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Stimulated resonance Raman scattering from organic dyes
in a multiple-scattering medium as a potential method for determining

their vibrational spectra

V.P. Yashchuk, E.A. Tikhonov, A.O. Bukatar’, O.A. Prigodiuk, A.P. Smaliuk

Abstract. A method is described for deriving Raman spectra of
organic dyes from their random lasing spectra. The method was
tested using Rhodamine 6G. The Raman spectrum obtained for this
dye agrees well with the spectra measured by standard techniques
but is more structured, which allows unresolved features to be
detected. The spectrum provides more detailed information owing
to the interference between the Raman scattered light and amplified
spontaneous emission of the dye molecules within a photon mean
free path. One advantage of the method is that the luminescence of
the dye helps to observe Raman lines, which allows one to work in
the Stokes region and facilitates the measurement procedure.
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1. Introduction

Raman spectra of organic dyes are difficult to measure because
of their strong luminescence: the Raman signal is less than
0.01% of the luminescence intensity. This problem can be
obviated using several rather complex techniques, the most
widespread of which is surface enhanced resonance Raman
scattering (SERRS) [1,2]. In this technique, test molecules are
placed on a rough metallic surface or metallic nanoparticles,
which ensures a considerable increase in Raman scattering
probability. However, for the emission to be dominated by sur-
face molecules, extremely low analyte concentrations should
be used, which dramatically reduces the signal and requires
sensitive detection techniques.

Raman spectra can also be obtained using inverse Raman
scattering. Raman lines then have the form of dips in the con-
tinuous spectrum of probe light in the anti-Stokes region,
where no luminescence occurs [3]. This method requires two
synchronised high-intensity light sources, one monochro-
matic and the other with a continuous spectrum. A rather
complex technique is coherent anti-Stokes Raman spectro-
scopy (CARS) [4], which requires at least two synchronised
lasers, one of which should allow gradual lasing frequency
tuning.
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Recent work [5, 6] has shown that, in multiple-scattering
(MS) active media, Raman lines of dyes may emerge in so-
called random lasing (RL) spectra. RL is due to the fact that,
when light propagation in a medium is diffuse, the gain and
optical loss are proportional to the active region volume
and surface area, respectively. Therefore, extending the active
region (raising the pump power), one can reach a gain exceed-
ing the loss and, hence, photon multiplication in the medium
[7]. Increasing the residence time of a photon in the active
medium, multiple scattering ensures positive feedback, which
is nonresonant and uses only intensity in the case of diffuse
light propagation [8, 9]. In the diffusive regime, which takes
place under conditions typical of MS media, 1, > [, >> 1
(where /,, [r and A are a characteristic length scale of the
medium, the photon mean free path and the wavelength,
respectively), scattered waves are incoherent, the influence of
interference is insignificant, and the stimulated emission spec-
trum is continuous. However, its width and especially the
dynamics of its narrowing with increasing pump power are
similar to those in homogeneous organic dye laser media [10].
This suggests that there is lasing in arbitrary directions along
random scattered light trajectories. Such lasing is referred to
as random.

High-intensity RL emission contributes to the develop-
ment of stimulated Raman scattering (SRS), which shows up
at all the Raman frequencies that fall within the RL spectrum
[6, 11]. According to recent work [11], this dual process can be
thought of as a special case of CARS, in which a second com-
ponent of bichromatic pumping — RL emission at Stokes fre-
quencies — is generated directly in the medium. This mecha-
nism accounts for all the observed features of this effect. In
particular, the above-mentioned manifestation of all the
Raman frequencies is due to the continuous spectrum of this
component. Note that, for the process to occur, it is only nec-
essary that Stokes Raman lines fall within the RL spectrum
(the effective gain band of the dye in the MS medium). As a
consequence, the effect is most pronounced in highly efficient
laser dyes, as confirmed by experiment. This distinguishes it
from stimulated resonance scattering from excited states,
which depends crucially on the broadening and lifetime of
excited states of the dye molecule [12] and, in addition, requires
that the scattered light be in resonance with the luminescence.
Therefore, the effect should take place throughout the lumines-
cence spectrum of the dye, rather than within the gain band.

The above processes lead to an RL spectrum that com-
prises two components differing in emission mechanism and
spectrum: one component has a broad, continuous spectrum
(AA = 7-20 nm) due to stimulated emission from the dye
molecules, and the other has a quasi-discrete spectrum, with
relatively narrow lines due to SRS. These processes occur in
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parallel and influence one another, resulting in a quasi-dis-
crete spectrum.

