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Investigation of random lasers with resonant feedback
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This paper presents a detailed experimental study of random lasers with resonant feedback. The dependences
of the lasing threshold and the number of lasing modes on the transport mean free path, the pump area, and the
sample size are measured. An analytical model based on the concept of quasistates is developed to explain the
behaviors of random lasers.
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I. INTRODUCTION Il. EXPERIMENT

. To study the effect of scattering strength on a random
Over the past few years, there have been several EXPelsser, we use polymer films containing laser dye and micro-
mental[1-7] and theoretica|8—15 studies on random la- ' Poly 9 Y

. . .noarticles. The advantage of this system is that the gain me-
sers. Arandom laser is different from a conventional laser if,. .
dium and the scattering elements are separated. Thus, we can

the feedback mechanism. A conventional laser consists of a4 . X
. . . . . Independently vary the amount of scattering by particle den-
gain medium and a cavity. The cavity, usually made of mir-

. ) sity and the optical gain by dye concentration.
rors, provides coherent feedback for lasing. However, a ran- Experimentally, Polgmethyl methacrylate(PMMA) and
Sglm slsl;tferr?nas i?]O erlmcri:ggs;dgrheedferr?ggii%( 'SRSelégpnltlle d Pgn(d)gt'Fhodamine 640 perchlorate dye are mixed in dichromethane.
lasers with C(g)]herent feedback have beeﬁ realized z\,/ith hi hr:éubsequently, titanium dioxide (T$dmicroparticles are ul-

9 Yrasonically dispersed in the solution. The average size of the

disordered semiconductor powder and organic materials. . . .
[5-7]. The performance of a random laser is determined by iO, particles is 400 nm. Polymer sheets are made with the

three characteristic length scales: the transport mean fr Cel’la_cfe;ztlr&%:}ictlgéilé?é;—hoeu?letZ%ksnzesnsns %205 #50%]'6_
pathl;, the gain length,, and the sample size. In this d y P

o ! locked Nd:YAG (yttrium-aluminum garngtlaser(10 Hz rep-
paper, we present a quantitative experimental study of t_hgtition rate, 25 ps pulse widthis used as pump light. The

dependence of the lasing threshold and the number of Iamr&mp beam is focused by a lef&3 cm focal lengthonto
modes on these length scales. _ _ the polymer sheet at normal incidence. The excitation spot
Several models have been set up in the theoretical study, the film surface is about 5@m in diameter. The emis-
of stimulated emission in an active random medium, e.g., th&jon from the polymer sheet is collected by a fiber bundle
diffusion equation with gaif8,10,1], the random walk and  and directed to a 0.5-m spectrometer with a cooled charge-
amplification of photong12], and the ring laser with non- coupled device array detector.
resonant feedbackl3]. However, these models cannot pre-  We fabricate a series of polymer films with the same dye
dict lasing with coherent feedback because the phase of thebncentration but different particle density. The Tigarticle
optical field is neglected. A different approach has been takedensity in the polymer films varies from>810° to 6
recently, i.e., to directly calculate the electromagnetic fieldx 10> cm™3. The lasing threshold in these films is measured
distribution in a random medium by solving the Maxwell under identical conditions. Above the threshold, discrete nar-
equations using the finite-difference time-doma&FDTD) row peaks emerge in the emission spectrum. The emission
method[16,17]. The advantage of this approach is that oneintensity there increases much more rapidly with the pump
can model the real structure of a disordered medium anthtensity. To characterize the transport mean free path in
calculate both the emission spectrum and the spatial distrthese films, we conduct coherent backscattering experiment
bution of emission intensity at any time. However, the nu-[18,19. The output from a He:Ne laser is used as the probe
merical simulation of three-dimensional random media withlight, because of its wavelength being very close to the emis-
the FDTD method requires much computing power. Furthersion wavelength of rhodamine 640 perchlorate dye. To avoid
more, the simulation must be done for thousands of sampleabsorption of the probe light, we fabricate PMMA films that
with different configurations before any quantitative conclu-contain only TiQ particles but not the dye. The thickness of
sion can be drawn. In the second half of this paper, we dethe polymer films is about 40Q«m, which is much longer
velop an analytical model for random lasers based on théhan the transport mean free path in these films. From the
concept of quasistates. angular widthw of the backscattering cone, we calculate the
transport mean free path using the formdja \/27w(1
+2.), wherez, is the extrapolated length ratj@0]. We as-
*Email address: h-cao@northwestern.edu sume that, only depends on the overall reflectivi®/at the
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FIG. 1. Incident pump-pulse energy at the lasing thresiigjd
versus the transport mean free pgthThe dashed line is the fitted
curve represented b, =0.13122,

