO; Coherent XPDiuned to 482 nm as the pump source. duces a speckle that can be resolved well on the camera, with
The pump pulse duration is 1.7 ns. The pump fluence i§ large number of speckle spots. The pump spot is chosen to
regulated by a set of polarizing Glan laser prisms, of whichP€ larger2 mm) to provide a large amplifying region for the
one can be rotated to vary the transmitted power. probe light to propagate in. Figure 2 is a schematic of the

The pump and probe pulses are incident simultaneously
on the sample. The light in the medium then consists of
amplified probe light, in which we are interested, and fluo-
rescent “normal” random laser light. Because we want to do
our experiments at large amplification, and the maxima of
the gain curvecy(\) and the fluorescence spectriurt\) of 0 ' I[]l 8-bit CCD
a dye are usually close in wavelength, the probe and fluores- sample
cence cannot be fully separated spectrally. The fast decay of A IFND
the dye also precludes a disti_nction in ti_me to be made. We FIG. 2. Schematic of the setup for speckle experiments. The
employ the coherence properties of the light to tell the probe,mp (diameter 2 mm and probe(diameter 0.8 mmreach the
and the fluorescence apart in the speckle measurement.  sample simultaneously. The sample is mounted on a motor, spin-

The suspension is contained in a round plastic containgfing it slowly to prevent sedimentation. The scattered and amplified
with dimensions of 6-mm deptlk 10-mm diameter, covered probe light is collected on an 8-bit 75582 pixel CCD camera
with a 4-mm-thick glass window. The sample is rotating (Kappa CF 8/1 FMG, through an aperturéA), a 532-nm interfer-
slowly to prevent sedimentation and dye degradation. Thence filter and one or more neutral density filters. The distance
dye concentration is 2 mM and the transport mean free pathetween sample and camera is 10 cm.

pump probe
532 nm

toPC
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FIG. 4. Average intensity derived from Rayleigh statistics as a
function of pump fluence, for a fixed probe intensity of

incidence
)
N
aaed

101-i . o 59 wJ/mnt. The amplified intensity grows linearly with pump flu-

3 R ence. For comparison, we plot the mean intensity as a function of
10°+————————7—1 the probefluence(in units of 0.01 mJ/mr) in the inset. The pump

0 50 100 150 200 250 intensity is high: 2.9 mJ/mf The lines are linear fits to the data.

intensity (arb. units)
_ The intensity histogram of the speckle in Fig@Bis
FIG. 3. (a Speckle pattern on an 8bit CCD camera of ghown in Fig. 8b). The histogram has an unusual feature
fcr:equengy-(éoub:eq Nd.'Y?‘G slcattereld alnd .ahmg!n‘lqd @2 ml\l/l compared to Eq(1): it only starts to show Rayleigh statistics
_ol%ma::qn Thso Ut'?nn n | ex¥/rerr711ethg yg?: OW'tf Wisslcar:tetff&( - above intensity 50. The lower intensities are incoherent fluo-
Eas aﬁ eznér eOF;UO 3p2p:Jnj;e rﬁnc()b) Inteensit ﬁstoaraerﬁ o% the im. escence, giving each pixel an offset. The average intensity
. 9y e /mmb) intensity 9 can be determined from the slope of the exponential decrease
age in(a). The Rayleigh distribution is offset by a background of for higher intensities. A plot of the fluorescent intensitiye
incoherent fluorescence. The slope of the linear decreaséljs 1/ offsei)g as a function .of gump fluence reproduces Figh)1
. tal t of | d detect Itis | providing evidence that the saturation dynamics of the sys-
experimental arrangement of sampie and detection. LIS Mgy, g ot significantly influenced by the amplified probe
portant that the probe energy is small compared to the pum ulse
and preferably also C‘?”?P"?“ed to _the fluorescent EMISSION v extract the average intensity of the amplified probe
from the system, to minimize th? mflue.n.ce of the applledfrom the slope of the intensity statistics plotted in the manner
beam on the saturation. Under this condition the probe actus; Fig. 3. The dependence of the average intensity of the
ally probes the system instead of partaking in the gain dy'speckle or the intensity of the amplified probe on pump flu-
nar\?\ll'iﬁ.th' i d | tudv the first-order st ence is plotted in Fig. 4. The exposures taken at the highest
W IS Sélup and sample, we Study the Tirst-order sta; ump intensities are overexposed, but if the average intensity
tistical properties of _the speckle in the scatte_red, gmphﬂe an still reliably be obtained from the low intensity part of
probe light as a function of pump fluence. We investigate th‘?he negative exponential, it is included in the graph. A mea-

intensity distribution and the average spot size. surement in which the intensity on the camera is attenuated
using a neutral density filter shows that the linear behavior of
Il INTENSITY STATISTICS Fig. 4 persists up to the highest pump intensity of

