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Abstract. Dual-beam transient thermal lens studies were carried out in aqueous solutions of
rhodamine 6G using 532 nm pulses from a frequency-doubled Nd:YAG laser. The analysis of
the observed data showed that the thermal lens method can effectively be utilized to study the
nonlinear absorption and aggregation which are taking place in a dye medium.

1. Introduction mostly been based on the observation of radiative transitions
induced by the same from a higher excited electronic state,
Laser dyes like Rhodamine 6G (Rh 6G) are a class of organicysually at a wavelength shorter than the pumping wavelength
molecules which exhibit lasing action under appropriate [7,8]. The ESA can be observed by resultant quenching
conditions of excitation. The ultimate utility of these lasers ¢ dye fluorescence since this is more sensitive than is the
will depend in large measure upon the properties of the ni_siokes fluorescence (ASF) technique [9, 10]. However,
dye available. The laser dyes possess a strong absorptlogince the highly efficient nonradiative relaxations S,
generally inthe visible and UV regions of the electromagnetic release a large amount of thermal energy into the medium,

spectrum with fluorescence emission from the first excited such phenomena should be easily detectable by photothermal

singlet state at Stokes-shifted wavelengths [1]. The free- : . ; .
electron model proposed by Kuhn [2,3] suggests that Etlegh;llc}ues like thermal lensing [11, 12] and photoacoustics

there is broad delocalization of the electrons over the _ ] ] _
molecular chains, leading to large optical nonlinearities In this paper, the relaxations from the higher excited

in dye molecules. This prediction has been verified by singlets following TPA or ESA in Rh 6G in water are studied
various reports testifying to the large values of the third-order by monitoring the thermal lens signal. Water is one of
nonlinear susceptibilityy @, in dyes [4-6]. Since laserdyes the common solvents used in dye lasers just because of
are usually pumped at an optical frequency correspondingits unique properties such as nontoxicity and rapid-heat-
to or greater than the,S— S transition frequency, then, dissipation capacity. Methods classified as thermal lens

if any nonlinear processes such as two-photon absorption(TL) spectroscopy are based upon a thermal change in the
(TPA) or excited state absorption (ESA) occur at the pump optical properties of a sample on the absorption of laser
wavelength, in general the dye molecules will be excited to energy which leads to a temperature rise in the sample and
a higher singlet state,§n > 1). The singlet (g to triplet consequently to the formation of an inhomogeneous spatial
(T,) state intersystem crossing will decrease the net availableprofile of the refractive index. It has been demonstrated
excited singlet state population for stimulated emission, thus that thermal lensing is a versatile and viable technique for
affecting the lasing efficiency of dyes. Itis well known that - jhvestigating the various processes taking place in laser dyes
nonlinear processes like TPA can occur only in intense laser15_17). The heat released by the nonradiative relaxation
fields, corresponding to pumping intensities of the order of processes generates a volume expansion of the sample and a

_2 f :
10° W cm E%rAhlghdetll'PZh? d?taned St,Ude_ of thes; two density change within the excitation region. The refractive
processes ( an )is o grea_t significance because€, oy caysed by the heat evolution due to the radiationless
of the widespread use of such dyes in tunable lasers. The

: ; o processes in most cases turns the solution into a divergent lens
study of TPA and higher order multiphoton excitations has which defocuses the laser beam. The magnitiidehich is

§ E-mail addressphotonix@md2.vsnl.net.in the change in irradiance at the probe-beam intensity relative
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Figure 1. The pulsed thermal lens set-up used in this experiment
(MPA, monochromator—PMT assembly; DSO, digital storage
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i ionary value, is given 18,1 . . .
o its stationary value, is given by [18, 19] Figure 2. Absorption spectra of rhodamine 6G in water:

1 =0)— It = 00) (@) 214 x 105 mol I"* and (b) 855 x 10~° mol |72,

S (=0 x E™ 1)

Here we used a multimode fibre which minimizes alignment
where E is the incident laser intensityy is the number  procedures and noise problems encountered with single-
of photons involved in the generation of the TL signal and mode fibres. The monochromator—PMT assembly tuned
I(r = 0) andI(r = oo) are the TL signal amplitudes at to the probe beam wavelength (632.8 nm) provides further
timesr = 0 andr = oo respectively. Hence, by monitoring  filtering of the signal. The TL signal was recorded using a
the dependence of the TL signal amplitude on the pumping 100 MHz digital averaging oscilloscope (Tektronix TDS 220)
energy, one can identify the occurrence of various processeswyhich provides a complete time-domain representation of
such as one-photon absorption (= 1) and multiphoton the signal. The oscilloscope was triggered by a synchronous

absorption £z > 2). trigger pulse from the Nd:YAG laser operated at 5 Hz. In our
present experiment, the pulse-repetition rate used was 5 Hz
2. Experimental details andthe time constant forthe TL signal is far less than the pulse

interval so that the local cumulative heating is insignificant.

