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Random laser in the localized regime
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We present detailed calculations of laser action in two-dimensional disordered systems in the localized
regime. The systems are made of circular particles imbedded in an active dielectric medium, described by a
population of four-level atoms. Without pumping the active medium, the existence of localized modes is
studied as a function of the filling fraction and of the radius of the scattering particles. When pumping the
active medium above threshold, we find that the localized modes of the passive system act as the regular modes
of a conventional cavity. They are not modified by the presence of gain. By introducing local pumping of the
atomic system, the spectrum of the laser emission is found to depend on the position of the pump in agreement
with recent experimental results. It is shown that local pumping allows a selective excitation of individual
localized modes.
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[. INTRODUCTION calized modes in a random laser are thus proved to be
equivalent to the modes of the cavity of a classical laser.
After the predictions by Lethokov 30 years agemuch  Next, by locally pumping the system, it is shown that it is
theoretical and experimental work about lasing action inPossible to select individually the excited mode of the ran-
scattering media has been achieved in the last décagle. dom laser. More generally, while the laser spectrum obvi-
Two types of random laser emission have been frequentl?USIy depends on th_e intensity, it al_so depends on f[he posi-
discussed, namely, amplified spontaneous emis&ASE), ion of the pump. This result is similar to the experimental

often referred as to random lasing with nonresonant feedc_)bservations of Caet al™
9 The paper is organized as follows. In Sec. Il, we search

back;. gnd “true” laser emission or qoherent feedback Iasm_gfor the values of parameters for which the passive 2D system
Amplified spontaneous emission is expected t0 Occur iny circylar particles without gain supports modes that are
weakly disordered media for which scattering simply in- easonably well localized. Within the range of particle diam-
creases the path length of light in the active region. Cohereriters and volume fractions we have investigated, frequency
feedback lasing is expected to occur in more strongly disoryindows where such modes exist are identified. In Sec. Il
dered media where the photon mean free path is sufficientlyain is introduced by coupling Maxwell’s equations to the
small to provide recurrent scattering of light. Which kind of rate equations of a four-level system. First, pumping is
laser emission is actually observed in experiments has beeithieved uniformly over the whole system. In the single-
debated in the literature™>'* Most analysis to date has re- mode regime, the laser mode, which is first excited just
lied on the diffusion approximation to describe wave above threshold, is found to be identical to a mode of the
propagation:”#15-20If this approximation is appropriate to passive system. Beats between several modes of the passive
describe ASE, it becomes inadequate to describe stronglgystem can also be observed in the multimode regime well
disordered media where interference effects are expected @&bove threshold. Next it is shown that local pumping of the
become prominent_ Recenﬂy, direct resolution of Maxwe”’ssyste.m allows individual excitation of different modes of the
equations has been used to describe random lasing in suf@ssive system.
medig!~2°in order to reproduce the key aspects of the ex-

perimental observations of Ca all!

In this paper, which provides a more detailed description Before studying laser action in an active random medium
of preliminary results recently presented in Ref. 23, we in-in Sec. Ill, we begin with the characterization of the passive
vestigate numerically laser action in a strongly disorderedsystem without amplification. We present results demonstrat-
two-dimensional(2D) medium in the regime of Anderson ing that our systems exhibit localized modes within the range
localization. In contrast to weakly scattering systems, such af parameters that we have used. We first describe the system
medium supports modes which are spatially localized. Itand the numerical method we have used to solve Maxwell's
raises the important question of the possible role the localequations. Next, by studying the impulse response of the
ized modes could play in the presence of gain, by analoggystem, we show that the power spectrum exhibits peaks,
with the modes of the cavity of a conventional laser. For thiswhich are located in a set of frequency windows that do not
purpose, we solve simultaneously Maxwell's equations andlepend on the realization of the disorder. The location of
the rate equations of a four-level atomic system. Our firsthese frequency windows in the spectrum is determined as a
result is that, in the presence of gain, the lasing modes areinction of the size and the volume fraction of the particles.
identical to the passive localized modes of the random meEventually, we show that the peaks inside those frequency
dium. This is in agreement with analogous calculations irwindows correspond to long-lived modes, which are spa-
one-dimensional systems by Jiang and SoukdfiliEhe lo- tially localized inside the system.

