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The spectral behavior of a random lasing system (TiOz powder dispersed in Rhodamine 6 G dye solution)
is calculated using numerical calculations. The total integrated intensity is calculated for different incident
optical intensities, particle densities, particle size distributions. In addition to that, the power law parameters
also calculated as a function of incident optical wavelength, incident optical power, number density of scatter-
er and size distribution of scatterer. The total integrated intensities show a sharp increase at a particular in-
cident intensity confirming the laser action. As a signature of random lasing, the intensity at a particular
wavelength varies randomly from shot to shot. This fluctuation was shown to obey power law statistics and
the power law parameter was estimated for different conditions. It was seen that the power law parameter
doesn’t depend on the pump intensity and emission wavelength, critically and stays approximately constant
at 0.71. For smaller particle dimension, photons can travel longer path before scattering thus their path
length distribution follows a heavy tailed distribution. At large carrier density, the fluctuation behavior devi-
ates from usual power law and approaches towards Gaussian behavior.
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1. INTRODUCTION

Random lasers, in which gain is combined with
multiple scattering of light, are being actively investi-
gated recently [1-2]. Unlike conventional lasers which
sustain lasing modes within a resonator cavity, and
where performance is hindered by scatterings, random
laser relies on non-resonant optical feedback from mul-
tiple light scattering events to sustain an optical gain.
This type of laser has no spatial coherence, it is not
stable in phase, and its photon statistics are strongly
different from that of a conventional laser [3]. Conse-
quently, random lasers are attractive as compact and
mirror-less lasers where the coherence is not necessary
or the absence of coherence is desirable [4, 5]. It all
started with the theoretical work of Letokhov [6] in
1968 and thereafter experimentally investigated in
powdered semiconductor crystal [7, 8], porous semicon-
ductors [9] and dielectric dispersed dye solution [10].
Lawandy [10] et al. reported line-width collapse at re-
duced thresholds in Rhodamine 6 G dye solution on the
addition of submicron sized TiO2 particles. Thereafter,
several other groups have reported similar results in
various dye scatterer systems [11-12]. Though there
exist several theoretical works in the literature, the
single work that explains effect of scatterer size distri-
bution and scatterer density on the power law parame-
ter of random lasers in a unified manner is still miss-
ing. In this work we tried to explain this by Monte Car-
lo simulation.

2. THEORY AND MODEL FOR CALCULATION

For a typical dye-dielectric scatterer based random
laser, modes are determined by multiple scattering of
light at dielectric particle boundaries to create the opti-
cal feedback required for laser emission. Multiple scat-
tering increases the optical path length, and results in
the development of intense quasi-monochromatic light
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emission. This phenomenon depends on several factors,
including but not limited to the incident optical intensi-
ty, the density of scatterer and size distribution of scat-
terer [13, 14]. Each of these parameters has to be is in-
dependently optimized to provide the greatest optical
gain. In a pulsed configuration, random laser shows
chaotic behavior in its temporal and spectral response.
Since a large number of random modes compete for the
available gain, the random laser can have a different
spectrum each time it is excited. It is again supported
by the fact that lasing starts from spontaneous emission
which is different at every pulse. Each photon originat-
ing from the spontaneous emission of dye undergoes
multiple scattering by the scatterer. Those photons,
which travel enough paths to acquire sufficient gain in
the medium, contribute to the lasing. Hence, the inten-
sity fluctuates with time. It has been observed that this
fluctuation shows a Levy like power law distribution i.e.
P (I) ~ I-m, where m is the power law parameter. This is
because of the Levy like random walk of light in the
medium [15]. By numerical simulation, we have calcu-
lated this parameter (m) as a function of particle densi-
ty and size distribution. For the simulation purpose, we
have followed the procedure explained by Majumdar
et al. [4], which has a pragmatic approach and can be
compared directly with the experiments. It is shown
schematically in Fig. 1. A cubical unit sample volume
contains N dye molecules (where N/Volume = C, the
concentration of the dye) of which No are in the ground
state, and N1 in the excited state. Each pump pulse of
intensity I raises P molecules to the excited state. Thus,
after each pump pulse, No is decremented by P, and N1
incremented by the same amount. Similarly, the popu-
lation N in the excited state is decremented by one and
the population in the ground state is incremented by
one on the emission of each photon.