Figure 1 shows the block diagram of the thermal Also, since our pump laser pulse energyis00 mJ and the
lens spectrophotometer, consisting of a frequency-doubled TL signal can be captured using a digital storage oscilloscope
Q-switched Nd:YAG laser (pulse width 9 ns, maximum €ven with a single shot, the cumulative bulk heating of the
energy 110 mJ) as the heating source and an intensity-sample can be ignored.
stabilized He—Ne laser as the probe beam. The sample
solution taken in a quartz cuvette having a pathlength of 3. Results and discussion
5 mm is placed into the pump-beam path. The pump and
probe beams are focused onto the sample cell and made td'he absorption spectra of Rh 6G in water are recorded with
pass collinearly through it using suitable convex lenses anda UV-visible spectrophotometer (Hitachi model 150-20).
by the use of a dichroic mirror. Typical absorption spectra for these systems are given in

As the 532 nm radiation passes through the sample-figure 2 for various concentrations. The samples were taken
containing cuvette, the molecules absorb some of the incidentin a 5 mmsquare quartz cuvette. The absorption spectrum of
energy and get excited to higher energy levels. The rhodamine 6G in water has maxima at 18 964, 28 889, 36 111
subsequent de-excitation process can occur radiatively orand 40 690 cm! corresponding to the excited singlets S,
nonradiatively. It is the nonradiative part that gives rise Sz and S respectively. From the absorption studies it is clear
to thermal lensing. The resulting refractive-index gradient that the absorption of the probe at 632 nm is negligibly small
follows the intensity distribution of the exciting pump beam. and hence any perturbations due to the probe beam can be
The position of the cuvette was adjusted to get the maximum neglected.
value for the TL signal. The TL signal was detected by The lasing efficiency and fluorescence yield of a dye
sampling the intensity of the centre portion of the probe beam medium depend on various parameters such as solute—
through a small aperture. In the present work the intensity of solvent interaction, intersystem crossing, ESA, TPA and
the central portion of the transmitted probe beam was detectedradiative and nonradiative relaxation cross sections. Most
by using an optical fibre. The polished tip of a long graded of the above-mentioned phenomena depend critically on
index optical fibre (20Qwm core, numerical aperture 0.22) the dye concentration and pump intensity. Transient TL
placed 90 cm from the centre of the sample cuvette servesmeasurements were performed on aqueous solutions of
both as an aperture and as a light guide to transfer the probeRh 6G at concentrations ranging from$@o 10-7 mol I-*
beam to a monochromator-PMT assembly. Using optical at various input energies. Log-log plots of TL signal
fibres to transmit the laser beams makes the TL techniqueamplitude against the laser energy are obtained for each
amenable to remotedn situ analysis. It also reduces the sample. Figure 3 give some such log-log plots. From
influence of mode and pointing variations in the probing laser. equation (1), it is clear that the slope will be numerically
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Figure 3. Log—log plots of the thermal lens amplitude versus the
incident laser energy for Rh 6G in wate®), 2.65x 107¢ mol I%;

(m), 855 x 10> mol I"; and @), 4.27 x 10~* mol I1.
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Figure 4. The variation of the slope with the concentration.
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with quadratic variation of the TL signal (in this region
the slope value increases steadily to 2); and (iii) a high-
concentration regimex10-* mol I~1) for which the slope
attains a value of 3 and decreases with any further increase in
concentration. These results show that the concentration of
the dye molecules has a pronounced effect on the involvement
of the various nonlinear processes which are taking place in
the medium.

In solutions of low concentration one-photon absorption
(OPA) is prominent. OPA at 532 nm raises the Rh 6G
molecules to a vibronic level of the State (18 800 cn?l).
Molecules populating the various vibronic levels of the S
due to OPA will rapidly de-excite nonradiatively to the lowest
vibrational levels in the Smanifold in accordance with the
Franck—Condon principle, producing TL signals of lesser
intensity and with a linear dependence on the laser energy.
S; — & internal conversion is negligible for Rh 6G in
the monomer form due to its high quantum yield and the
comparatively large energy separation between these levels.
The possibility of intersystem crossing to the triplet levels
can also be ruled out, since the pulse width of the pump laser
t, is about 9 ns in our work such thgt« 1/ k,,, wherek, is
the § — Ty intersystem crossing rate which i24< 10° s*
for Rh 6G [20, 21].

