Monomer-dimer random laser model
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In this work we present a model for the bichromatic laser emission from laser dye solutions
containing randomly distributed scattering particles. We suggest that the bichromatic emission is
produced by two fluorescent aggregates: monomers and dimers. The shorter-wavelength laser peak
was attributed to the monomer emission and the secondary longer-wavelength peak was attributed
to the dimer emission. From neat dye solutions, using absorption and emission spectroscopies, the
monomer and dimer absorption and emission cross sections were obtained. The partial overlap
between the dimer absorption cross section and the monomer emission cross section indicates an
unidirectional radiative and nonradiative energy transfer from excited monomers to fundamental
dimers. The dynamics of the laser emission was modelled by a set of rate equations, which solutions
agree with our experimental data. It is also showed that nonradiative energy transfer plays a very
important role in the dimer laser process, and helps to explain the relatively strong dimer laser peak

intensities.

I. INTRODUCTION

The observation of laserlike emission in active scatter-
ing media has been attracting the interest in the investi-
gation of disordered dielectric microstructures as alterna-
tive sources of coherent light. This phenomenon was ob-
served in laser dye solutions[1], dye doped solid polymer
matrices [2—4], as well as laser crystal powders [5]. From
a theoretical point of view, the effect was first predicted
by Letokhov [6] who suggest non-resonant feedback of
diffusive photons in the random scattering medium with
gain. Letokhov’s work was the start point to the devel-
opment of several models that attempted to explain the
experimental results in the different random systems.

In this paper a laser model is presented which describes
the evolution of electronic excited states of monomers
and dimers, and the evolution of stimulated emission
in the scattering medium with gain by a set of rate
equations. Our laser model is based on the enhanced
and spectral narrowing of the light produced by the ab-
sorbing dye (active medium) and by the scattering with
colloidal particles suspended in the solution. The laser
gain threshold, =, depends on the balance between gain
and loss of light in the system. In an active scattering
medium, the loss as well as the amplified path lengths,
and hence the laser threshold depends on the size of the
pumped volume. The feedback is supplied by the scatter-
ing particles where incomplete feedback gives rise to the
loss. The spatial distribution of gain is governed by the
spreading of pump light in the system. The amplification
increases exponentially with the total distance traversed
by the lagsing photons in the gain medium. The spa-
tial distribution geometry involves a cylindrical volume
of diameter of the excitation spot and penetration length
L,, determined by photon transport mean free path [
and by the absorption length [,, which is inversely pro-
portional to the dye absorption coefficient, through the
well-known relation L, = (Il,/ 3)1/ *[7, 8]. The laser gain
threshold can be quantified by a Monte Carlo method,
following the procedure employed in refs. [9, 10]. Then,

Y:5, was used in the monomer-dimer laser model in order
to calculate the population inversion and the laser emit-
ted photons. The rate equations are given in terms of
fraction of monomer and dimer densities in the excited
state, n,, = N}, /Ny and ng = N}, /Np, and in terms
of emission photon number per unit area per unit time,
®,[photons/(em?ns)]. For the monomer and dimer ex-
cited population evolution we have
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The physical picture that have been taken into ac-
count in these equations is as follows. Two active aggre-
gates, monomers and dimers with equilibrium densities
Nyr and Np compose the dye solution. The absorbing
dye solution, i.e. monomers and dimers, is excited by a
monochromatic pumping beam of intensity Ip at excita-
tion wavelength Ap. When a number of pump photons
per unit area per unit time, ®p = Ip/hv, is incident on
the sample, it results in the simultaneous excitation of
monomers and dimers from the ground state 0 to first
excited state 1 as showed in Fig. 1. These processes
take place at rates given by 032% (Ap) ®p for monomers
and o¥%¢ (Ap) ®p for dimers, where o (i = M, D) are
the monomer and dimer absorption cross-section at the
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FIG. 1: Simplified scheme of fundamental and first excited
energy levels of dye solution composed by monomers of to-
tal density Nir and dimers of total density Np. n, and ng
indicate the fraction of monomers and dimers in the excited
states. The arrows indicate the principal energy transfer pro-
cesses, with their respective rates, that occur when the dye
molecules are excited by laser radiation of photon flux ®p.