Il. PASSIVE MEDIUM
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A. Description of the 2D random medium R .

The system is a 2D disordered medium of slze It %35800%’308§°§%%%bc§§;% 0‘2?5%%9&3
consists of circular particles with a radiugnd optical index %go;@f-%o&oooio%%ggo%gs o oo%g o
n,, which are randomly distributed in a background medium 0880%08000 &‘;ng 5,‘5%(5)3003D 256399,
of an optical indexn,. This system is equivalent to a random ooogg 5’053 %jgé%%’o %0000& 2,990
collection of cylinders oriented along theaxis. The surface- s oS 020%080&08298%00 S ®©
filling fraction of the particles isP. The electromagnetic 008%00 S &85980%)0 °8§§o°§
field is calculated using the finite-difference time-domain 00 O‘?g%%g PR ooogooo%ggog‘ga
(FDTD) method® to solve Maxwell's equations. We have s 2400, S PBE o 00980
used PML(perfectly matched laygrabsorbing conditioré %, 0%00530% o‘%’@f&“’ S O3S, S
in order to model an open system. Such absorbing conditions SO0 K (%3%%?8?00 OOQ%%OO
are very efficient to absorb the waves that leave the system. §§8 ogé‘)? o X (90080 OOO%% §
They prevent from spurious reflections at the boundaries, %%%850% ?80%{%%%000%)000 ?9
which qtherwuse would play the r_ole of an art|f|C|gI numeri- %3080800‘2%0&0§ZOO 5% 0 oo%o R
cal cavity and would alter the lasing action described in Sec.

.28

We have considered a 2D transverse magr@tid) field.
Hence Maxwell's equations read

FIG. 1. An example of the random realization of circular par-
ticles:L=5.5 um, r=60 nm, and® =40%.

wodH,/at=—9E,1 dy, (18 observe the modes that have the longest lifetimes. To obtain
the power spectrum, signals that are recorded at many differ-
podHyl at=9E 1 dx, (1p) ~ entlocations are summed before being Fourier transformed.

This procedure has been chosen in order to detect all the
modes, in particular the modes, which could be strongly lo-
calized in a small part of the system.

wheree, and u are the electric permittivity and the mag- ~ Several values of the radiusof the particles, ranging
netic permeability of vacuum respectively amsg= ni2, i from 30 to 120 nm, as well as several values of the filling
=1,2. In order to approach the localized regime, a largdraction®, ranging from 30% to 50% have been considered.
optical index contrast has been chosen, nammgly 1 and  For each coupler(®), several realizations of the disorder
n,=2. Using a space incrementx=Ay=10 nm, the time (about ten have been studied. An example of realization
increment has been chosen to het=Ax/c\2~3.6 With r=60 nm and®=40% is shown in Fig. 1. The corre-
x10-'7s, wherec is the speed of light in vacuum. First, SPonding power spectrum is shown in Figa2(note the
such values ensure the stability of the FDTD algorithm. Theyertical logarithmic scale One observes that the peaks,
are also sufficiently small compared to the optical waveWhich correspond to the modes that have the largest life-
lengths A~500 nm and optical period¥~1.5x10 s ftimes, are grouped in distinct frequency windows. Though

considered in the following. The total size of the system haghe frequency position of individual peaks does depend on
been chosen equal to 58A\x, which corresponds td the realization of the disorder, a noticeable feature of such a

=55 um. spectrum is that the frequency windows themselves do not.