FIG. 2. Number of lasing modes as a function of the transport
mean free patlh,. The incident pump-pulse energy is 14J.

mean free path approaches the optical wavelength, the lasing

film-air interface, i.e.,ze=2(1+R)/3(1-R) [20]. For the  threshold pump intensity drops quickly, and the number of
PMMA films, we findlt is inversely pl’OpOl’tiOﬂBj to the Tip |asing modes increases dramatica”y_
particle densityny. More precisely, a curve fitting df ver- One surprise from Fig. 1 is that lasing with resonant feed-
susng gives (1= 1) =ny, wherel, is the transport mean back occurs in samples where scattering is not very strong.
free path of the PMMA film without any TiPparticles. Note  For example, when the transport mean free path is 25 times
that recent studies show, is determined not only by the the optical wavelength, lasing can still occur as long as the
overall reflectivity but also by the scattering anisotropy ofoptical gain is high enough. To verify this, we fabricate poly-
individual particles[21]. Owing to the fact that the TiO mer sheets with the same particle density but different dye
particles used in our experiment are strongly polydisperse, itoncentration. Figure 3 plots the lasing threshold pump in-
is very difficult to calculate the anisotropy factgg for the  tensity versus the dye concentration. The Jjfrticle den-
TiO, particles of different shape and size. If we assume alkity in the polymer films is fixed at 2510 cm 3. The
the TiQ, particles are spherical and their diameter is equal taelatively low particle density gives a rather long transport
the average value 400 nm, we figd=0.58, andz, is re-  mean free path,~ 11 \. From Fig. 3 the lasing threshold
duced to 80% of its original valu@1]. Correspondingly, the decreases with an increase of the dye concentration. When
value ofl, should be~20% larger than what we have esti- the dye concentration is below410 3 M, lasing could no
mated. longer occur at the maximum power of our pump laser. This

Figure 1 plots the incident pump pulse energy at the lasresult indicates that in a random laser the coherent feedback
ing threshold versus the transport mean free path. The dyerovided by the optical scattering is not necessarily very
concentration in the polymer film is fixed atBl0" 2 M. As
the TiO, particle density in the polymer film increases, the 2
transport mean free path decreases, and the lasing threshold
also decreases. The strong dependence of the lasing thresh-
old on the transport mean free path clearly illustrates the
important contribution of scattering to lasing. With an in-
crease in the amount of optical scattering, the feedback pro-
vided by scattering becomes stronger. In other words, the
laser cavities formed by recurrent light scattering have lower
loss. Thus the lasing threshold is reduced. Through curvefit-
ting, we find the lasing threshold is proportional to the square
root of the transport mean free path. Figure 2 shows the
number of lasing modes in the samples with different trans-
port mean free path at the same pump intensity. The stronger
the scattering is, the more lasing modes emerge. This is due 0 } I } I
to the fact that in a sample of stronger scattering strength, 0 0.01 0.02 0.03 0.04 0.05 0.06
there are more low-loss cavities formed by the recurrent scat-
tering. When the optical gain is fixed, the gain exceeds the
loss in more cavities, and lasing oscillation occurs. An inter-  FIG. 3. Incident pump-pulse energy at the lasing threshold as a
esting feature in Figs. 1 and 2 is that when the transportunction of the dye concentration.