2.9 mJ/mm, amounting to an amplification facter10. The

The Rayleigh distribution of speckle is a very robust phe-linearity with probe fluencéinset of Fig. 4 shows that the
nomenon. The only requirements are uncorrelated phases ginplification factor is independent of probe fluence, provid-
the scattered light and the independence of the amplide ing more evidence that the probe does not affect the gain in
and phase¢,. It does not make a principal difference the system.
whether the scattered light has actually traveled inside the
scattering medium or is just reflected off the surface. Con- IV. SPECKLE SPOT SIZE
sidered this way, a measurement of speckle intensity statis-
tics does not promise to be an effective method to obtain new As discussed earlier, a measurement of the speckle spot
information about random lasers. It does, however, providsize yields the transverse dimension of the coherent source
access to a measurement that is otherwise difficult to pemn the scattering surface. In a random laser this may very
form: the degree to which the incident probe is amplified bywell depend on the pump energy, since a larger gain allows
the system. the light to spread further, enhancing the contribution of long

Figure 3a) shows an image of the speckle pattern in scatpaths. A relation between the transverse dimension of the
tered and amplified probe light from a coumarin 6/Ji@n-  amplifying volume and the threshold has been demonstrated
dom laser. The drawback of the large pump spot is a largdi2].
fluorescence component in the image. The spot size is measured by calculating the two-
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FIG. 6. Characteristic decay angle of the autocorrelate, as mea-
sured by a fittings; with G,,,, given in Eq.(3). (a) For large pump
. fluence the speckle spots get significantly smaller compared to the
d tFI.G' g.' A é:ross SG(TFIOI;I?I’OtlI:I]gh the autotccirrra_@ttﬁAa) othEe case without gain, signifying that the amplification assists the spa-
aatl mt 9. ,dnorrgaflze 20t elz\ée:jageto ?h m_en(sihtb). teb I(tial spreading of the probe light. The probe fluence is Z¥mn?.
contrast 1S reduced from 0L ue fo the inconherent bac {b) With varying probe energy at a pump fluence of 2.9 mJ#mm

gl\r/oug.d, compllr,iatlntg the ?eite.rtmlrll?.tlonhof thg ft'rr]St .Ze%t’ The the speckle size is constant, demonstrating the role of the amplifi-
o-dimensional autocorrelate itself is shown in the inset. cation in the effect irfa).

A8 (mrad)

dimensional intensity autocorrelateG,(A6)=(l(0)I(6 . . .

+A#)) of a speckle pattern as in Fig(a8. For a circular ible way to ql_Jantlfy the speckle spot S'K@ and(ly) are
illumination spot of diameted by purely coherent light the Qeterm|neq directly from the data by taking the S'9pe of the
autocorrelation is intensity histogram and the total average, respectively).so

is the only free parameter in a fit with,,,. The characteristic
d angle§. is smaller thard, by a constant factos 1.
XAQ) : 2 The 6, are plotted as a function of pump fluence in Fig.
6(a). The speckle spots are found to shrink as the pump
whereA @ is the angular distance between two points on theluence is increased from 0 te1 mJ/mnd, after which
screen, andA(u)=[2J;(u)/u]?> with J; the first-order their size is approximately constant. The optical resolution of
Bessel functionA(u) has the same functional dependence aghe imaging system is-0.1 mrad. Apparently the source of
the Airy diffraction pattern of a circular aperture, and so thediffuse light producing the speckle becomes larger if the
first zero is expected at #= 6,=1.22\/d, providing a mea- pump fluence is larger. This is consistent with the notion that
sure for the speckle spot size. The contrast between th@ainly the long paths are amplified in a random laser. If only
maximum at zero and the value at lary® is a factor of 2:  the intensity is increased, without actually changing the
G (A6=\Id)=(1)? andG,(0)=2(1)2. amount of amplification, the speckle size is constant as
Our diffuse light source is, however, partly incoherent dueshown in Fig. @b).
to the contribution of fluorescence. The consequences for the Without the pump, the speckle size is set by the probe
intensity autocorrelate are shown in Fig. 5, showing a cros§eam diameter of 0.8 mm (80 and for the highest pump
section through the autocorrelate of the data in Fig).The  energies the equivalent source size increases to approxi-
speckle contrast is reduced te-1(1)/(11))2 [17], where(l) ~ mately 1.5 times this value. For high pump fluence the
is the average intensity of the amp||f|ed probe dnqb SpeCkle does not get smaller. This is CO“SlSt-e.nt. with the .re'
=(1)+1¢ is the average total intensity, including the fluores-sult[4] that far above threshold the local equilibrium gain is
cence intensity . For the data in Fig. 3I)~I¢ and so the clam_ped at the local loss level, so the gain coefficienat
contrast in the autocorrelate is reduced to a factor of 1.25. [ositionr does not depend on the pump fluence.
becomes difficult to determine the position of the first zero in
the autocorrelate due to this lower contrast.
Another change with respect to the fully coherent situa- V. DISCUSSION
tion is the disappearance of the flat top @A #=0), pre- The measurement of intensity statistics reveals the ampli-
dicted by Eq.(2). We have no explanation for this sharpen- fication factor for an external laser seed in the slope of the
ing. The resultingG(A 6) [=G,T(A 0)] is normalized to  speckle intensity histogram in Fig(l8. The results in Fig. 4
(I7) and analyzed quantitatively by modeling it with a func- show that a random laser works as a linear amplifier for a
tion probe beam over the entire range of pump rates.
The laser threshold does not appear in a measurement of
(1 the average probe intensitl) as a function of pump fluence
|_T> I,. Above threshold the probe light behaves as a coherent
contribution to the “normal” (amplified fluorescengeran-
There is no reason for compari@y; with precisely thisG,, ~ dom laser light, and hence the dependence on pump rate is
but like appearances. The fit witB,, provides a reproduc- linear, the gain saturation being effected by the normal laser