As the concentration increases the slope value becomes
2, which is an indication of the occurrence of various
nonlinear absorption processes such as TPA and ESA. There
are few reports regarding the occurrence of TPA in Rh 6G
laser dye [22-27]. Rulliere and Kottis [22] investigated
excited electronic states of Rh 6G solutions by means of two-
photon spectroscopy. They have explained the existence of
TPA via symmetry considerations. TPA can be understood
in terms of symmetry-allowed transitions; indeed, due to the
lack of symmetry of the molecule, the one- and two-photon
transitions are always allowed, only the relative magnitude of
the two transition moments varies with the approximate state
symmetry. Therefore state symmetries are mixed up in the
case of dyes, leading to rather appreciable transition moments
for TPA. Sathyet al[26, 27] recently obtained similar results
using a pulsed photoacoustic technique. The nanosecond
laser pulse increases the probability of ESA compared
with using picosecond or femtosecond laser sources [22].

equal to the value ofi. For solutions of low concentrations gy an though a nanosecond laser is used, being of high
the increase in signal intensity is linear. As the concentration power output it provides a good power density, sufficient
of the solution and the incident energy increases, the amounty, jnjtiate nonlinear absorption. However, using the present
of energy absorbed increases and nonlinear processes begin Wxperimental set-up, itis very difficult to distinguish between
occur in the dye solution. A saturation behaviour is observed ihese two processes (TPA and ESA). The peculiar behaviour
in the laser energy versus TL signal intensity curve at high of the slope of the curve for the mid-concentration regime
irradiance IeVeIS, Since at h|gh intensities Of the |nC|dent Iaser can be exp|a|ned by Comparing the Cross sec“ons for gr‘ound_
beam, the amount of energy absorbed decreases because thgate absorption, ESA and TPA for Rh 6G at 532 nm. The
population of the ground state is significantly depleted. absorption cross section . s, (w,) = 3.8 x 10716 cm2)
From figure 4 it is clear that the slope, which directly and emission cross sectians(_, s, (w) = 1.2 x 1016 cm—z)
gives the number of photons involved, varies with respect are nearly equal and the cross section corresponding to ESA
to the concentration. The slope is found to be 0.9 for the (o, (»,) = 4 x 107* cm2) is smaller by an order
lowest concentration studied.4 10~ mol I™!). Theslope  of magnitude for Rh 6G [28]. The reported cross section
steadily increases with the concentration and reaches 2.8 atorresponding for TPA for Rh 6G lies between-1®and
2x10~*mol 7%, after which it decreases. The curve exhibits 10750 cm? s [21, 29].
three distinct parts with respect to the change in the value In solutions of much higher concentrations we have
of the slope: (i) a low-concentration region.4< 10~7 to observed a slope of 2.8 in the log—log plot for Rh 6G.
5x 10-8 mol I1), with linear variation of the TL signal; (i)a  This is an indication of three-photon absorption or three-
mid-concentration regime (& 107 to 85 x 10-% mol I3 step processes. Three-step processes like>SS; — S,
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are less probable since the lifetime of 8 so short that 3000 [Ty
the fraction of the molecules excited tg ®hich decay I
spontaneously to lower singlets is nearly unity [21]. After
getting excited to $(by a two-photon process) the molecules
depopulate the $Slevel quickly and efficiently through
nonradiative transitions before absorption frogc@n take
place. So this type of three-photon process can safely be
neglected. The likely process is that the Rh 6G molecules
in the § state may simultaneously absorb three photons
and get excited to ,Slevels. Another possible mechanism
is that by OPA the Rh 6G molecules go to the I8vel,
whence, by absorbing two more photons simultaneously, the
molecules get excited to the, $evels (excited two-photon
absorption). Both the above processes are probable at fairly
high concentrations. Subsequent to excitation, the molecules
de-excite from higher Slevels nonradiatively, giving rise concentration (mol/1t)

to TL slgnals of high intensity. Since the three-photon Figure 5. The variation of the thermal lens signal strength as a
absorption processes are more complex and less studied thafynction of the concentration of Rh 6G in water for various
other nonlinear phenomena, much more detailed studies onincident laser beam energies.

these aspects are needed in order to get a clear picture.

We have also noticed a decrease in the value of the 3|°peequation (2) the TL signal is defined by two components:
of the log-log plot with increasing concentration, especially gne component corresponding to the energy absorbed
at higher concentrations. This may be predominantly due to by monomers minus the radiated energy and the other
the formation of aggregates in the Rh 6G dye solutions. It component corresponding to all the energy absorbed by
is reported that Rh 6G molecules undergo extremely stronghe dimers. Dimerization contributes to decreasing the
aggregation in agueous solutions at concentrations greatefirs; component (dimers are nonfluorescent which in turn
than 10 mol I™* [30]. At first, the aggregates were gecreases the value @) and to increasing the second

considered to be dimers [31,32]. Then, apart from Rh 6G component. The ratid,, /A, decreases at the same rate as
dimers, trimers [33] also were found in concentrated aqueous 4 /4, increases, but the variation af, /4, is weighted by

solutions. The formation of fluorescent aggregates of highertheterm(l— Q9 /vq) which is small when the compound is

order than dimers has recently been shown to occur while pighy fluorescent. The relative amounts of energy absorbed
investigating phot_ophyswal properties of aqueous solutions by monomers and dimers depend on the dimerization
of Rh 6G under high pressure [34]. constant and the relative molar absorptivities. In the case