To study the passive modes of the system, two differenUch windows are characteristic of all spectra corresponding
sources have been used. The first source is a short electro-

giggdE  dt=aHyldx— dH,l gy, (1o

magnetic pulse, which is injected inside the system. The re- - a
sponse is recorded at several locations and Fourier trans- 3 10"
formed in order to obtain the power spectrum. The second g
source is monochromatic at an eigenfrequency selected in i
the power spectrum in order to excite only the corresponding & 10°
eigenmode. T
10
B. Pulse excitation and spectrum z b
In a first sequence of numerical experiments, a Gaussian 2
pulse of arbitrary amplitude and of duration about 10s is £10
launched inside the system. The impulse response is re- k=

corded during a time window of length,, at several nodes 0 1 5 3
regularly positioned in the system. Typically,, has been 3

chosen equal to about 250000 time steps5(ps), though Frequency (107 THz)
longer time windows have been used when necessary. Since F|G. 2. (a) Power spectrum of the impulse response of the sys-
the system is open, most of the energy of the pulse leaves them displayed in Fig. 1. Note the logarithmic vertical scal®.
system very quickly. Hence only the signals recorded in thewerage of the power spectra performed over 13 different realiza-
time window [T, /2,T,,] have been considered in order to tions of systems similar to Fig. 1.
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FIG. 3. Power spectra corresponding to realizations of particles FIG. 4. Power spectra corresponding to realizations of particles
with increasing radir =30, 40, 50, and 60 nm at a constant filling of radiusr =60 nm with increasing filling fraction® =30%, 40%,
fraction®=40% as a function okr=2=r/\. The bottom curve is and 50%. For clarity, the different curves have been shifted verti-
the Mie scattering cross section of a TM wave incident upon acally. The intensity scale is arbitrary but the logarithmic scale shows
cylinder with index contrash,/n;=2. For clarity, the different that the peaks are several orders of magnitude higher that the back-
curves have been shifted vertically. The intensity scale is arbitraryground spectrum.
but the logarithmic scale shows that the peaks are several orders of

magnitude higher that the background spectrum. tion windows do not coincide with the maxima of the scat-

tering cross section as opposed to what one might eXpect.

to the same coupler (®). This property is illustrated in Fig. This conclusion is in agreement with recent results for acous-
2(b) where spectra of 13 different random configurations cortic waves® and microwaved! where localization was found
responding ta =60 nm and® =40% have been averaged. to occur in narrow frequency windows above the Mie reso-
The resulting plot shows that the frequency windows that ar@ances. Our results also agree with those of Sigatla. >
observed in the spectrum of a single realization are indeed@ho numerically studied two-dimensional arrays of cylinders
shared by the 12 other realizations. As shown in Sec. Il Csimilar to ours but with higher index contrasts.
the peaks in these frequency windows correspond to eigen- Next, the frequency windows are found to shift toward
modes, which are spatially localized in the system. higher frequencies when the filling fraction increases at a

Let us examine how the location of the frequency win-fixed value of the radius of the particles. This result is illus-
dows depends onand® separately. First, one observes thattrated in Fig. 4 where the frequency windows are displayed
the frequency windows shift toward higher frequencies wherfor r =60 nm and different values sb. However, the fre-
the radiusr of the particles decreases at constant filling frac-quency shift is small and only visible for the low frequency
tion ®. This effect is expected since, for a given value of thewindows. At higher frequencies, the shift, if it still exists, is
filling fraction, there is only one control parameter, namely,masked by the large dispersion of the widths of the windows.
the ratior/\. This is illustrated in Fig. 3, which displays the The same behavior has also been observed for the other val-
spectra of several configurations of particles with differentues ofr we have studied, namely=30, 40, and 50 nm.
values ofr as a function okr=2zr/\ (®=40%). Indeed,
the positions of the frequency windows depend only bn.
Focusing on the curve=30 nm in Fig. 3, one observes that
the windows deteriorate at high frequencies. This effect is Let us now study the nature of the modes corresponding
expected since, at high frequenciashbecomes comparable to the spectra described in the preceding section. Although
to the space increment of the grid. While such a numericalve could have considered other values as well, from now on
limitation has been observed at sufficiently high frequenciesve will limit ourselves tor =60 nm and® =40%. The cor-
for all values ofr, it is more pronounced for small values of responding spectrum exhibits a frequency window of modes
r. As stated above, we have used sufficiently large values oft about 6.5% 10** Hz, which corresponds ta.~450 nm
r and\ in the remaining of this work, to avoid these effects (Fig. 2). This value is comparable with the values reported in
due to the numerical grid. recent experimental work:'* Figure 5 displays an enlarge-