G (AO)=(1)?1+A

2

Gm(AO)=1+ e A0, (3)
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light. The threshold arises, however, because spontaneousAly)). It is derived from the classi€, correlation[6],
emission dominates. Part of the fluorescence is not amplifietheasuring the gradual change in a speckle pattern with a
[18] and does not contribute to the laser intensity as plottedrariation of the incident fieldusually, e.g., angle or fre-
in Fig. 1(b). The probe does not suffer this loss and can profiguency. C;(Al,) will reflect the change in spot size pre-
fully from the gain that increases linearly with pump rate sented above, but then in a measurement that is theoretically
below threshold. better controlled: the autocorrelate that we use mixes differ-
The longer average path length in a random laser directlgnt output channels by adding different angles.
influences the speckle spot size. Long paths spread further, The traditionalC,(Ak,) has a weak dependence on the
and if these get a larger relative weight in the diffuse averabsorption, appreciable if 1} is not negligible compared to
age, the coherent source has a larger apparent diameter. Wf: so for small angle$7]. Upon replacingL, by —Lg,
demonstrate this effect in Fig. 6: the speckle spot size igyhich is allowed for a weak probe that does not saturate the
found to diminish, with increasing pump rate, up to thegain, we gauge that, should be appreciably larger than the
threshold region. Far above threshold the speckle size is copmssive case for rotation angles smaller thihg) ~*. This
stant, reflecting the effect of saturation. The change insstimate applies to the transmission of a sample vetisen-
speckle spot size is similar in appearance and origin to th@a|ly) homogeneous gain. The analysis of Burkov and
narrowing of the EBS cone, which also shows the effect ofzyyzin [12] suggests the same relative change due to gain

saturation in the same way]. . for short- and long-range correlations.
The constant speckle spot size as a function of probe flu-
ence shows that this shrinkage is indeed an effect of the gain: VI. CONCLUSIONS

although the larger scattered intensity produced by a higher _ ) )

incident probe fluence visually seems to produce a larger 'he experiments presented in this paper show that the
spot, the intensity distribution is independent of the amountModification of the transport properties by gain in a random

of probe light. Amplification truly changes the distribution of laser influences the first-order statistics of the speckle ob-
path lengths, and so the distribution of amplified probe in-S€rved in scattered and amplified probe light. These speckle
tensity on the surface. SFatISt_ICS are eas_lly access_lble to e>_(per|ment, and_ provide in-

A quantitative assessment of the modification of the patr§ight into the gain dynamics and light transport in random
length distributionP(A) is not possible with the available @sers. The intensity histogram provides a measurement of
theory. The theory of Refi4] takes into account only one the ampllflcauqn factor for an external segd, bec_aqse the
spatial variable, whereas the transverse dimensions afflorescent emission does not show Rayleigh statistics and
clearly needed for describing the lateral spreading of th&an therefore be separated from the probe. The decrease of
probe. Even in one dimensid®(A) cannot be determined in the speckle spot size shows that the apparent size of the
the absence of a stationary form for the diffusing densitydiffuse source grows with gain, by enhancement of long light
Recalling that the rms traveled distance in a random walk oPaths.
length A is I A/3, we conclude that the average path length
(A) becomes (1.8)=2.25 times larger in this sample.

We conclude with a proposal for a supplementary experi- This work is part of the research program of the “Stich-
ment. In a solid random laser, with scatterers at fixed positing voor Fundamenteel Onderzoek der Matef@©OM),”
tions, one can correlate subsequent exposures. In this waywthich is financially supported by the “Nederlandse Organi-
is possible to measure the correlati@{Al,)=(I(l1,)I(I, satie voor Wetenschappelijk Onderzo@kWO).”
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