pump wavelength Ap. The first term in Eqs. 1 and 2
indicates these processes. The second term indicates the
fractions of the excited monomer and dimer n,, and ng
that relax to their respective ground states via radiative
(spontaneous) and nonradiative decay with a rate given
by
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where a7, p is the monomer (dimer) excited state lifetime
(symbolized by the thin arrow in the Fig. 1). 77, ,, sym-
bolize the monomer (dimer) radiative lifetime that can
be directly calculated from the absorption and fluores-
cence spectra from the well-known Strickler-Berg relation
[11, 12]
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where the integration is performed over the fluorescence
and absorption bands and n,.¢ is the average refractive
index. 7j/ p symbolize the monomer (dimer) nonradia-
tive lifetime, responsible to quenches the laser action
and increages the laser threshold. For monomers, it is
licit neglect the internal conversion process since for rho-
damine dyes in low viscosity solvent as methanol and
at room temperature, the radiative decay process from
first excited state to fundamental one is very efficient
close to unit [12-14]. On the contrary, the nonradiative
process for dimers would be important because the si-
multaneous presence in the solution of fluorescent as well
as non fluorescent dimers. This combination produces
that the radiative dimer quantum efficiency is ranged in
a wide interval values depending on the population of
each dimer species in equilibrium. In weakly polar sol-
vents as methanol, used by us in the experiments, the
formation of fluorescent dimers is more efficient weaken-
ing the nonradiative process. Radiative as well as non-
radiative process will be considered in our calculation.
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From Eq. 4, the value for 73, was 8.3 ns. In the numer-
ical calculus, we assume a monomer radiative quantum
efficiency ¢%, = 0.95, such as the excited state lifetime
™ = Th@yy Was 8 ns. On the other hand, the dimer ex-
cited state lifetime adopted in our calculations was also
7p = 8 ns. The calculated radiative decay lifetime from
Eq. 4 was 7, = 14.2 ns. Therefore, these values suggest
a value of the dimer radiative quantum efficiency ¢7, in
methanol solutions of ¢, = 7}, /7p = 0.56, such as the
internal conversion process is important and about half
of excited molecules decays in nonradiative form.

The third term, symbolized by the thick arrow in Fig.
1, represents the decay of both manifolds from the excited
state 1 to fundamental state 0 by the stimulated emission
process, which occurs at rate o§7*(A)®,(\) for monomers
and a§J*(A)®, () for dimers, where of™ (i = M, D) are
the monomer and dimer emission cross section at the
wavelength A, and ®,4()\) is the number of emitted quanta
at the wavelength A. The contribution for all the wave-
lengths are taken into account by the integral. The fourth
term represents the absorption of the dye emitted radia-
tion ®4(A) from reabsorption or radiative energy transfer
process. The rate of these processes are o32°(\)®(A)
for absorber monomers and o$*(A)®,(A\) for absorber
dimers at the wavelength A. The integral takes into ac-
count the contribution over all the wavelengths. Finally,
the last term represents the nonradiative energy transfer
mechanism between both aggregates. Only the forward
NET is taken into account in the rate equations. This
is due to the strong overlap of o§7()\) and o%*(\) and
the practically null overlap between o¢*(\) and o8%(\)
derived in our experiments, which makes that the non-
radiative energy to be transferred in the unidirectional
process M* + D — M + D*. Then, this process depends
on the excited state monomer population density, funda-
mental state dimer population density and the transfer
rate Kyngr. Now, we shall analyze the rate equation for
photon production
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The first term represents the net gain experienced by
the photon in the gain medium, where ¢ is the vacuum
light speed, n is the solution refraction index, « (A,t)
is the gain coefficient at a wavelength A which contain
monomer as well as dimer contributions.

5 [ (A 8) — vn] @e (M 8) + Wip (A, 1) (5)

a(Mt) =apm (NE) +ap (N, (6)

with the gain coeflicients of monomers and dimers given
by
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and ~;y, is the threshold gain obtained by a Monte Carlo
simulation method, following the procedure employed in



refs. [9, 10], given by v, = 47 em™! for the scatterer
density employed in our experiments: 10 mg/cm®. The
magnitude Wy, (A, t) is the rate of spontaneous emission
responsible for the initiation of laser action that contain
both species spontaneous contribution. This term de-
pends on both emission cross section, lifetime of excited
species, population of excited states and is given by
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where £y, p are geometrical and spectral factors that de-
termine the fraction of spontaneously emitted photons
that goes into the build-up of the laser emission.

To solve the differential equations 1-2 and 5, we dis-
cretize Egs. 1-2 in A by replacing the integrals by sums.
Then, Eq. 5 becomes a set of equations for each dis-
crete A-value that contemplates @, over all A absorption
plus emission region. Then, this system was numerically
solved employing a fifth-order Runge-Kutta method. The
resulting laser photon density ®¢(A,t) was integrated
over time to obtain the theoretical emission spectrum to
be compared with the measured spectrum by the optical
multichannel analyzer.

II. THE EXPERIMENTS

In the laser emission experiments, the samples was
placed in a 1 mm cuvette and was optically pumped by
a frequency doubled and Q-switched Nd:YAG laser. The
pump laser pulse duration was 5 ns, the repetition rate
was 10 Hz and was expanded as plane wave and focused
into 3 mm spot In order to analyze the dimer influence,
several concentrations of Rhodamine 640 ranged from
1075 to 102 M with T'i0, nanoparticles scatterers (=~
250 nm) were combined in a methanol solution. The scat-
terer concentration was 10 mg/em3. This corresponds to
concentrations of the order of 10'! particles/cm®. The
energy of the pump beam was varied from 4 pJ to 26 mJ
in order to study its influence into the monomer-dimer
emission relation behavior. The record of the data was
done by using an Ocean Optics fiber optic spectrometer
with resolution of about 0.7 nm.