One can wonder whether the positions of the above frement of this frequency window where well separated peaks
quency windows are related to the Mie resonances of a singlean be identified. Three spectra have been represented, which
cylinder. To answer this question, the scattering cross-sectiocorrespond to the Fourier transform of the first, second, and
of a TM wave incident on a dielectric cylinder of indexs  third fractions of the time record of the field from 0 1q, .
=2 embedded in a medium of index =1 has also been The three spectra are different because the system is open
displayed in Fig. 3. One observes that the first frequencynd only supports leaky modes. The most leaky modes ob-
windows are clearly located between the Mie resonanceserved in the first spectrum are strongly attenuated in the
Considering, as shown later, that the frequency windows corsecond and third spectra, where only the modes with the
respond to localized modes, one concludes that the localizéengest lifetimes survive.

C. Monochromatic excitation and eigenmodes
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FIG. 5. Power spectra corresponding from top to bottom to three

successive time records for the same system. The wavelength range FIG. 7. Section of modé in a semilogarithmic representation.
corresponds to the first frequency window~0.65 THz) of the

t displayed in Fig. 2. . .
power speciium displayed in g 452.1 nm, respectively. They correspond to the longest-lived

The modes are then excited separately by a monochrdDOdeS of the system, as indicated by the small decrease of

matic source at the eigenfrequencies measured in the Spetg__eir peaks from the first to the second and third spectrum in

trum. The monochromatic source has a Gaussian envelope bf9- 5. Modese andf, at A =445.0 and 457.2 nm, respec-

a duration larger than the inverse of the level spacing belively, correspond to peaks which decrease faster in Fig. 5.

tween two neighboring modes such that each mode is exciteihey are examples of modes which experience a stronger
individually. Figure 6 shows the spatial maps of such excitede@kage through the boundaries of the system. Besides their
eigenmodes after the monochromatic source has stoppegPmplex shapes and random locations in the system, these
Modesa, b, ¢, andd are associated with the highest peaks ofmodes display a strong spatial localization. Figure 7 displays

the third spectrum in Fig. 5 at=443.7, 446.9, 450.6, and & Section of modé along a straight line in a semilogarithmic
representation. In spite of strong local fluctuations, one ob-

serves an exponential decay of the envelope whose charac-
teristic length corresponds to the localization lengthFor
modeb, one findsé~0.5 um. This value is about ten times
W smaller than the size=5.5 um of the system. Similar ex-

: ponential decays of the envelopes have also been observed
for the other modes with values of the decay length ranging
from 0.5 to 1 um. For a given mode, such values can also
fluctuate in this range as a function of the orientation of the
section. This behavior is not really surprising since we are
considering specific realizations of disorder and modes,
rather than averaged quantities.

As stated above, since the system is open, it supports only
leaky modes. In other words, the localized modes we have
just described are not true stationary solutions of the system
but exhibit losses through the boundaries. By recording the
field at one location in the system, it is possible to measure
the decay of an excited mode when the monochromatic
source has stopped. An example of such a record is shown in
Fig. 8 for modea. Accurate measurements of the decay times
from records similar to Fig. 8 gives values ranging frem

a b

By e
s

o~ 0e' &~
oY% RO Y1 S
3/ DA

=3.49 ps for modd to 7=0.72 ps for mode. Such values
correspond to quality factors/sv ranging from 14700 to
3030, wheresv= 71 is the linewidth. These long lifetimes

confirm that the corresponding modes are sufficiently well
located inside the system to suffer a rather small leakage
through the boundaries.

