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Abstract. Using the photothermal method we measure the
fluorescence quantum yield of a rhodamine 101 solution in
ethanol for different values of the pump-field fluence. Our
experiments reveal a depletion of the fluorescence quantum
yield as the pump fluence increases. To explain the observed
fluorescence quenching, a dependence of the nonradiative re-
laxation rates on the field fluence is proposed. Predictions of
the model are in good agreement with the experiments.

PACS: 33.50.-j; 33.50.Hv; 78.20.Nv

The thermal lensing (TL) method has been widely used for
the determination of quantum yield of highly fluorescent
dyes [1–5]. This method measures the amount of heat de-
posited in the medium after the absorption of the incident
photons. In highly fluorescent dyes, such as rhodamines,
a major part of the energy of the absorbed photons is con-
verted into fluorescence. However, a smaller part of this en-
ergy is converted into heat through nonradiative relaxation
mechanisms. By measuring this amount of energy and com-
paring it with the total energy lost, one can estimate the en-
ergy used for the fluorescence process.

The use of TL for measuring the fluorescence quantum
yield makes it possible to study the influence of different fac-
tors, such as dye concentration, pump-field power and solvent
properties. The quenching of the fluorescence due to light
intensity has been studied widely [6–10]. Different mechan-
isms were suggested to explain the fluorescence quenching
due to high light-intensity levels. Peretti and Ranson sug-
gested that the fluorescence quenching in dye solutions re-
sulted from the absorption of the pump light by the excited
molecules to higher excited states, followed by a decay that
bypasses the energy level associated with fluorescence [7].
Other authors claim that the quenching is the result of stim-
ulated transitions to the lower levels [9, 10]. The role of ab-
sorption saturation has not been considered as a factor that
can reduce the fluorescence quantum efficiency, although it
limits the amount of molecules in the excited level. As the
relative amount of excited molecules that relax through a non-
radiative process will not be affected in the same way as the

molecules contributing to the fluorescence, the probability
of nonradiative transitions may change with saturating field
fluences. Furthermore, as the probability of the fluorescence
transition must remain constant, the efficiency of the fluores-
cence process could be affected.

The purpose of this work is to study the role of absorption
saturation on the fluorescence quantum yield. By measuring
the total absorption and the thermal absorption coefficient,
the fluorescence quantum yield of rhodamine 101 solution in
ethanol is determined at different pump-light fluence values.
We demonstrate experimentally that even in the case of strong
absorption saturation, the thermal absorption coefficient is not
affected. The total absorption reduces and stabilizes around
the level of the thermal absorption. In this situation, all of
the absorbed photons relax through the nonradiative channel,
while the fluorescence emission quenches.

To understand these observations, we study the satura-
tion of the absorption in a dye solution using a model that
includes the two channels of possible relaxation from the ex-
cited state: the fluorescence and the nonradiative relaxation
channels. The model suggests that the probability of the non-
radiative relaxation increases with the field power and that the
probability of the fluorescence transition remains constant.
The results of the model are in good agreement with the ob-
served experimental facts.

1 Method

We determine the fluorescence quantum yield using the ex-
pression [1]

φf = 〈λf〉
λL

[
1− Pth

PL − Pt

]
, (1)

whereλL is the laser wavelength,〈λf〉 is the mean fluores-
cence emission wavelength,PL is the incident laser power,Pt
is the laser power transmitted through the sample andPth is
the light power converted to heat. We define the total absorp-
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tion coefficient through Beer’s law:

α = 1

L
ln

(
PL

Pt

)
, (2)

whereL is the length of the sample cell.
Pth is proportional to the phase shift induced in the

medium due to the local heating of the sample. We meas-
ure this induced thermal phase shift by using a pump–probe
Z-scan technique [11–15]. As shown below, this method is
appropriate when a strong saturation of absorption is present.
In our experiment, a fast pump pulse induces a thermal
lens within the medium. A collinearly propagating probe
beam tests this thermal lens. The changes of the probe-
field transmission over a small aperture located at the far
field measure the magnitude of the induced phase shift. The
change of the refractive index due to the local heating of the
sample is