§ .~ Not lasing

0.5+ L]

Incident pump pulse energy (UJ)

Dye concentration (M)
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FIG. 4. Incident pump intensity at the lasing threshigjdversus

the areaA of pump beam spot on the sample surface. The transport FIG. 5. Number of lasing modes versus the area of the pump
mean free path is 0.um (circles, and 9 um (crossep respec-  beam spot on the sample surface. The transport mean free path is
tively. The fitted curves aréy,=0.11A%° (solid line), and Iy, 0.9 um (circles and 9 um (crossey respectively. The incident
=0.096A%75 (dashed ling pump pulse energies are 0.638J and 1.0 uJ, respectively.

strong. In another word, the cavities formed by scattering carenergy is 0.63 (1.0)uJ. For both samples, we observe a
be lossy. As long as the dye concentration and the pumplateau in the number of lasing modes. Under constant pump
intensity are high enough, lasing with coherent feedback capower, the number of lasing modes stays nearly constant
occur. when the diameter of the pump spot increases from 50 to
The transport of light in a scattering medium depends nott10 um. Eventually, when the pump beam diameter is
only on the transport mean free path, but also on the samplarger than 110.m, the number of lasing modes starts de-
size. In an active random medium, the gain volume may bereasing, because the pump intensity approaches the lasing
smaller than the medium volume, when only part of the disthreshold.
ordered medium is excited. Next we study the dependence of In the above case, the emitted photons may diffuse out of
a random laser on both the sample size., medium vol-  the gain volume into the passive random medium. After mul-
ume and the gain volume. In particular, we will consider tiple scattering events, they may return to the active random
two cases. In the first case, the dimensions of the randomnedium[4,13]. Therefore, the volume of the random me-
medium are much larger than the transport mean free patlalium which is involved in the lasing process, is larger than
thus the medium can be considered infinitely large. But thehe pumped volume. Next we will study the case where the
gain volume is finite. In the second case, the random mediursize of the random medium is finite and it is equal to the size
has a finite size and the entire medium is excited. of the excitation region. To control precisely the size of the
First, we vary the gain volume and measure the change andom medium, we have utilized the microfabrication tech-
the lasing threshold. The PMMA film that contains dye andnique to make patterns on zinc oxi@nO) polycrystalline
TiO, particles is initially placed at the focal plane of a lens. fiims.
Then we move the lens away from the sample to increase the The ZnO films are deposited on sapphire substrates by
size of the pump beam spot on the sample. We measure tipgilsed laser ablation. A detailed description of the growth
incident pump intensity at the lasing threshojglas a func-  procedure and the structural characterization of the films
tion of the area of the pump spot on the film surfake have been given elsewhef82,23. The film thickness is
Figure 4 shows the data for two samples with different transabout 350 nm. The high-resolution transmission-electron-
port mean free paths. The circlésosseprepresent the data microscope images show that the films consist of many ir-
of the polymer film with higheflower) TiO, particle density. regularly shaped grains of the size between 30 and 130 nm.
The transport mean free path in these two samples is me&ince the transport mean free path is close to the film thick-
sured to be 0.9um and 9 um, respectively. For both ness, light is scattered in the plane of the ZnO fiz4]. The
samples, the measurég, decreases as the pump afe@-  optical confinement in the direction perpendicular to the film
creases. Next we measure the number of lasing modes assaachieved through index guiding. Hence, the ZnO film can
function of the pump area. In this measurement, we fix thebe approximated as two-dimensiorfdD) random medium.
incident pump power and vary the pump area. Thus, the inkight leakage from the top and bottom interfaces of the film
cident pump intensity also changes with the pump area. Figs regarded as loss. Under optical pumping, we have ob-
ure 5 plots the number of lasing modes versus the pump areserved lasing with resonant feedback in the ZnO polycrystal-
for two samples with different transport mean free paths. Thdine films [5].
circles (crosses correspond to the sample with the transport  We etch the ZnO films to make an array of disks whose
mean free path of 0.9 (9)um, and the incident pump-pulse diameters vary from 2 to 4Qum. The etchant is a water
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FIG. 6. Incident pump intensity at lasing threshblgdas a func-
tion of the ZnO disk area\. The dashed line is the fitted curve
represented by,,=104.5A%%2,

Wavelength (nm)