Using this spectrum, one can find the Raman spectrum. In
this paper, based on the above mechanism of RL in dyes, we
develop and test a technique for determining their Raman
spectrum.

2. Technique for determining Raman spectra
from RL spectra

To adequately find a Raman spectrum from an RL spectrum,
one should take into account the mutual influence of stimu-
lated emission and SRS because the contributions of these
processes to the emission intensity at a Raman frequency are
due to the common field at this frequency. Under the assump-
tion that the stimulated emission and SRS intensities add up,
their contributions to the total emission intensity at the Raman
frequency are represented by differential equations that describe
light amplification as a result of stimulated emission and scat-
tering processes [11]. The RL intensity, Ir; (@), can then be
represented in the form

IRL(a)) = Ilum(w) Gse(a)) Gss(w)a (1)

where [j,,(w) is the spectral distribution of the spontaneous
emission (luminescence) intensity, and G,(w) and Gy(w) are
the spectral distributions of the gains due to stimulated emis-
sion and SRS, respectively.

Note that the two types of radiation, generated over a
mean free path, are coherent with one another, so the fields
of these partial waves should add up. However, in the case of
diffuse light propagation through an MS medium, the coher-
ence is disturbed by every elastic scattering event. Therefore,
the sum radiation of either type and the total radiation should
result from the addition of intensities, like in the case of non-
resonant feedback [7, §].

The first two factors in (1) are responsible for the continu-
ous spectrum of amplified spontaneous emission (ASE), which
has the form of a background in the RL spectrum, and the
third factor describes SRS, responsible for the line compo-
nent. G(w) can be expressed through third-order nonlinear
susceptibility, y3)(w), related to SRS:

Gy(o) = exp[y QUL 1], 2

where [ is the pump intensity and [ is the photon mean free
path in the MS medium. In view of (2), the Raman spectrum
can be thought of as a spectral dependence of the nonlinear
susceptibility ¥ 3)(w), which is given by

Q@) = In{Ix(@)/[Tum(@) Gee(@)]}. 3)

In this formula, the numerator and denominator repre-
sent the spectral dependences that can be found experimen-
tally: the RL spectrum and its continuous background.
Therefore, Eqn (3) suggests an algorithm for finding a Raman
spectrum from an RL spectrum. It includes the evaluation of
the continuous background, 7,(w), i.e. the denominator in (3),
Iym(®) Gy(w), in the measured quasi-discrete spectrum Iy (w)
and subsequent mathematical operations according to (3).

The described algorithm stems logically from the mecha-
nism of the phenomenon [6, 11] and reflects the general trend
found experimentally that the emission intensity Iz (w,) of a
Raman line at frequency w, is proportional to the background

intensity at this frequency, I(w;). Therefore, to find the true
intensity distribution of Raman lines, one should divide the
RL spectrum by its background, as reflected by Eqn (3).

It is worth noting that, because Iy (ws) is proportional to
I(wy), strong luminescence helps Raman lines to show up, in
contrast to other methods. For this reason, in contrast to
inverse Raman scattering [3] and CARS [4], the Raman spec-
trum is here measured in the Stokes region, which simplifies
the measurement procedure.

To take into account interference between the types of
secondary emission under consideration within a mean free
path, one should consider not differential equations in terms
of intensities [11] but a shortened wave equation, in which the
influence of stimulated emission and scattering is taken into
account through complex dielectric permittivity and third-
order polarisability. It can be shown that the spectrum is then
described by an expression similar to (1), but the sign of third-
order nonlinearity changes at a Raman resonance frequency,
which makes the shape of the spectral line similar to that in
CARS [4]. This has no dramatic effect on the described tech-
nique for determining a Raman spectrum from an RL spec-
trum but allows finer spectral features considered below to be
explained.

3. Results and discussion

The technique described above was used to measure and anal-
yse Raman spectra of two organic laser dyes (Fig. 1): Rhod-
amine 6G (R6G) and polymethine dye 920 (P920).

R6G
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H;C
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m N H C/N\
3 CHj
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Figure 1. Structural formulas of the R6G and P920 molecules.