∆n = Fαth

2�CV

(
dn

dT

)
, (3)

where F is the pump-field fluence,� is the solvent dens-
ity, CV is the solvent heat capacity, dn/dT is the thermal
gradient of the refractive index andαth is the thermal ab-
sorption coefficient that accounts only for the energy lost
in the heating process.αth is related to Pth through the
equation

αth = 1

L
ln

(
PL

Pth

)
. (4)

We calculate the thermal phase shift by solving the equa-
tions

dφ

dz
= 2π

λp
∆n , (5)

dF

dz
= −αF , (6)

whereλp is the probe wavelength andz is the coordinate
along the propagation direction. We integrate this set of equa-
tions over the length of the sample cell in the presence of
strong saturation. Details of this calculation are outlined in
Appendix A. We obtain for the thermal absorption coefficient
αth the relation

αth = �CVλpα0φ0

π(dn/dT)F0
f(F0/FS) , (7)

whereα0 is the total absorption coefficient at low pump-field
fluence,φ0 is the on-axis phase shift at the focus,F0 is the
on-axis pump-field fluence at the focus,FS is the saturation
fluence value and

f(x) = exp(−x)−1

ln (exp(−α0L)(1−exp(−x))+exp(−x))
. (8)

We define the saturation fluenceFS as the value of the field
fluence that reduces the absorption by a factor of 2. The
peak–valley amplitude of the Z-scan signal determines the
magnitudeφ0 [12]. By knowing αth and using (4) we can
estimatePth.

Figure 1 shows the experimental set-up used to meas-
ure the fluorescence quantum yield. The pump field is de-
rived from the output of a dye laser (Continuum ND6000)
which is pumped by the second harmonic from a Nd-YAG
laser (Continuum Surelite). The dye laser uses rhodamine
6G, emits 5-ns pulses with a spectral width of 0.05 cm−1

and is tuned to the maximum of the absorption of the rho-
damine 101 solution (λ = 575 nm). The dye laser is oper-
ated in the low-power regime with typical pulse energy of
40µJ. At the sample, the pulse energy is adjusted to a few
micro-joules. A system of mirrors (M) and a 20-cm focal
length achromatic lens (L1) focus the beam onto the sam-
ple cell. We measure the spot beam diameter for differ-
ent positions by moving a blade in the plane perpendicu-
lar to the beam direction. By this method we show that the
beam is Gaussian with a Rayleigh parameter of 3 cm. Be-
fore entering the sample, the beam passes through an op-
tical attenuator (OA) that adjusts the pulse energy. After
the sample cell, a lens focuses the light onto a detector
(D1). An analog–digital converter collects the signal from
the detector and sends it to a computer for further process-
ing. The computer performs pulse averaging (typical aver-
age over 60 pulses). A neutral-density filter (F1) is used in
front of the detector to avoid saturation. The sample cell is
a 1-mm path-length glass cell containing a 6×10−5 molar
solution of rhodamine 101 in ethanol. The use of low con-
centration mitigates several complicating effects such as con-
centration quenching and amplified spontaneous emission
(ASE) [16, 17]. Rhodamine 101 is remarkable among rho-
damine dyes due to its very high fluorescence quantum yield.
The dye has become standard for fluorescence and it is
a good material for the study of the fluorescence quenching
process [18].

For visualizing the nonlinear effect of absorption satu-
ration, we perform an open Z-scan experiment using only
the pump light. We measure the sample-cell transmittance
as a function of the sample-cell longitudinal position. In the
situation of saturation, the total pump-field transmission in-
creases when approaching the focal point.

Fig. 1. Experimental set-up consisting of a frequency-doubled Nd-YAG
laser (Continuum Surelite, 7-ns pulse duration) that pumps a dye laser
(Continuum ND 6000). The dye laser generates the pump field at a fixed
wavelength of 575 nm. The pump field passes through the optical attenuator
OA, the lens L1, the beam splitter B1, the sample cell, the beam splitter B2,
the filter F1 and finally is focused onto the detector by using the lens L3.
The probe beam is generated by a cw He-Ne laser (λ = 632 nm). The lens
L2 focuses the probe beam after reflection by the beam splitter B1. Then,
the probe field passes through the beam splitter B2, the filter F2 and the
aperture A and is monitored by the detector D2
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For the measurement of the TL absorption we use
a pump–probe beam configuration (see Fig. 1). A low-power
cw He-Ne laser (λ = 632 nm) generates the probe beam.
Using an independent lens (L2) and a beam splitter (B1) the
probe beam is directed collinearly to the pump beam onto the
sample cell. We reach a good spatial mode matching between
the pump and probe fields by tilting the mirror M2 and the
beam splitter B1. After the cell the probe light passes through
a small aperture (A), a filter that removes the pump light (F2)
and a detector (D2). The TL signal is averaged on the com-
puter. By removing the aperture, an open Z-scan experiment
can be conducted for the TL signal by measuring the total
transmission of the probe field in the presence of the thermal
lens induced by the pump field.