FIG. 7. Emission spectra from a ZnO disk of diameter 2.
The spectra are shifted vertically for clarity. The incident pump
solution of hydrochloric acid and hydrogen oxide. The pulse energies are marked next to the curves.
scanning-electron-microscope images show that the edges of
the disks are quite rough. Thus, the whispering-gallerysingle lasing mode occupies spatially is between 10 and
modes could not be formed by total internal reflection at the40 pne.
disk edges. The patterned ZnO films are optically pumped by
the frequency-tripled output of the mode-locked Nd:YAG la- I1l. MODEL
ser. The pump beam is focused onto a single disk by a mi- ) . . :
croscope objective lens. The pump beam spot covers the ea— we stqrt with the cpncept of quaS|§tates for light in ran-
tire disk. Emission from the sample is collected by a fiber om mEd"’_’" Th_e quasistates are the_ eigenmodes of the Max-
bundle and directed to the spectrometer. vv_e_II equations in a finite-sized medium. The bound_ary con-
Figure 6 shows the lasing threshold pump intensity ditions for quasistates are the absen(_:e of any incoming
versus the disk areA. The smaller the sample is, the higher waves and the presence.of only outgoing wal#s] Th? .
the threshold pump intensity is. We curvefit the data in Fig. 6frequency ofa quaS|state is a complex number, whose imagi-
with the formulal,~1/A%, and obtainx=0.52. Since the nary part describes the decay rate. Due to the complex values

disk diameterd~ A, we getly~1/d, namely, the lasing of the eigenenergies, the eigenmodes are not orthogonal to

threshold pump intensity is inversely proportional to the dis e_ach other in the random medium. When photons in a qua-

. sistate reach the boundaries of the random medium, they are
diameter. . . ; .
: . " either reflected back to the medium or transmitted into the
The number of lasing modes is also sensitive to the
sample size. Figure 7 plots the evolution of laser-emission
spectra with the pump intensity for a disk of diameter
20 pm. Initially, the number of lasing peaks increases with 8|
the pump intensity. As the pump intensity increases further,
the number of lasing modes does not increase any more,
instead it saturates to a constant value. This value depends on
the sample size. Figure 8 plots the saturated number of lasing
modes versus the disk area. When the sample area is
30 um? there are only three modes at high pump intensity.
For the sample with an area of 320m?, the number of the
lasing peaks is saturated to seven. The saturation of the num-
ber of lasing modes has been predicted for the one-
dimensional random structuf&?7]. Due to the gain compe-

9

Number of Lasing Modes
[$)]

tition, two random cavities with significant spatial overlap 2r

could not lase simultaneously. In other words, different las- 1 el ‘ b,
ing modes must be spatially separated. Hence, for a sample 0 100 200 300
of finite size, only a limited number of lasing modes can Area (um?)

exist even in the presence of high amplification. From Fig. 8,
the saturated number of lasing modes increases with the FIG. 8. Saturated value of the number of lasing modes as a
sample area. From this data, we estimate the area thatfanction of the disk area. The error bar is also shown.
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air. The transmitted photons are lost, while the reflected phothresholds[26]. From the ray optics point of view, lasing
tons may get into other quasistates. Hence, the decay of with nonresonant feedback corresponds to the instability for
guasistate results from both light leakage through the boundight amplification alongopentrajectories in a random me-
aries and energy exchange with other quasistates. The medium, while lasing with resonant feedback corresponds to the
decay ratey, due to light leakage through the boundaries carinstability for light amplification alongslosedpaths formed

be estimated as follows: by recurrent scattering. Using quasistates, we can explain the
behavior of the light transport in an active random medium
D from the diffusive regime to the localized regime. When

YaT 2 (1) kl;>1, the quasistate model predicts the same results as the

diffusion model, as will be shown next. In the other extreme
whereD is the diffusion coefficient antl is the dimension of ~wherekl;<1, the quasistate model approaches the random
the random medium. The average frequency spacing betwe@avity model where the quasistates are the cavity modes

adjacent quasistates is [27].
Next, we first study lasing with nonresonant feedback us-
v\? ing the quasistate model, and then move to lasing with reso-
ov= 8aL3’ 2 nant feedback. In the weak scattering regime, the loss of an

individual quasistate comes from the loss of its photons to

where v is the speed of light in the medium. Whéd, the surrounding air apd to other quasistates. However, for a

>1 (k is wave vector/, is the transport mean free path Set of coupled quasistates, the total photon numheis

vq>v. Hence, the quasistates are spectrally overlapped?qual to the sum of the photon number in each quasistate.

giving a continuous emission spectrum. Hence, the exchange of photons among the quasistates is no
When the transport mean free path is much longer thatPnger & loss for the total photon numbey. Namely, the

the optical wavelength, the quasistates in a finite-sized rarflécay fom, is caused solely by the light leakage through the

dom medium decay fast. Thus, their spectral lines are broadoundaries. Its decay rate is expressed by (Eg.whereD