Eventually, we have checked that modes, which are
strongly localized inside the system are independent of
boundary conditions. Indeed, we have found that such modes
are not affected when substituting the PML absorbing condi-
tions by reflective boundary conditions. This test confirms

FIG. 6. Spatial distribution of the field amplitude of six local-
ized modes corresponding to peakdo f of Fig. 5. (a) Mode a
(N=443.7 nm), (b) mode b (A=446.9 nm), (c) mode c (A
=450.6 nm), (d) mode d (A=452.1 nm), (6) mode e (A
=445.0 nm), andf) modef (A\=457.2 nm).
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10° TABLE |. Random system of particles.
- Volume fraction of particles O=40%
g Radius of the particles r=60 nm
g Optical index of the particles n,=2
£ Optical index of the background medium n;=1
B
£
= tively. Moreover, stimulated transitions due to the electro-
Q . .
i3 magnetic field take place between these two levels. The cor-
responding equations have the following forffis:
-6 .
10 :
0 5 10 15 20 dN]_/dt: N2/T21_WpN1 (3a)

Time (ps)

dN,/dt=Ng/ 73— No/ 791— (E/hw,)d P/dt 3b
FIG. 8. Semilogarithmic representation of the field amplitude of 2 3/ 732~ Nol 1= (BT ) (3b)

modea as a function of time, recorded at an arbitrary location in the . _

system. The dotted line represents the amplitude of the monochro- dN3/dt=Ny/ 745~ Ng/ 3+ (E/iw)dP/dt (30

matic source. From the slope of the decaying part of the record after

the end of the monochromatic sourcetatl? ps, one deduces the

decay timer~2.41 ps. whereN; is the population density in levéli=1 to 4. The
hat th ] ¢ And localization has b h stimulated transition rate is given by the term
that the regime of Anderson localization has been reac eE’EZ/thdP/dtwherew,=(E3—Ez)/h is the transition fre-

within the I|m|t_ed dlmenS|_ons of our systems. guency between levels 2 and 3. Of courkg, P, andN;
To summarize the main results of this section, we have ) o
epend on time but also on the position in the system.

identified a range of parameters for which the passive sys(j L . X

tems that we have considered support modes that are reason-EV?ntlé’a”y’ the polarization is described as obeying the

ably well localized. These quasimodes exhibit long enougﬁaqu""t'or?i

lifetimes so that the systems can be viewed as made of ran- 2

dom cavities produce()jl by the disorder. The relevance of this d*P/dt*+ AwdP/dt+ ofP=KANE,, )

picture will be confirmed in Sec. lll, where it is shown that whereAN=N,— N3 is the population difference density be-

these random cavities act exactly in the same way as thgyeen the populations in the lower and upper levels of the

cavity of a classical laser when gain is introduced in theatomic transition. Amplification takes place when the exter-

medium. nal pumping mechanism produces population inversion,
AN<O. The linewidth of the atomic transition ia w,

. ACTIVE MEDIUM =1/74,+ 2/T, where the collision timeT, is usually much

smaller than the lifetimer;,. The constanic is given by«

i ) ) =67eC wiTsy.

The background medium of indew; is chosen as the At this stage, it is useful to compare the above model to
active part of the system, in order to control the randomnesgjmilar models introduced in the literature. Though many
and the gain independently. This active medium, modeled agodels of active random media have used a phenomenologi-
a four-level atomic system, induces a polarization term in.g| negative absorption to describe the gain mechahisth,
Maxwell's equationg1), which become rate equations of atomic populations are more appropriate to
understand the time evolution of such systéf$ -2 This is

dN4/dt:_N4/T43+WpN1, (Sd)

A. Laser equations

podHy/ = =B, dy, (29 especially true concerning the mode competition that takes
_ place in the multimode regime of laser systems. For instance,
podHyl =B X, @D 3onn and Parlg used a rather detailed description of the
81800E ] dt+ I at= oM, 9x— dH, dy, (20) energy levels of the rhodamine 640 dye molecule in order to

explain the bichromatic emission that is experimentally ob-
whereP is the polarization density. served in suspensions containing that moleéukowever,