The Raman spectrum of R6G was measured earlier using
standard techniques [1-3], whereas the Raman spectrum of
P920 has not yet been reported. R6G was introduced into a
polymer film about 15 um thick on a Lavsan substrate. UV
irradiation of the polymer film produced densely packed
nitrogen vesicles of mean diameter d = 1.2 um [5]. Owing to
the dense packing of the vesicles, their considerable relative
index of refraction in the polymer (n = 1.5), the relation d > 4
and the high dye concentration (Cy = (3-5)x1073 M), such film
is an effective MS active medium with diffuse light propaga-
tion and a low RL threshold.



Stimulated resonance Raman scattering from organic dyes

8717

In the case of P920, because of its low photochemical sta-
bility in vesicular films we used an MS medium in the form of
a solid suspension of borazon dielectric particles (mean diam-
eter, 2 um) in polyurethane acrylate. The solid suspension was
prepared through rapid photopolymerisation of an ethanolic
solution of the dye and polyurethane acrylate, which allowed
us to avoid significant inhomogeneity of the material because
of sedimentation. Owing to the nearly close packing of the
particles in the suspension, their high relative index of refrac-
tion in the polymer (n = 1.6) and the other factors indicated
above, the suspension was also an effective MS active medium
with diffuse light propagation and a fairly low RL threshold.

Measurements were made at liquid helium temperature
(8 K), where the Raman lines in the RL spectrum were best
seen. This was due to two factors: the narrowing of the Raman
lines and the better coincidence of the ASE background (the
continuous component of RL) with the spectral region of the
Raman lines. Because the ASE band is substantially narrower
than the Raman spectrum of the dye, the spectrum was obtained
by scanning the ASE band along the spectral axis through
variations in dye and vesicle concentrations.

The films were pumped by a frequency-doubled Q-switched
Nd:YAG laser. The pump intensity was varied from 3 to
20 MW cm2. Emission spectra were acquired in one pulse
using a CCD array/diffraction grating spectrograph with a
spectral resolution of 0.3 nm. Whether the line component of
the RL spectra was due to Raman scattering was ascertained
using a tunable Nd : phosphate glass laser: the spectral lines of
the two dyes were shifted along the spectral axis according to
the pump frequency. The behaviour of the spectral lines of the
two dyes corresponded to typical properties of SRS in combi-
nation with stimulated emission of dye molecules [6, 11]: they
showed up only within the spectral range of the continuous
component of RL and their intensity increased superlinearly
with pump intensity.

Figure 2 shows the measured RL spectrum of R6G, its
continuous and line components, and the SERRS spectrum
of R6G reported in Ref. [1]. For comparison with the line
component, the SERRS spectrum is displaced to the visible
region and converted to wavelengths A = (v.—v,)~', where v, and
v, are the excitation frequency and Raman shift in the SERRS
spectrum. There is good agreement between the frequencies
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Figure 2. (/) Quasi-discrete RL spectrum of R6G, its (2) continuous
and (3) line components, and (4) SERRS spectrum of R6G [1].

of the SERRS lines and those of the line component of RL,
but their relative intensities differ markedly.

Figure 3 shows the Raman spectrum derived from the RL
spectrum of R6G using the algorithm defined by (3). For con-
venience, it will be referred to as the Raman—RL spectrum.
In Fig. 2, this spectrum is compared to the SERRS spectra
measured by two groups [1,2]. The Raman—RL spectrum of
R6G is seen to be similar to its spontaneous Raman spectra
[1,2]: there is not only agreement between Raman frequencies
but also good correlation between intensities. An essential
point is that the intensities correlate only when the above
algorithm is applied to the RL spectra, whereas the line com-
ponent as such [Fig. 2, spectrum (3)] does not represent the
actual Raman intensities. This indicates that the described
algorithm allows one to adequately find a Raman spectrum
from an RL spectrum.
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Figure 3. (/,2) SERRS spectra of R6G from Refs [1,2], respectively,
and (3) Raman—RL spectrum of R6G.

At the same time, the Raman—RL spectrum shows more
features in comparison with the SERRS spectra and has
sharper, better resolved spectral lines. An instructive example
is provided by the decomposition of these spectra into ele-
mentary Gaussian components in the range 577-584 nm
(Fig. 4). As seen in Fig. 4, the SERRS spectrum can be repre-
sented by four Gaussians with rather high accuracy, whereas
the Raman—RL spectrum is poorly fitted by four components.
To achieve comparable accuracy, the Raman—RL spectrum
must be fitted with nine Gaussians, which demonstrates that
it comprises more features. A detailed comparison shows that
the features observed only in the Raman—RL spectrum are
also present (poorly resolved) in the SERRS spectrum, which
can be interpreted as additional evidence that they do exist.