2 Results

In Fig. 2 we show the pump-field transmission as a function
of the sample-cell position (open Z-scan) for three different
pump-pulse energies. As expected, the transmission of the
single pump beam increases when the sample approaches the
focal point, showing a strong saturation of the total absorp-
tion. In the same figure we have plotted the probe-field trans-
mission (TL signal open Z-scan) of the same sample. The
probe-field transmission does not change with the sample-cell
position even for high pulse energies, showing no absorption
saturation for the probe field.

In Fig. 3 we show the aperture Z-scan signal (normal-
ized aperture transmittance minus one) for three different
values of the pump-pulse energy. In the inset of Fig. 3, we
have plotted the peak–valley amplitude as a function of the
pump-beam fluence. For a large range of fluence values we
observe a linear dependence of the peak–valley amplitude
on the pump fluence. This behavior is in contrast to the
strong saturation observed for the total absorption. In Fig. 4
we have plotted the total absorption coefficient as a func-
tion of the pump-field fluence calculated using Beer’s law
(2). We also have plotted the thermal absorption coefficient
αth calculated using (7) and (8) for the same range of pump-
fluence values. For the calculation ofαth we use the ethanol

Fig. 2. Normalized sample transmittance for the pump field as a function
of the cell position (open Z-scan experiments) of a 6×10−5 M ethanol so-
lution of rhodamine 101 for three different pulse energies: 0.05µJ (open
squares), 0.1 µJ (open circles) and 0.2 µJ (open triangles). The solid
squares correspond to an open Z-scan experiment for the TL signal per-
formed for a pump-pulse energy of 1µJ. We observe no change of the total
transmittance of the probe field for smaller and larger than 1-µJ pump-pulse
energies

Fig. 3. Z-scan curves for the TL signal for different values of the pump-field
pulse energy: 3µJ (open squares), 1.5 µJ (open circles) and 0.7 µJ (open
diamonds). In the inset of the figure we show the peak–valley amplitude as
a function of the incident pump fluence

Fig. 4. Total absorption coefficient of a 6×10−5 M ethanol solution of rho-
damine 101 as a function of the field fluence (open circles). The thermal
absorption coefficient for the same experimental conditions is also plotted
(solid squares). The solid curve ‘b’ is calculated using (18) and (19) with
the parameters:T2 = 30 fs, ω0a = 17475 cm−1, ω0b = 16851 cm−1, T =
300 K, T3 = 2 ps,T∗

1 = 2 ns,n = 1.3, d = 5 D andτ = 5 ns. Thesolid curve
‘a’ is calculated using (18) and (19) considering thatT1 = 0.22×10−10 s/F
and T3 = 1.08×10−15 s/F, where F is given in mJ/cm2. The rest of the
parameters are the same as in curve ‘b’. Thesolid curve ‘c’ is calculated
using (7), (8) and (18) considering a linear dependence between the induced
phase and the incident-field fluence

thermal parameters:� = 0.789 g/cm3, CV = 87.6 J/(mol ◦C)
and dn/dT = 4×10−4 ◦C−1 and the measured valuesα0 =
12.5 cm−1 and FS = 0.0014 J/cm2 for the given dye so-
lution. The total absorption coefficient decreases substan-
tially with the pump-field fluence. The thermal absorption
coefficient is almost constant for the same fluence values
considered.