We have considered TiO2 particles dispersed in
Rhodamine 6 G dye solution. This is illuminated by
nanosecond pulses of laser light of 532 nm, which is
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close to the absorption maximum of this particular dye.
The spontaneous emission spectrum of the dye is taken
from the literature [16]. The wavelength of the emitted
photon is picked randomly from a uniform distribution
weighted by the fluorescence spectrum of the dye, while
the direction of travel is picked randomly from a uni-
form distribution over 47z steradians. Simulation is
done by tracking individual photon from its point of
origin to the final point of collection, which is fixed
(Figure 1). The photon travels a distance ! before being
scattered. The distance [ is picked from a Levy distribu-
tion that is calculated as Is.X, where X is a random var-
iable distributed between 0 and 1 according to a proba-
bility distribution with an asymptotic tail decaying
proportional to [&1-9, with a in the range 0 <s <1.
This distribution is called the Levy distribution with
power parameter s. Here Is is defined as ls= 1/(ns o),
where ns is the scatterer density, and os is the scatter-
ing cross-section of the particles. The scattering cross-
section is calculated from the Mie theory [17-18]. Thus,
this distance / depends on the number density of scat-
terers and the size of the scatterer. Having travelled a
distance [, the photon is scattered, and now travels in a
different direction (6, @). (referring to the direction of
the incident photon as Z axis) for a distance [, which is
decided as described earlier for /. The azimuthal angles
@ after scattering are uniformly distributed over the
range 0 to 27 radians as the scattering is cylindrically
symmetric around the incident direction. However, the
scattering is anisotropic, the distribution of the scatter-
ing angles 6 being given by the following Henyey—
Greenstein distribution [19], which has an analytic
form, and represents the phase functions of various
scatterers reasonably well.

1- g2
(1 +g%2-2g cos@)gl2

P(0) = @

The parameter g describes the anisotropy of scattering,
and is given by g =(cos#), the mean cosine of the scat-
tering angle. g depends upon the size of the scatterer,
the refractive index contrast between the scatterer and
the medium and the wavelength of the scattered light,
and has been calculated using Mie theory [17-18].

We keep track of individual photon throughout the
process of propagation and scattering till it exits the
sample volume. The total path length, the individual
photon travelled in the medium is calculated by adding
all path lengths. Each photon is multiplied by a factor
of exp(a.L), where, « is the gain in the medium and L
is the total path length. Thus, for one spontaneously
emitted photon at A, the emission spectrum will contain
exp(a.L) photons at wavelength 1. As shown in Fig. 1,
only the photons exiting from front face is considered for
the emission spectrum. However, all photons are count-
ed for the calculations of No and Ni. The whole process
of creation of a spontaneous photon, and the tracing of
its path till it exits the medium is repeated 1 million
times.

The particles were taken to be TiO2 sphere with re-
fractive index 1.5. After a path length of L, the gain that
is gathered by the photon is calculated as [20]
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Fig. 1 — Typical arrangement considered for the simulation

a(A) =exp[ (o, (2) Ny =04y, (2) Ny ) L ] )

Here, oubs is the absorption cross-section, and ose is the
stimulated emission cross-section at the wavelength A.
The stimulated emission cross-section at a wavelength A
is given by [20]

22 Q)
o (2) =5 o, ®
Where, @y is the fluorescence efficiency of the dye and
@, 1s the number of fluorescence quanta at the wave-
length A emitted per second per excited dye molecule.
The calculations are repeated by varying pump intensi-
ties (P), particle number density (IV) and average parti-
cle size (1). The ranges of these variations are tabulated
in Table 1.

Table 1 — List of parameters and their ranges used in the
simulation

Parameter Minimum Maximum
Optical pump intensity | 10 mdJ 100 md
Number density 10%0/cc 1012 /cc
Average particle size 0.1p lu

3. RESULTS AND DISUSSIONS

Before starting any simulation we should be doubly
sure that our calculation is giving the correct emission
spectra of dye molecule as seen in reported literature.
Fig. 2 gives the emission spectra of the pure dye at vari-
ous pump intensities (10 md, 50 mJ and 100 md), as ob-
served in the simulations. These curves are similar to
the experimentally observed result [16], which ensures
that we are proceeding on the right path. The integrated
intensity of the spectra is plotted as a function of input
intensity, which shows linear behavior (threshold less).
We have recorded the same spectra by adding scatterer
in the dye solution. As explained above, this enhances
multiple scattering and few sharp peaks were observed.