The time evolution of the four-level atomic system is de-as the regime of localization was not considered in those
scribed by conventional rate equations. The electrons in thstudies, light propagation was described in the diffusion ap-
ground level 1 are transferred to the upper level 4 by arproximation. Jiang and Soukoulfswere the first to couple
external pump at a fixed rat&,. Electrons in level 4 flow Maxwell's equations with the rate equations of an atomic
downward to level 3 by means of nonradiative decay prosystem in order to study the interplay of laser gain and
cesses with a characteristic tinrg;. This time is very short Anderson localization. Our equations above are identical to
so that the electrons excited in level 4 quickly populate levethose they used, except that we are now considering a two-
3. The intermediate levels 3 and 2 are the upper and lowadimensional system rather than a one-dimensional system.
levels of the laser transition, respectively. The decay rates The values of the different parameters that have been used
downward from these two levels arerdj and 1k, respec- in the following numerical simulations are listed in Tables |

144202-5



P. SEBBAH AND C. VANNESTE PHYSICAL REVIEW B56, 144202 (2002

TABLE Il. Four-level atomic system. 10°

Total atomic density N;=3.313x 10*m3 _
Frequency of the atomic transition v,=w,/27=6.71X 10" Hz § 10"

(N=446.9 nm) -

Lifetime of level 4 T1=10 s g
Lifetime of level 3 75,=10"1%s % 102

Lifetime of level 2 751=5X10" s <

Collision time T,=2%x10 s =
o o°

and Il. These values are close to those of dye molecules such

as rhodamine 640, which has been used in several experi- 0 5. 10 15 20

ments. Such dye molecules exhibit short lifetimes. Numeri- Time (ps)

caﬂ%, thI33IS an advantage since lifetimes of the order of 5 o Semilogarithmic representation of the field amplitude as
10"°-10 " s as encountered in many laser materials, would, ,ction of time recorded at an arbitrary location in the system,

have been out of range of our computing capabilities. OUgyring the growth of the laser emission just above threshold. The
values have even been chosen a little bit shorter in order tgark area at the beginning of the record corresponds to the initial

reduce the computation times that are needed to achieve stggise when the field amplitude is not yet well defined.
tionary states. However, care has been taken to maintain a

good separation of the time scales associated to the differefije field becomes stationary on the average though exhibit-
relaxation processes. With such a choice, times span the tot@jg beats between several excited motfg. 12. The field
range from the time incrementt=2.8x 10" *" s to the long-  map at a particular time is shown in the inset of Fig. 12. One
est timer3,=10"'% s. Let us recall that the decay times of clearly recognizes a mixture of patterns, including modes
the localized modes are of the order of 10s. This value is b, ande of Fig. 6. The corresponding spectrum is shown in
much shorter than the lifetimes, of the upper level of the Fig. 13. Aside from a small pulling effect whose relative
atomic transition. This situation is known to lead to the ob-frequency shift is less than>610 4, the high narrow peaks
servation of spiking or relaxation oscillations when a laser iscorrespond to the eigenfrequencies of the passive system.
first turned orm>**We shall see later that, in this respect as inThese results confirm that the laser field corresponds to a
many others, the random laser behaves as a convention@liperposition of modes of the passive system. They also
laser. agree with those of Jiang and Soukodftsyho found that

the shape of the wave function of a random one-dimensional

B. Uniform gain system remains unchanged as gain is introduced.
1. Single-mode regime

. . . . C. Localized gain
In this section, gain is introduced by pumping the four-