Considering the equilibrium between rhodamine mono- o gy 6G at 525 nm, the molar absorptivity of the dimer
mers (m) and rhodamine dimers (d), at concentratignand is less than half that of the monomer [15, 35]. Therefore,

Cq respectively, the thermal power liberated by the sample 55 the concentration increases, the second component in

solution £y is given by [15] the square brackets of equation (2) f#y, increases faster
and the thermal energy corresponding to the loss of two
fluorescent monomers is more than compensated by that
WhereAm' Ag, A, and Qf are the monomer, dimer and total prOVided by the formation of one dimer. The reduction
absorbances and fluorescence quantum efficiency of the laseln TL signal intensity at higher concentrations occurs for
dye, Py is the incident power andf and Va represent the the f0||0Wing reasons. (|) The emissive Rh 6G monomer
average fluorescence frequency and absorbance frequencgan be generated via de-aggregation and energetically it can
respectively. At higher concentrations we do observe a relax nonradiatively through energy transfer to aggregates.
decrease in slope with increasing concentration. In order (i) With increasing concentration, the concentration of
to check the effect of aggregation onthe TL signaL we have dimerst increases. Since a dimer is a combination of two
plotted the TL signal intensity versus concentration curves. monomers (2m« d), the effective number density of the
The TL signal amplitude is greatly affected by the absorbing molecules becomes less at higher concentration
dye concentration. The concentration dependence ofbecause of the enhancement of the aggregation phenomena.
the TL signal amplitude is monitored for various laser One may doubt that the decrease in TL signal at higher
energies. Figure 5 shows the variation of the TL signal with concentrations may depend upon the cell pathlength due to
concentration at various excitation energy levels of the pump the nonuniform heating effect. However, we observed similar
beam. The curve exhibits a type of concentration-dependentresults when experiments were repeatedhait. mmcell.
variation of the TL signal. The TL signal also depends
on the dimerization constant, the molar absorptivities and 4. Conclusion
the fluorescence quantum yield of the dye solutions through
equation (2). This fact can be inferred from our present The TL technique can be effectively utilized to study
experimental observations. For example, the signal intensity various nonlinear processes that are occurring in the Rh 6G
goes on increasing up to a particular concentration andlaser dye. The ease of the setting up and use of the
then decreases with increasing concentration. According toapparatus make it very attractive for such a task and the

2400 |

1600 S e

TL signal amplitude (arb. units)

Py = Po(1—10"*)[A,/A (1= Qs /va) + Aa/Al] (2)
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method appears to be complementary to other spectroscopi¢10] Sahar E and Treves D 19TZEE J. Quant. Electronl3 962
techniques. The nonlinear properties of the dye molecules[11] Harris J M 1986Analytical Applications of Lasensol 87, ed

vary with concentration. At lower concentrations OPA is

E H Piepmeier (New York: Wiley)
[12] Bindhu C V, Harilal S S, Issac R C, Nampod P N and

prominent. As the concentration increases the occurrence vallabhan C P G1996J. Phys. D: Appl. Phy<9 1074
of TPA together with ESA becomes evident, although these [13] Roscencwaig A 198@hotoacoustics and Photoacoustics
two processes are indistinguishable from each other using the SpectroscopyNew York: Wiley)

present experimental set-up.

It will be very appropriate to use TL spectrometry
for analysing dimerization equilibria because this method
is sensitive and should be useful over a wide range of

[14] Harilal S S, Bindhu C V, Issac R C, NampodtP N and
Vallabhan C P G1995Mod. Phys. LettB 9 871

[15] Georges J 199Spectrochim. Actéd 51985

[16] Georges J, Arnaud N and Parise L 199pl. Spectros&0
1505

concentrations. The TL method is more efficient for detecting [17] Fischer M and Georges J 19%pectrochim. Acta 53

dimerization equilibria especially because the variation of
the thermal energy involved in such equilibria is generally
more important than the variations of the absorbance and

1419
18] Twarowsk A J and Klige D S 1977Chem. Phys20 259
[19] Twarowsk A J and Klige D S 1977Chem. Phys20 253
[20] Dempster D N, Morrow T and QumM F 1974J. Photo.

fluorescence. We have also noticed a peculiar concentration- Chem2 343

dependence curve of the TL signal amplitude.
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