When increasing the field fluence, the total absorption
does not decrease to zero as expected from the simple satu-
ration theory, but approaches the value of the thermal absorp-
tion. Using (4) for the calculation ofPth and (1) for the calcu-
lation of the fluorescence quantum yield, we obtain the result
plotted in Fig. 5. The fluorescence quantum yield decreases
from a value close to 1 at low fluence to a value five times
smaller for fluence values around 0.03 J/cm2. This means
that the fluorescence quenches and that a major amount of
the energy absorbed by a highly saturated dye molecule re-
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Fig. 5. Fluorescence quantum yield of the 6×10−5 M ethanol solution of
rhodamine 101 as a function of the pump-field fluence obtained from the
data of Fig. 4. Thesolid line ‘a’ is calculated considering that the relaxation
rates are not dependent on the field fluence. Thesolid line ‘b’ is the theoret-
ical prediction of the proposed model that considers that the relaxation rates
depend linearly on the incident-field fluence. All the parameters used in this
calculation are the same as in Fig. 4

laxes through a nonradiative process. The solid lines in Figs. 4
and 5 correspond to the theoretical predictions described
below.

3 Discussion

The fluorescence and nonradiative transition processes are
two different channels for the relaxation of excited molecules.
The fluorescence is the result of a quantum spontaneous tran-
sition to lower levels. The probability of this transition is
mostly determined by the properties of the quantum system
itself and not by the external field. Since the fluorescence
transition ends with the emission of the absorbed energy, the
solvent can not be affected by it. The nonradiative relaxation
process is the result of a transition of part of the absorbed
energy into the solvent due to the interaction between the
dye and the solvent molecules. The solvent molecules are
heated, which affects their interaction with the dye molecules.
In other words, the absorption process must affect the prob-
ability of a nonradiative transition. Below we describe the
model for a dye solution in the presence of a high-fluence
electromagnetic field that includes both channels of relax-
ation processes.

The most relevant electronic energy levels for organic
dyes in fluid media are the ground state (S0) and the first
electronic excited state (S1). We can neglect the excited-state
absorption (transitionS1 → S2) because the cross section for
this process in rhodamine dyes is usually more than one order
of magnitude smaller than the ground-state absorption cross
section (transitionS0 → S1). We can also neglect the process
of transitions from the single to the triplet levels (transitions
S1 → T1) because this process occurs on a time scale much
larger than the excitation pulse temporal length used in our
experiments. However, we can not neglect the band charac-
ter of the dye electronic levels. The band structure results
from the vibrational and rotational levels of the dye molecule
that are highly broadened because of the solvent–solute in-
teraction. To deal with this system, we use the approach
described by Mazurenko [19]. Kinoshita and Nishi have suc-
cessfully used this approach to describe the dynamics of the

Stokes effect observed in fluorescence experiments [20, 21].
In this model, the dye molecule and the surrounding solvent
molecules constitute an independent quantum system. The
energy of this system is a function of the internal coordinates
of the dye molecule (Ri ) and the external degrees of free-
dom of the solvent molecules (configurational coordinatesR).
The internal degrees of freedom define the electronic ground
and excited states of the system. The interaction with the sol-
vent molecules changes the energy values of the electronic
states for each solute molecule. For fixed values of the inter-
nal coordinatesRi , the level energies become a function of the
external coordinatesR, and so does the resonant frequency of
the quantum transition. The Franck–Condon principle gives
the value of the transition frequency

ω0(R) = (U2(R)−U1(R))/h , (9)

whereU1(R) andU2(R) are the ground and excited energy
values, respectively. Figure 6 depicts the band model of the
dye solution. The functionsU1(R) andU2(R) are represented
by adiabatic potential curves with minimal values that are the
minimal equilibrium values after relaxation of the active cen-
ters [19–21]. In thermal equilibrium the energy of an individ-
ual active center is determined by the Boltzmann distribution
around the minimum of these potential curves. If an electro-
magnetic pulse drives the system from the equilibrium, the
interaction between the solute and solvent molecules restores
the equilibrium after the cross-relaxation timeT3. When con-
sidering the interaction of the molecular system with an ex-
ternal electromagnetic field, the system can be treated as
an inhomogeneously broadened ensemble of Franck–Condon
systems with resonant frequencies given by (9). For each
excited Franck–Condon state, spontaneous fluorescence tran-
sition to the ground state occurs at rateA(ω0). Besides the
cross-relaxation process inside the band, nonradiative relax-
ation transitions to the ground level occur at rate 1/T1. The