level atoms uniformly over the whole system. We set the BY adjusting the pumping rate just above threshold, we
pumping rate just above threshold of laser action in order t¢'ave showed in Sec. Il B that one individual localized mode
excite a single mode. Just above threshold, a stationary r&0uld be selected by the laser gain. This result was achieved
gime is reached after a transient exponential growth of th&Y tuning the center frequenay of the atomic transition to
field amplitude (Fig. 9. On purpose, we have chosen the the eigenfrequency of one localized mode, namely, mode
center frequencyy, of the atomic transition equal to the
eigenfrequency, of the mode labeled in Fig. 5. Hence,
since this mode exhibits the longest lifetime, we expect that
it will be the first mode to be excited just above threshold.
Indeed, the corresponding map of the field amplitude dis-
played in Fig. 10 is identical to the map of molewhich is
displayed in Fig. 6. A more quantitative comparison indicates A
that the two maps are identical to a very good precision in all
regions where the field amplitudes are above 1% of their
maximum value. The resulting spectrum exhibits a unique
peak at\ =446.9 nm[Fig. 11(@)], which corresponds to the
frequency of modé (Fig. 5). This result stresses the fact that
the lasing mode of a random laser is identical to the passive
mode of the corresponding random medium.

2. Multimode regime

At higher pump levels, the laser emission becomes mul- FIG. 10. Spatial distribution of the field amplitude of the laser
timode. After a transient regime lasting a few picosecondsemission just above threshold.
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W= 1420
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E b g
30 )
=10
§ 107
g 430 440 450 460
Wavelength (nm)
— FIG. 13. Power spectrum of the laser field at high pumping rate,
;‘E 30 c corresponding to the time record and the spatial map displayed in
b 10 Fig. 12. The Lorentzian line shape of the gain is also shown.
2 nature of the localized modes. Since the modes are spatially
= 10%° localized and have different locations in the system, it is
430 440 450 460 possible to pump the system locally instead of uniformly as
Wavelength (nm) in Sec. lll B. The idea is to adjust the size and the location of

FIG. 11. Power spectrum of the laser fi¢kd for extended gain (€ €xternal pump in order to provide gain to a preferred
just above threshold, corresponding to the spatial map displayed ifnode and to prevent other modes from lasing.
Fig. 10, (b) for spatially localized gain corresponding to the spatial ~ For this purpose, we choose an external pump with a
map displayed in Fig. 15, an@) for gain spatially localized near Gaussian spatial profile of widir of the order of the local-
the boundaries and corresponding to the spatial map displayed ization length,oc~ £~0.5 um. If its position is properly ad-
Fig. 17. The Lorentzian line shape of the gain is also shown. Notgusted, it is possible to maximize the overlap of the gain with
the logarithmic intensity scale. any localized mode. By scanning the system with the pump,

we have been able to selectively excite each of the modes

The issue we consider now is to excite individually othercorresponding to the highest peaks of Fig. 5. We provide a
modes. The first obvious method is to adjust the center frefew examples in the following.
quencyy, to the eigenfrequency of another mddérhough A first example of local excitation is illustrated in Figs. 14
achievable in numerical calculations, the gain curve is fixecand 15. The circle in Fig. 15 indicates the location of the
by the choice of the active material, and usually cannot bé&aussian pump, which has been located on purpose at the
adjusted in actual experiments. In fact, there exists anothgrosition of modee (Fig. 6). Figure 14 displays the spatial
way to select modes individually that takes advantage of thelistribution of the atomic population difference density

Field Amplitude (V/m)

Time (ps)

FIG. 14. Gray scale representation of the spatial distribution of
FIG. 12. Semilogarithmic representation of the field amplitudethe atomic population difference densifyN between the upper and
as a function of time recorded at an arbitrary location in the systemlower lasing levels for local excitation of the system by a Gaussian
during the growth of the laser emission at a high pumping rate. Thg@ump of width c=0.5 um. The wide off-white spots inside the
inset displays the spatial distribution of laser emission at an arbiexcited region indicate regions of gain saturation. The small white
trary time after the transient. disks represent the scatterers in the same region.
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FIG. 15. Spatial distribution of the field amplitude of the laser  FIG. 17. Spatial distribution of the field amplitude of the laser
emission for spatially localized gain. Compare with the spatial dis-emission for gain spatially localized near the boundaries of the sys-
tribution of modee in Fig. 6. The circle represents the spatial ex- tem. The circle represents the spatial extension of the Gaussian
tension of the Gaussian pump @t pump ato.