We have calculated the emission spectra based on the
above methods for various densities of scatterers. Fig. 3
gives the emission spectra, of the sample consisting scat-
terers of number densities 100 cm -3, 10llecm -3, 5 x 1011
cm -3 and 102 cm -3 and particle size of 500 nm for three
different optical intensities. In fact we have calculated
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Fig. 2 — The calculated emission spectra of the pure dye at
pump intensities of 10 mdJ, 50 mdJ and 100 mJ. Inset shows
the graph between integrated output intensity as a function
of incident intensity
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Fig. 3 — The emission spectra of the samples consisting
scatterers of number densities 10%cm ~3, 10lcm ~ 3,
5x 1011 em ~3 and 102c¢m ~3 for three different optical
intensities (20 mdJ, 50 mdJ and 80 mJ)
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Fig. 4 — Power law behavior of random laser intensity fluc-
tuation as a function of emission wavelength

the spectrum for large number of optical intensities;
however for clarity purpose these graphs show only
three optical intensities. As is clear from the figures the
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Fig. 5 — Power law behavior of random laser intensity fluc-
tuation with increasing pump power

addition of particles leads to a dramatic increase in the
peak intensity at very low pump powers. These figures
also show the spectral narrowing and presence of nar-
row peaks with particle density. We have calculated
similar spectra for different particle size distributions.
One thing is noted that the spectra are quite different
each time it was observed, though the average behavior
remains same. This fluctuation in intensity at a partic-
ular wavelength is the signature of random lasing,
shows a power law behavior. To calculate the power
law parameter we have performed the calculation re-
peatedly by fixing a set of parameters. Then, from the
spectrum we take a wavelength randomly and plot the
intensity as a function of frequency of its occurring.
From the slope of this, we calculate the power law pa-
rameter. We have calculated the random laser intensity
at 582 nm, 585 nm and 587 nm as a function of fre-
quency of occurring for pump intensity of 60 md, parti-
cle density of 5 x 1011 cm -3 and particle size of 600 nm.
It was noted that power law fluctuation in random la-
ser does not depend on the emission wavelength criti-
cally. The power law parameter calculated is 0.71
which was same for all the wavelength taken in to ac-
count. Fig. 4 shows this calculation. The same calcula-
tion was repeated for different pump intensity, particle
size and particle density. Fig. 5-7 gives an account of
the same.

From the above calculations, following observations
were inferred.
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Fig. 6 — Power law behavior of random laser intensity
fluctuation with increasing particle size

1. The power law parameter also doesn’t depend
on the pump intensity and emission wavelength and

stays approximately constant at 0.71.
ii. It could be clearly noted that for 200 nm and

500 nm size particles, the plots show power law beha-
vior. However for 800 nm, the plot deviates from power
law behavior. More ever, power law parameter is 0.6
for 500 nm particles and 0.73 for 200 nm particles.

iii.  As the particle density increases, the power
law parameter increases and at large carrier density,
the fluctuation behavior deviates from usual power law
and approaches towards Gaussian behavior.

All these observation can be explained if it is con-
sidered that, the power law fluctuation of intensity of
random laser is as a result of Levy like random walk of
emitted photons inside the random amplifying medium.
Since the Mie scattering is relatively insensitive to
small wavelength change [18], so the path length dis-
tribution of emitted photons are expected to be insensi-
tive to the small wavelength change considered here.
The same result is expected for larger intensities, if we
don’t consider the interference effect, since the scatter-
ing by particles is independent of intensity of light.
Therefore, the power law parameter should be inde-
pendent of emission wavelength and intensity.
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Fig. 7 — Power law behavior of random laser intensity fluc-
tuation with increasing particle density

For smaller particle dimension (assuming the densi-
ty constant), photons can travel longer path before
scattering thus their path length distribution follows a
heavy tailed distribution. However, for higher particle
dimension (assuming the density constant), the path,
photons can travel before scattering is limited. Thus it
can’t undergo a levy random walk and deviates from
power law behavior. This is reflected in their power-law
type (Levy) intensity fluctuations for 200 nm and
500 nm particles and deviates from it for 800 nm parti-
cles (Fig. 6). This is also observed in the increased pow-
er law parameter for 500 nm particle size (0.73) as
compared 200 nm particle size (0.6).

If the argument we have given previously is true,
than this should also be reflected in these plots as in-
crease in particle number and increase in particle den-
sity have similar effects on the photon path length dis-
tributions. This is indeed observed in Fig. 7, as the par-
ticle density increases, the power law parameter in-
creases indicating more confined path length distribu-
tion. At large carrier density, the fluctuation behavior
deviates from usual power law and approaches towards
Gaussian behavior.

If the argument we have given previously is true,
than this should also be reflected in these plots as in-
crease in particle number and increase in particle den-
sity have similar effects on the photon path length dis-
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tributions. This is indeed observed in Fig. 7, as the par-
ticle density increases, the power law parameter in-
creases indicating more confined path length distribu-
tion. At large carrier density, the fluctuation behavior
deviates from usual power law and approaches towards
Gaussian behavior.

5. CONCLUSIONS

In summary we have calculated the random laser
spectra and intensity fluctuation for a system of TiO2
powder dispersed in Rhodamine 6 G dye solution. In
the calculation, we have considered various light inten-
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