Fig. 6. Adiabatic potential curves for the ground and excited states of
the dye solution as function of the configurational coordinateR. Differ-
ent active centers are at different coordinatesR. The resonant frequency
is a function of R according to (9). At equilibrium the distribution is
Boltzmann. The relaxation process along each band has a characteristic
cross-relaxation timeT3. The processes of absorption, fluorescence and
nonradiative relaxation take place along the whole band. The fluorescence
occurs at rateA(ω0) and the nonradiative relaxation from the excited to the
ground band occurs at rate 1/T1
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rate equations for this system can be written as

dn1

dt
= (n2 −n1)

σF0

2hωτh0(ω0)
− n1

T3
+ n2

T1

+ A(ω0)n2 + g1(ω0)

T3
N1 , (10)

dn2

dt
= − (n2 −n1)

σF0

2hωτh0(ω0)
− n2

T3
− n2

T1

− A(ω0)n2 + g2(ω0)

T3
N2 , (11)

dN1

dt
=

∞∫
0

(n2 −n1)
σF0

2hωτh0(ω0)
dω′ + N2

T1
+ AefN2 , (12)

dN2

dt
= −

∞∫
0

(n2 −n1)
σF0

2hωτh0(ω0)
dω′ − N2

T1
− AefN2 , (13)

wheren1 andn2 are the populations of the ground and ex-
cited Franck–Condon states, respectively;N1 = ∫ ∞

0 n1dω′
and N2 = ∫ ∞

0 n2dω′ are the total populations of the ground
and excited electronic bands, respectively;σ = 8ωd2T2/
(3

√
πncε0h) is the peak-absorption cross-section absorption;

n is the solution refraction index;c is the speed of light;
ε0 is the vacuum dielectric permeability;d is the averaged-
over-orientations dipole moment;T2 is the phase relaxation
time; h0(ω0) = 1+ T 2

2 (ω−ω0)
2; ω is the incident-field fre-

quency; Aef =
∫ ∞

0 A(ω′)n2dω′/N2 and g1(ω0) and g2(ω0)
are the population distribution functions for the ground and
excited states, respectively. In (10) through (13) we have con-
sidered that the incident electromagnetic pulse is Gaussian
with pulse duration equal toτ.

The distributionsg1(ω0) and g2(ω0) are determined by
the active center distributions in ground and excited states
and depend on the shape of the potential curvesU1(R) and
U2(R). For these functions we use the approach proposed by
Kinoshita and Nishi based on Onsager’s cavity model [21].
In Appendix B we show details of this calculation. From this
model we obtain

g1,2(ω0) = √
γ/πexp(−γ(ω

(0)
1,2 −ω0)

2) , (14)

whereγ = hc/(ωSSkT), ω0
1 is the peak absorption frequency,

ω0
2 = ω0

1 −ωSS, ωSS is the Stokes shift,k is the Boltzmann
constant andT is the temperature.

We solve (10) through (13) in the stationary approxima-
tion. At room temperature the cross-relaxation rate (1/T3)
is in the range of 1012 s−1 and the fluorescence rateA and
(T ∗

1 )−1 are in the range of 109 s−1. The stationary approx-
imation is well justified for an electromagnetic pulse of
5×10−9 s [22]. Solving (10) through (13) in the station-
ary approximation, we obtain for the population difference
∆n = n2 −n1 and forN2 the relations

∆n(ω0) =
(g1(ω0)+ g2(ω0)((T ∗

1 − T3)/(T ∗
1 + T3)))N2 − g1(ω0)N

1+σF0T ∗
1 T3/(hωτh0(T ∗

1 + T3))
,

(15)

N2 = NG1σF0T ∗
1ef/(2hωτ)

1+ (G1+ G2)F0σT ∗
1ef/(2hωτ)

, (16)

where N = N1 + N2; T ∗
1 = T1/(1+ AT1); T ∗

1ef = T1/

(1+ AefT1); G1 = ∫ ∞
0 g1(ω

′)/(h0(ω
′)+σT ∗

1 T3F0/(hωτ(T ∗
1 +

T3)))dω′ and G2 = ∫ ∞
0 g2(ω

′)((T ∗
1 − T3)/(T ∗

1 + T3))/(h0
(ω′)+σT ∗

1 T3F0/(hωτ(T ∗
1 + T3)))dω′. The absorption coeffi-

cient is given by

α = −
∞∫

0

σ∆n(ω′)
h0(ω′)

dω′ , (17)