The spectral overlap of the quasistates is significant. The v!i/3. Under optical pumping, the gain rate for is g

quasistates are coupled strongly via reflection at the bound=v/lg. When 9=>7d, Ny InCreases with time. Hence, the

aries. Owing to the energy exchange among the quasistaté§reshold for lasing in a set of coupled quasistates is given by

the loss of a set of interacting quasistates is much lower than

the loss of a single quasistate. In an active random medium, 9= 74> ©)

when the optical gain for a set of interacting quasistates at . =~ . . .

the frequency of gain maximum reaches the loss of thesl@’h'Ch is the same as the thrgshqld for lasing with nonreso-

coupled quasistates, the total photon number in these coupl&@nt feedback given by the diffusion mode].

states builds up. The drastic increase of photon number at the FOr @ polymer film containing dye and particles, the pump

frequency of gain maximum results in a significant spectrafi9ht hits the film surface and propagates inward. The gain

narrowing. This process is called lasing with nonresonanY0lUme can be approximated by a cylinder with diameker
(incoherent feedbackK 8]. and height,, wherel ; is the penetration length of the pump

With an increase in the amount of optical scattering, thdight. In the linear absorption regime, the penetration length
dwell time of light in the random medium increases, and thef€Pends on the absorption lendthand the transport mean
mixing of the quasistates is reduced because it occurs only #€€ Pathl;. Whenl<lI,, |, is determined by the diffusion
the boundaries. Hence, the decay rate of individual quasig2rocess of the pump photons inside the medium. The diffu-
tates decreases. When the optical gain increases, it fir§ion coefficient for the pump light i9,=v/(3/+11,)
reaches the threshold for lasing in a set of coupled quasid28l. Sincel,>1¢, Dp=~vl/3. Thus,|,~ Il 4/3 [4]. On the
tates. When the optical gain increases more, it exceeds thgher hand, whefy>1,, the absorption is so strong that the
loss of a quasistate that has a long lifetime. Then, lasingump light is absorbed before scattering occurs. Hehge,
occurs in a single quasistate. The spectral linewidth of the=la. In our experiments, the dye concentration and the, TiO
quasistate is reduced dramatically above this lasing threstparticle density in the PMMA films are varied over a wide
old. A further increase of optical gain leads to lasing in morerange. Our data cover both the diffusion regirhgXl) and
low-loss quasistates. Laser emission from these quasistat8¥e strong absorption regimé,&l;). In the following theo-
gives discrete peaks in the emission spectrum. This procegstical analysis, we consider only the diffusion regime. A
is lasing with resonanicoherent feedback5—7). brief discussion of the strong absorption regime and the satu-

When the scattering strength increases further, the decation of absorption will be given at the end of this section.
rates of quasistates and the mixing among them continuBue to the lateral diffusion of the pump lighd,=d+I,,
decreasing. Due to the large dispersion of decay rates o¥hered is the diameter of the incident pump beam spot on
quasistates, the threshold gain for lasing in individual low-the sample surfacp4]. Experimentally,l, is much shorter
loss quasistates becomes lower than the threshold gain fghand, thusd,~d. When the optical transmissidnfrom the
lasing in the coupled quasistates at the frequency of the gaisample to the air is low enough, i.€.<1/1,~v3l/1,, al-
maximum. Then, lasing with resonant feedback occurs firstmost all the pump light passing through the air-sample inter-

Therefore, there are two kinds of lasing processes in aface is absorbed within the sample. The average density of
active random medium, and they correspond to two lasinghe absorbed pump light is
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| In fact, in the strong scattering regime where the photons
P~ T (4) of a quasistate are lost mainly to the surrounding air rather
\/E than to other quasistates, H) also holds for the threshold
) ) ) ) ) of lasing in a single quasistate whose decay rate is equal to
wherel is the input intensity of the pump light. Below we ha average decay ratg;. However, the decay rateg of

suppose that the gain rate, averaged over the excitation Vol asstates have a broad distribution. Hence, lasing could
umeg, is proportional to the density of absorbed pump lightsccyr in some low-loss quasistates when the mean loss rate is

lp still much larger than the gain raf27]. In other words, the
threshold for lasing in some low-loss quasistates can be
I much lower than the threshold in Eq. (9).
g« N ©) The statistical distribution of the decay rates of quasistates
a't in a disordered medium depends on the transport mean free