Our laser emission experiments from Rhodamine 640
in methanol solutions containing a colloidal suspension
of titanium dioxide particles 7902 show two well defined
narrow lineshapes and the same qualitative behavior were
observed from other Rhodamine dyes (Rh 6G and Rh
610). For the laser emission analysis, this is a crucial
advantage with respect to the neat dye solution, where
the emission spectrum is given by non well-defined and
broad lineshapes that generally hides the presence of ad-
ditional components. Fig. 2 show these results. Several
features can be observed in this figure. The secondary
peak tends to increase with an increasing of both, the
concentration and the pump energy. The increasing of
concentration indicates the increasing of the dimer pop-
ulation and the increase of the pump energy produces
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FIG. 2: Comparison between numerical solutions of the rate
equations model with experimental emission spectra of Rho-
damine 640 in methanol solution containing 10 g/ecm? of Ti0
scattering particles. The dashed lines represent the experi-
mentally measured spectra and the solid lines represent the
theoretical curves from the monomer-dimer laser rate equa-
tions. The rows indicate several pump energies (0.4, 2, 10 and
26 mJ, respectively, from bottom to top) and the columns in-
dicate several dye concentrations (10™*, 1073, and 1072 M,
respectively, from left to right).

a major radiative and nonradiative energy transfer from
monomer to dimer. In particular, the reabsorption pro-
duce a slight red-shift of the emission peak when the
pump energy increases. At very low intensities, no matter
the dye concentration value, the spectra are broadened,
as in typical fluorescence emission spectra of the neat rho-
damine 640 dye. The broadening of the spectrum, when
the concentration increases, indicates the dimer contribu-
tion to fluorescence. The dimer fluorescence is negligible
for concentrations < 10™* M (Np/Npy < 0.028) and
both contributions are similar and strongly overlapped
at C = 1002 M (Np/Ny = 1). The laser action is
not yet activated since the energy is below the thresh-
old. The good agreement between the experimental and
calculated results shows that the monomer-dimer model
contemplates this feature. Now, we analyze in terms of
the concentration. For C = 10~* M a single peak ap-
pears no matter the intensity value. Similar results were
obtained for C =5 x 10~® and 10~% M, which indicates
that for these low concentrations only the monomer par-
ticipates on the dynamics due to very low population of
dimer with respect to the monomers (see Table). The ac-
tivation of laser process with an increase of the pump in-



tensity [9] is evidenced by the sharpening of dye emission.
For these single peak results our model coincides with
that proposed by Balachandran and Lawandy [10] for a
single species responsible for the emission. But, when the
dye concentration increases, the dimer contribution be-
comes important and a second peak begins to appear,
which is clearly noted in the figure at C = 1073 M
(Np/Npr = 0.211). The intensity of the dimer peak in-
creases with respect to the monomer one when the pump
energy increases. At high intensities, both peaks are well-
defined, although the relative intensity of the dimer peak
is small. At C = 102 M, the solution has the same
amount of monomers and dimers in equilibrium. One
can appreciate the broadening of fluorescence spectrum
where both contributions are strongly overlapped for en-
ergies below the threshold. When energy increases, both
contributions begin to separate and the monomer start
to lase first due to o§f* > o§" making the monomer
gain greater than the dimer one. When the pump energy
increases even more, the dimer peak increases with re-
spect to monomer and the laser emission is produced for
both species. At high intensities, I, = 26 m.J, the dimer
emission surpass the monomer one. If the energy trans-
fer from monomers to dimers were negligible, this result
would be contradictory, since the emission cross section
of the dimer is smaller than the monomer one. Then, we
attribute the stronger dimer emission to radiative and
non-radiative energy transfer from the monomers. It is
well known that the population of the excited levels of
monomers increases with the pump energy, and the dimer
fundamental population density increases with the con-
centration. Then, one could expect the rate of the for-
ward NET, which depends on the excited monomer and
fundamental dimer densities, to increase with an increas-
ing of the dye concentration and pump energy. This was
confirmed in the model simulations.

IIT. CONCLUSION

In this work we suggest that the bichromatic laser
emission from laser dye solutions containing scattering
random media is due to the presence of two fluores-
cent aggregates: monomers and dimers. The princi-
pal shorter-wavelength laser peak was attributed to the
monomer emission and the secondary longer-wavelength
peak was attributed to the dimer emission. The co-
existence of monomers and dimers was confirmed from
neat dye concentration in experiments of absorption and
emission spectroscopies. From these experiments the
monomer and dimer absorption and emission cross sec-
tions were obtained, showing a partial overlap between
the dimer absorption cross section and monomer emission
cross section and an absence of overlapping between the
monomer absorption cross section and dimer emission
cross section. This indicates an unidirectional energy
transfer from excited monomer to fundamental dimers.
The two molecular species contributing for the total lager
emission was modelled by means of a set of rate equa-
tions for the evolution of both species excited states and
the dye photon production. We have included the most
important effects of energy transfer from the monomers
to dimers, such as radiative energy transfer (reabsorp-
tion), but also the forward non-radiative energy transfer
(INET). The results of the monomer-dimer laser model
agree very well with our experimental data.
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