From (15), (16) and (17) we obtain

α = α0

1+ F0/FS
, (18)

whereα0 = σNG1 and

FS = 2hωτ

σT ∗
1ef(G1 + G2)

. (19)

We calculate the fluorescence quantum yield by dividing
the amount of fluorescence photons per second (AefN2) by the
amount of absorbed photons per second (F0α/(2τhω)). After
simple algebraic calculation we obtain

φf = AefT1

1+ AefT1
. (20)

The saturation effect reduces the total absorption to zero
if the parametersT1 and A do not change during the field–
matter interaction. In this situation, the presence of high field
fluence does not affect the fluorescence quantum yield as
defined by (20). We propose that the probability of nonradia-
tive transitions (1/T1) increases with the field fluence while
the spontaneous fluorescence probability A remains constant.
The probability of a nonradiative transition is determined by
the interaction between the dye molecules and the surround-
ing solvent molecules. This relaxation process depends on
the temperature (see for example [23]). Increasing the exter-
nal field fluence reduces the characteristic times of transla-
tional and rotational displacements of the surrounding solvent
molecules because of the larger amount of energy converted
into heat. The spontaneous fluorescence is a quantum charac-
teristic of the dye molecule itself and does not vary through
the solute–solvent interaction. Considering that the nonradia-
tive relaxation rate increases linearly with the field fluence,
when increasing the external field fluence we will have

AefT1 → 0 , and φf → 0 . (21)

The relation (21) means that the fluorescence process
quenches and that the relative amount of the absorbed energy
that is converted into heat increases. This model also predicts
that the absorption coefficient does not approach zero when
increasing the field fluence. It approaches the value of the
thermal absorption (see below).

For the sake of simplicity, in the calculations below we
supposeT ∗

1 = T ∗
1ef for any value of the resonant frequency

ω0 within the molecular band. Using (18) with the parame-
ters:T2 = 30 fs,ω0a = 17 475 cm−1, ω0b = 16 851 cm−1, T =
300 K, T3 = 2 ps,T ∗

1ef = 2 ns,n = 1.3, d = 6 D andτ = 5 ns
we calculate the absorption coefficient in the situation of
fixed values of the relaxation rates. The value ofT2 is in the



212

range of 7 to 90 fs measured for different rhodamine solu-
tions in four-wave-mixing experiments [24]. The value ofω0a
corresponds to the peak absorption of rhodamine 101. The
difference (ω0b−ω0a) correspond to the Stokes shift for rho-
damine 101 (ωSS = 624 cm−1). The value forT3 is in good
agreement with the characteristic time of translational and
rotational displacements of liquid molecules at room tem-
perature [25]. The value ofT ∗

1ef is in good agreement with
previous reported values for similar systems [26]. The re-
sult of this calculation is depicted by the solid curve ‘b’ of
Fig. 4. For fluence values larger than 0.004 mJ/cm2 the cal-
culation does not reproduce the experimental results. The
calculated absorption coefficient decreases to zero, in dis-
agreement with the experimental results that show stabiliza-
tion of the absorption around the thermal absorption value.
However, this discrepancy can be corrected by using the same
equation (18) with the range of experimental fluence values
0.0001 J/cm2 < F0 < 0.05 J/cm2 and the relaxation timesT1
andT3 being governed by

T1 = 2.2×10−11 s/F0 and (22a)

T3 = 1.08×10−15 s/F0 , (22b)

where F0 is given in J/cm2. For the given experimen-
tal situation, these relaxation times change in the ranges
2.2×10−7 s > T1 > 0.43×10−9 s and 10−12 s > T3 >
2×10−14 s. ForAef = 0.5×109 s−1, we obtain for the relax-
ation time: 2×10−9 s> T ∗

1ef > 0.35×10−9 s. We calculate
the absorption using (18) taking into account the relations
(22a) and (22b). The rest of the parameters are the same as
in the previous calculation of curve ‘b’. The result is shown
by curve ‘a’ of Fig. 4. In the same figure the solid curve c is
the calculation of the thermal absorption using (7), where we
have considered a linear proportionality between the induced
phase and the incident-field fluence.