—AN=N;—N, between the upper and lower levels of the Parison of Fig. 16 with Fig. 6 shows that modenas been
laser transition. First, the population inversion is observed agxcited alone. The corresponding spectimot shown once

the position of the external pump. Next, the saturation of theétdain exhibits a unique peak at the eigenfrequency of mode
gain is also observed inside the active region as revealed i These results clearly illustrate the fact that the excited
the spots wherd N is strongly reducedthe wide off-white ~Modes depend on the spatial location of the external pump.
spots in Fig. 14 This is the well-known spatial hole burning This is a distinctive property of random lasers, which has
effect occurring in our random laser as well as in convenPeen observed in actual experimetits. - _

tional lasers®3>The map of the laser mode that is excited in ~ These examples demonstrate that it is possible to force the
this case is shown in Fig. 15. One recognizes the map dfandom laser to oscillate in a single mode different from
modee that is displayed in Fig. 6. The corresponding spec-nodeb, which is the most favored one when the gain is
trum exhibits a unique peak at the eigenfrequency of mede extended. However, the modes that have been selected above
[Fig. 11(b)]. Once again, this example demonstrates that th@re Well localized inside the system and suffer reasonably
modes of the passive random system act as ordinary modéw damping. One can ask what happens when the external
of a conventional laser cavity. Moreover, although fartherPUmp is located near the boundaries of the system. This case
from the maximum\ = 446.9 nm of the gain curve and more is relevant for actugl expgriments since external pumping
dissipative than mode, modee has been excited alone. A Usually takes place in a thin layer, which corresponds to the
second example is presented in Fig. 16 for the case where tf€netration depth of the pump. Since leakage is important,

external pump has a significant overlap with matleCom- the modes positioned at those locations are strongly damped.
An example of local pumping near the boundaries of the

x 10°
ElS
2z
v
- 210
) : g"
N .5“5 ."‘ % 5
1NN % i
: 0
0 50 100 150 200 250
Time (ps)

FIG. 16. Spatial distribution of the field amplitude of the laser  FIG. 18. Field amplitude as a function of time recorded at an
emission for spatially localized gain. Compare with the spatial dis-arbitrary location in the system, during the growth of the laser emis-
tribution of moded in Fig. 6. The circle represents the spatial ex- sion for gain spatially localized near the boundaries of the system.
tension of the Gaussian pump at The corresponding spatial map is displayed in Fig. 17.
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system is presented in Fig. 17. Again, by adjusting the pumpatomic system. The main result presented in this work dem-
ing rate just above threshold, a single mode is excited aenstrates that the laser modes are identical to the modes of
demonstrated by the unique peak that characterizes the cdhe passive system without gain. In other words, the modes
responding spectrufifrig. 11(c)]. This spectrum and the map of a random system behave as the cavity modes of a conven-
of the field amplitude displayed in Fig. 17 show that thetional laser. We have then considered the case where
excited mode is not one of the longest-lived modes that havéhe external pumping is spatially localized. As observed
been identified in the spectrum of the passive systEm. in actual experiments, the excited modes of the random
5). The fact that this mode is strongly damped and has #aser have been shown to depend on the location of
short lifetime is reflected by relaxation oscillations duringthe pump. In particular, by properly adjusting the position,
the transient buildup of the field when the laser is first turnedhe size and the rate of the external pump, it is possible to
on (Fig. 18. excite a single mode, which is different from the most favor-
able one. Even the strongly dissipative modes, which are
IV. CONCLUSION located near the boundaries of the system, can be excited
) individually.
In summary, we have presented a numerical study of the
interplay between Anderson localization and gain in a ran- ACKNOWLEDGMENTS
dom laser. By considering the TM modes of a random array
of parallel dielectric cylinders, we have first identified a We thank O. Legrand for a critical reading of the paper.
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