If the emission occurs due to electronic transition betweelpath and the Safnp'e slze. O”C? the o_||str|but|on function of
some levels 2 and 1, and the population of lower level de_decay rate(y) is known, the distribution of lasing thresh-

cays so fast that it can be neglect@dg., due to multilevel old, the mean value of lasing thre;hold, and the average
dye structure suggested in Réfl0]), then the gain rate number of lasing modes can be deria]. Next, we will
would be proportional to the density of molecuteshaving derive t_he_threshold for lasing in individual quasistates in the
level 2 excited. In the regime of nonsaturated absorption ZnO thin films and the PMMA films.

: . ; : The ZnO film can be treated as a 2D random medium. For
is defined by the absorption rate leading to Ex). From Eq. ) X . .
(3), the instability forn, occurs at the pump intensity a ZnO disk of diameted, the number of quasistates with

frequencies within the full width of half maximugFWHM)
of the gain spectrum is

¢
|ﬁ|gi} (6) 4 AN
N~— o (10
where L should be the smallest dimension of the pumped A
cylinder. Sinced>1,, L~I, in Eq. (6). An accurate solu-
tion for the cylinder geometry of an active random medium

gives the threshold gain raf8&]

where\ is the center wavelength of the gain spectrdn, is

the FWHM of the gain spectrum. For the PMMA films, we
consider the quasistates that are located inside a cylinder of
diameterd and heightd, and whose frequencies are within

e It the FWHM of the gain spectrum\. The total number of
9% E+10¥ ' @ quasistated is
We have generalized the above result to the geometry of our d3 AX
PMMA films and obtained the threshold pump intensity N~ B (13)
—( It Let y, andg, be the decay rate and the gain rate for a
TqoVlalt |_2+20@)' (8) quasistatda). The lasing occurs ihe) wheny,<g,. We
P introduce the distribution functiorf(y) for the ratioy,

For our samples,, is much shorter thad, thus the contri- = Ya!9o- The mean value of is yoxI4/l, wherel is the
bution of the second term in E¢B) is negligible. The lasing NPUt pump intensity, andl, is the pump intensity needed to
threshold is given by the first term, i.e., compensate the average loss of a quasistate. The probability

distribution f(y) can be expressed in the single parametric

i scaling form
la \F ©

a

1
: : . L f(y)=—h(ylyo). (12
According to Eq.(9), the lasing threshold pump intensity is Yo

proportional to the square root of the transport mean free1Since lasing occurs whey=1, the probability for lasing in
pathl;. If we assumé,~ 1/ny, the lasing threshold pump a quasistate at the pump intensitis

intensity is also proportional to the square root of the dye
concentratiomyye. However, the lasing threshold should be
independent of the pump beam diametdr when d D =f1d—yh(y/y) (13)
>20 wm according to Eq(8). This result is in contradiction ! Yo o

to the data shown in Fig. 4. This is due to the threshold in

Eq. (9) being for lasing in a set of coupled quasistates, whileThe average number of lasing modés=Np,, whereN is

the measured threshold in Fig. 4 is for lasing in a singlethe total number of the quasistates. The lasing threshold is
guasistate. set byN,=1, namely, when there is one lasing mode.