Using (20) and relations (22a) and (22b), we calculate the
dependence of the fluorescence quantum yield on the pump-
field fluence. The result is given by curve ‘b’ in Fig. 5. The
rest of the parameters are the same as in the calculation of
Fig. 4. If again we consider that the relaxation times do not
depend on the field fluence, we obtain the curve ‘a’ that shows
a constant value of the fluorescence quantum yield; a result
that clearly does not fit the experimental observations.

In the model we have used the stationary approxima-
tion. However, conclusions similar to ones presented here
can be obtained by a direct numerical integration of (11)
through (14).

The model explains well all the observed phenomena: the
initial reduction of the absorption coefficient at moderate flu-
ence values and its stabilization at high fluence, the quenching
of the fluorescence and the lack of saturation of the thermal
absorption coefficient.

4 Conclusions

We have investigated the influence of the saturation of ab-
sorption on the fluorescence process. We show that the flu-
orescence quantum yield decreases when increasing the ex-
ternal field fluence. This is the result of the combination
of two effects: the saturation of the absorption that reduces
the amount of energy absorbed by the dye solution and the

competition between the fluorescence and the nonradiative
relaxation channels from the excited state. The amount of
excited molecules relaxing through a fluorescence process
decreases with the field fluence. However, the amount of
excited molecules that give their energy up to the solvent
molecules through a nonradiative channel remains almost un-
altered when increasing the field power. Three experimental
facts support this interpretation: the lack of saturation of the
thermal absorption, the stabilization of the total absorption
around the value of the thermal absorption and the quenching
of the fluorescence.
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Appendices

Appendix A

We solve (5) and (6) in the presence of saturation of the ab-
sorption. Combining (6) and (18), we have

dF

dz
= − α0F

1+ F/FS
. (A.1)

The integration of this equation along the path length of
the sample cell gives

F = F0

1−exp(−F0/FS)+exp(α0L − F0/FS)
, (A.2)

whereL is the length of the sample cell andF0 is the exter-
nal field fluence at the entry of the sample cell. Combining
(4), (5) and (A.2) we obtain for the induced thermal phase
shift φ0

dφ0

dz
=
παthF0

λp�CV

(
dn

dT

)
1

1−exp(−F0/FS)+exp(α0z − F0/FS)
.

(A.3)

We integrate (A.3) again over the sample-cell path length.
From the obtained expression we can deduce (7) for the ther-
mal absorption coefficientαth.

Appendix B

In this appendix we calculate the distribution functions of the
ground and excited states using the configurational coordinate
(CC) model. We start from the free-energy expression for the
electronic and excited states after Kinoshita and Nishi [21].
As a configurational coordinate they choose the reaction field
of the medium defined in the dielectric theory after Zwan
and Hynes [27]. This theory is based on the Onsager cav-
ity model. The Onsager cavity model treats the molecule as
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a point dipole buried within a spherical cavity in a continu-
ous dielectric medium. The free energies are expressed in the
following form:

U1 = U0
1 +CQ2 , (B.1)

U2 = U0
2 +C(Q − Q0)

2 , (B.2)

whereU0
1,2 are the minimal values of the free energies of

the ground and excited states, respectively;Q = R− Req
1 and

Q0 = Req
1 − Req

2 ; Req
1 and Req

2 are the equilibrium reaction
fields for the relaxation in the electronic and ground states,
respectively andC = hωSS/(2Q2

0).
Using (B.1) and (B.2) we obtain the relation between the

configurational coordinateQ and the resonant frequencyω0

Q = h(ω0
1 −ω0)/(2CQ0) , (B.3)

with

ω0
1 = (U0

2 −U0
1 +CQ2

0)/h . (B.4)

At low field fluence, the absorption spectrum has a max-
imum atω0

1. At thermal equilibrium the distribution is Boltz-
mann. Then, the distribution functionsg1,2 can be written as

g1,2(ω0) = g0
1,2exp(−U1,2/kT) , (B.5)

where the constantsg0
1,2 are determined from the normaliza-

tion condition
∞∫

0

g1,2(ω0)dω0 = 1 . (B.6)

Using (B.1), (B.2) and (5) we obtain (14).
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