Further evidence that the Raman—RL spectrum is more
structured is that almost all its lines have counterparts in the
IR absorption spectrum of R6G [13] (Fig. 5). (For comparison,
the absorption spectrum in Fig. 5 is displaced to the visible
region and converted, like the SERRS spectrum above, to
wavelengths 1 = (v, — v;,)"', where v;, is the IR absorption fre-
quency.) Note that the same refers to the lines that were missing
in the SERRS spectra but were detected in the Raman—RL
spectrum, as illustrated by the example of the weak lines at
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Figure 4. Portions (4 = 577-584 nm) of the (a) SERRS [1] and (b,c¢)
Raman—-RL spectra of R6G decomposed into (a,b) four and (c) nine
Gaussian components. The thick solid lines show the measured spectra,
the dashed lines show the Gaussian components, and the thin solid lines
represent the fits with the Gaussians.
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Figure 5. Comparison of (2) the Raman—RL spectrum of R6G to (/) its
IR absorption spectrum [13].

574.5 and 579.4 nm, which were situated on the long-wave-
length wings of the strong lines at 573.6 and 578.4 nm. Because
different selection rules apply to IR absorption and Raman
scattering, their spectra differ in the relative intensities of lines,
and weak Raman lines may have stronger counterparts in the
IR spectrum, which would confirm their existence.

The higher degree of structuring of the Raman—RL spec-
trum can in turn be used to reveal the hidden structure of indi-
vidual IR absorption bands, which is at best only slightly dis-
cernible. This can be exemplified by the broad IR absorption
bands centred at 576.4 and 582.6 nm: according to the
Raman-RL spectrum, these are a doublet (576.0 and
576.8 nm) and a triplet (580.8, 581.8, and 583.2 nm).

Comparison of the SERSS and Raman—RL spectra leads
us to conclude that the larger number of features in the latter
is due not to changes in the relative intensity of spectral lines
but to their narrowing and the formation of deep troughs
between them. Raman lines are separated by sharp dips, which
most likely result from the aforementioned interference between
SRS and ASE over a photon mean free path in the medium.
A similar situation occurs in CARS, where the resonant com-
ponent (due to vibrations of molecules) interferes with the non-
resonant component (due to electrons) of stimulated scatter-
ing [4]. This leads to an unusual spectral dependence of scat-
tered intensity, with a sharp dip on the wing of a Raman line,
which ‘tones’ it off on one side. As a result, when two
Raman—RL lines approach one another, they do not merge
and are separated by a sharp dip. One of the strongest lines in
the Raman—RL spectrum of R6G (at 573.6 nm), marked by a
dot-dashed line in Fig. 3, has precisely such a structure.

An important point is that vibrations of the matrix (a
polymer in this study) containing an organic dye do not show
up in Raman—RL spectra. This is due to the resonant nature
of SRS: the pump wavelength lies in an absorption band of
the dye, so the SRS probability for the dye molecules exceeds
that for the matrix even though the concentration of polymer
molecules is much higher (by three orders of magnitude). This
is so provided that the matrix is transparent to pump light,
meaning that it produces no resonance conditions for SRS
from its molecules. Otherwise, its vibrations may show up in
the Raman—RL spectrum.

Requirements for the matrix are not limited to its trans-
parency and the ability of the dye to dissolve in it because, as
a result of interaction between dye and polymer molecules,
the matrix may influence the frequency of particular modes of
the dye [14]. This interaction may change vibrational frequen-
cies by up to several tens of reciprocal centimetres, so one
should use as inert a matrix as possible or carefully analyse
results.

The same method was used to obtain the Raman spec-
trum of P920 in the range 1200—1500 cm™', which showed up
in the RL spectrum between 569 and 578 nm. Figure 6 shows
RL spectra of this dye at two pump intensities and the
Raman—RL spectra derived from them. With increasing pump
intensity, the ASE band shifts to longer wavelengths and, in
accordance with the above mechanism, increases the intensity
of the lines that fall in its spectral range. This behaviour of the
intensity is characteristic of SRS combined with stimulated
emission in a single nonlinear process [6].