063808-6



INVESTIGATION OF RANDOM LASERS WITH . .. PHYSICAL REVIEW A64 063808

The probability distributionf(y) is determined by the consistent with the data in Fig. 1. The dependence of lasing
fluctuation of the decay rateg and the gain rateg of the  threshold on the pump area, given by E&j7), is I,0cd ™ 1°
quasistates. The gain ragelepends on the spatial overlap of <A~ %75 where A~d?2. The data for the PMMA film with
a quasistate with the pumped volume. For ZnO films, sincé,=9 um give l,<A~ %75 which is in excellent agreement
the entire random medium is excited, the overlap is 100%with the theoretical result. However, for the PMMA film with
Moreover, because the optical gain is frequency dependenit,=0.9 um, the data give,>=A~ %% The discrepancy be-
quasistates of different frequencies experience different gainween the experimental result and the theoretical prediction
However, since we consider only the quasistates withirmay lie in the deviation of dwell time distribution from
FWHM of the gain spectrum, the fluctuation gfis small. ~ P(7)~1/7% asl, approaches.. Another possible source for
On the other hand, for the PMMA films, the pumped volumethe discrepancy is the transient optical gain. If wd {itfor
and the quasistates may not completely overlap in spacéhe sample of,;=0.9 um with the formula l,,=c;
resulting in a fluctuation of. However, we believe the fluc- +¢,/A%" we obtain a very good fit witlt;=0.47 andc,
tuation of g is less than the fluctuation of. Hence, we =0.035. This means Eq17) holds untill, is reduced to a
neglect the fluctuation of and attributef(y) to the fluctua-  saturated valué.,=0.47 MW/mn?. The saturation of
tion of y. To obtain the distribution o, we use the results may result from the finite pumping time,. When the gain
of the dynamics measurement reported by Gereicd. in rate is belowgy,~ 1/7,, lasing could no longer occur. Thus,
Ref.[29]. When light passes through a random medium, they.;. sets the minimum pumping rate for lasing. Finally, in
distribution of the delay time is taken a®(7)~1/7%, when  our calculation we neglect the fluctuation of the gain rates
7 is much longer than the average delay time This result  for quasistates. This simplification may also contribute to the
has been explained theoretically from the assumption of theiscrepancy between the theoretical prediction and the ex-
Gaussian distribution of the transmission through a chaotiperimental data.
medium by van Tiggeleet al. [30]. The transport of a pho- Since the dependence of the lasing threshold on the
ton through a random medium can be described as the capample size and the excitation area is obtained with the qua-
ture of incoming photon by a quasistate and subsequent rgistate model, it holds for both regimes bf<l, and I,
lease to the environment. The decay rate of a quasistate >|,. However, the square-root dependence of the lasing
related to the dwell timer of light in the random medium, threshold on the transport mean free path is derived under
y=1/7. Accordingly, the distribution of the decay rates the assumptiori,>1,. Whenl,<I, I ~I, gives a linear
P(y)=vy, wheny<yy. Neglecting the dispersion of the gain dependence of the lasing threshold lpn Furthermore, the
rate, we get absorption of dye molecules can be saturated by strong pump

light in some of our samples. In such cases, it can be shown
h(y)e<y (14)  that the lasing threshold, is proportional to the square root
of I, irrespective of the relative magnitudesigfandl,.
wheny<y,. Due to the decay rate of some quasistates being
much lower than the average decay raje the threshold for
lasing in such a quasistatg, is much less thaihy. Namely,
yo>1. Substituting Eq(14) into Eq. (13), we get V. CONCLUSION

We have presented a detailed experimental study of the

dm 1 random lasers with coherent feedback. The lasing threshold
N~——, (15) pump intensity is proportional to the square root of the trans-
A" Yo port mean free path. The number of lasing modes also in-

) ) ) ] ) creases with a decrease of the transport mean free path. The
wherem is the dimensionality of the random medium. For strong dependence of the lasing threshold and the number of
the ZnO thin filmsm=2, while for the PMMA filmsm=3.  |asing modes on the transport mean free path confirms that
From the lasing threshold conditid®,~1, we find the de-  the feedback for lasing is indeed provided by optical scatter-
pendence of the lasing threshdlgl on various parameters. ing.

For the ZnO thin films, we get The lasing threshold pump intensity also strongly depends
on the pump area. For a 2D random medium, the lasing
threshold pump intensity is inversely proportional to the

lth>e §- (16)  square root of the sample area. The number of lasing modes
first increases with the pump intensity, and eventually is satu-

This result agrees with the data in Fig. 6, which giyg  rated in a finite-sized sample. The saturation of the number

xA%5%c1/d9%4 For the PMMA films, we get of lasing modes results from the gain competition.

We have developed a model based on quasistates. This

model can explain both the random lasers with nonresonant

o ﬂ i (17) feedback and the random lasers with resonant feedback. Las-
th \/E g32 ing with nonresonant feedback corresponds to lasing in a set
of coupled quasistates, while lasing with resonant feedback

This means the threshold pump intensity is proportional tacorresponds to lasing in individual quasistates. Using the

the square root of the transport mean free path, which igjuasistate model, we have derived the dependence of the
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