As follows from the mechanism of the phenomenon and
Eqn (3), the Raman—RL spectrum is independent of the RL
spectrum and the shape of its continuous component. There-
fore, the discrepancy between the Raman—RL spectra in Fig. 6c,
derived from different RL spectra, can be considered the
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Figure 6. (a,b) RL (solid lines) and ASE (dashed lines) spectra of P920
at two pump intensities (I, > I,,;) and (¢) Raman—RL spectra derived
from them.

result of insufficient accuracy. From this viewpoint, accurate
determination of the shape of the continuous component is
critical because it influences the accuracy in the Raman—RL
spectrum.

The spectral shape of the continuous component is rather
difficult to find because it is governed by ASE and, hence,
depends on the effective gain coefficient kg (Which is a func-
tion of 1) and photon mean free path / in the MS medium.
As a result, there is essentially no universal shape of this com-
ponent because k.;(A) and / are in turn dependent on many
parameters of the medium. In particular, k(1) is determined
by the inversion density, which depends on the pump intensity,
dye concentration and loss coefficient, and / is determined by
the efficiency of light scattering from the embedded particles
(vesicles), which depends on their concentration and relative
index of refraction and the dimensions of the sample. To eval-
uate these parameters, one has to solve an intricate, multipa-
rametric problem of modelling light propagation in an MS
medium, which may nullify the advantages of the method in
question.

This difficulty can however be obviated by utilising the
requirement that the Raman—RL spectrum be independent
of the RL spectrum in order to minimise the above-mentioned

uncertainty in determination of the Raman—RL spectrum.
The problem then reduces to batch processing of N RL spec-
tra that gives N Raman—RL spectra differing very little from
each other. This allows one to design an algorithm and soft-
ware for automatically finding the shape of the continuous
component in the RL spectrum that would minimise the devi-
ation of the N Raman—RL spectra from the average, which
will be the sought spectrum.

As seen in Fig. 6, the Raman—RL spectrum of P920 con-
tains at least five Raman lines in the range 569—578 nm, with
Raman shifts from 1200 to 1500 cm™" (Table 1). According
to previous work [15,16], it is this region that contains vib-
rational frequencies of the C—C and CH;—N" single bonds
and deformation frequencies of some atomic groups in the
P920 molecule.

Table 1. Raman lines and shifts in the spectra of P920 and R6G.

Lines in the Raman—RL

; -1
Dye spectrum/nm Raman shift/cm
P920 571.5,573.2, 575.0, 1299, 1351, 1406,
575.9, 576.6 1433, 1454
R6G 571.0, 571.9, 573.6, 1284, 1311, 1369,
575.9,576.8 1433, 1460

In this context, it is of interest to compare the Raman
shifts derived from the Raman—RL spectrum of P920 with those
for the corresponding spectral region in the Raman—RL
spectrum of R6G (Table 1). Both spectra contain two Raman
lines (indicated by bold type) with identical (within the width
of the instrumental function of our measurement system, 0.3
nm) Raman shifts: v = 1433 and 1454 (1460) cm™!. Clearly,
these frequencies arise from vibrations of identical bonds or
atomic groups in the two molecules. In particular, according
to previous work [16,17], 1460 cm™! is the characteristic bend-
ing frequency of the CH; group, which is present in both mol-
ecules (Fig. 1). The coincidence of the frequencies suggests
that the obtained Raman spectrum of P920 is quite accurate
and that the described method is effective in determining
Raman—RL spectra.

4. Conclusions

The present results demonstrate that Raman spectra of laser
dyes can be determined with certainty from the spectra of their
RL in MS active media. Based on the notion of the mutual
influence of stimulated scattering and emission processes in RL,
we derived an expression describing the Raman—RL spectrum.
This allowed us to develop a technique for obtaining spectra,
which was successfully tested for the well-known dye R6G and
was used to determine for the first time the Raman spectrum
of the laser dye P920.

The Raman—RL spectrum shows more features in com-
parison with Raman spectra obtained by other techniques,
which is due to the formation of sharp dips between neigh-
bouring lines owing to the interference between the scattered
light (SRS) and amplified spontaneous emission. An impor-
tant point is that the strong luminescence of the dye, which is
a serious obstacle to spontaneous Raman scattering measure-
ments, is here a favourable factor because it initiates RL. This
allows Raman scattering to be observed in the Stokes region,
facilitating the measurement procedure.

The present results lead us to conclude that determining
Raman spectra from RL spectra is a potentially attractive
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approach which is easier to implement and provides more
detailed information in comparison with other methods.
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