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Abstract

We present a new pump-probe mode-mismatched thermal lens method for pulse excitation aimed to the measurement of nonlinear
absorption coefficient in optical materials. We develop a theoretical model based on the Fresnel diffraction approximation and their pre-
dictions are verified experimentally with samples of Rhodamine 6G and Rhodamine B in ethanol solution. The principal advantage of
this technique is that it does not require any mechanical movement during measurement. Below we perform the new type of thermal lens
experiment in the pulse regime for the measurement of nonlinear absorption coefficient in transparent samples and we demonstrate the
validity of theoretical predictions using an alternative method to the classical thermal lens technique.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Due to its high sensitivity and simplicity, the pump-
probe thermal lens method has been previously used in
pulse regime to spectroscopy studies and the measurement
of two-photon absorption (TPA) coefficients in optical
materials [1-8]. In this method, the two-photon absorption
by the sample from the pulsed pump beam generates tem-
perature distributions and as consequence it induces a spa-
tial distribution of the refraction index or thermal lens
(TL). The TL induces distortions of the probe beam
wave-front at the far field, which is generally measured as
the change in the transmittance of a small aperture located
on-axis of the probe beam. The normalized transmittance
change allows to measure the TPA coefficient of the sam-
ple. Theoretical and experimental analyses of TPA were
measured by TL technique and developed for first time
by Twarowski and Kliger [1]. They presented theoretical
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and experimental results that describe the formation of
TL induced by pulsed lased excitation. The thermal lens
Z-scan [7,8] (TLZ-scan) technique considers diffraction
effects due to the thermal lens. This method basically con-
sists in detecting changes of the wave-fronts of a probe
beam in the far field, when the nonlinear medium is
scanned through the focal plane of the pulsed pump beam.
The magnitude of TPA coefficient can be deduced by plot-
ting the transmittance of a small aperture as a function of
the sample position. Despite its sensitivity and experimen-
tal simplicity TLZ-scan has limitations; because this tech-
nique is both time and labor-intensive, due to a
considerable number carefully TL signal measurements
for each sample position are needed consuming large
amounts of thermal lens signal for each sample position.
As an alternative to TLZ-scan for TPA measurements,
in this work we show a simple theoretical and experimental
method called I-scan thermal lens. I-scan technique con-
sists of a typical pump-probe thermal lens experiment,
however in contrast to TLZ-scan the sample is spatially
fixed in the pump beam waist. The photothermal phase
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shift is induced changing the incident intensity onto sample
by means an optical attenuator. Advantages of I-scan
method are: (a) simple experimental alignment, (b) none
mechanical movements of the samples during the measure-
ment and (c) high sensitivity typically observed in mode-
mismatched thermal lens experiments. The proposed model
is validated by measurements of two-photon cross-sections
of Rhodamine 6G (Rh6G) and Rhodamine B (RhB) solu-
tions in ethanol. The obtained results are compared with
the ones reported previously.

2. Theory

Let consider us a typical pump-probe mode-mismatched
TL experiment [9] in which both beams are propagating
coaxially along z direction. The pump beam is used to gen-
erate the temperature distribution in the sample, as a con-
sequence that the sample has both linear and nonlinear
absorption at the pump beam wavelength; distortions in
the probe beam wave-front at the far field are induced.
These distortions are used to calculate the TL signal as a
function of the intensity pump beam by using the Fresnel
diffraction approximation. We suppose that the position
of the excitation beam waist is taken as the origin of the
optical system (z = 0) with the sample locates in this posi-
tion. For a nonlinear optical material that have linear and
nonlinear absorption coefficients at the wavelength of the
pump beam, according to the basic TPA process, the beam
intensity changes along the propagation direction z-axis
and is described by:
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where o and f§ are linear and nonlinear absorption coeffi-
cients of the medium respectively, 7 is intensity of the pump
laser and z is the spatial coordinate. By considering the
thin-sample approximation the intensity distribution at
the exit of the sample of thickness / may be obtained as
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In the case where o/ < 1 and plly < 1 Eq. (2) is used to
determine the energy flow into unit volume per unit time

at a distance r from the optical axis:

o(r,t) = % = al(r, 1) + PI(r,1). (3)

Let suppose us the pump beam is a pulsed laser with
Gaussian profile in space and time:
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where wy and t are respectively the waist beam and the
duration time of pulse at full width half maximum
(FWHM): 7 = rp\/ln_Z, w = wyv2In2. The maximum on-
axis intensity I, at the e > level is given by
Iy = 4E/(ny/nwit) where E is the energy of the pulse.

Using the Gaussian beam described by Eq. (4) we calculate
the temperature distribution of the medium solving the
heat diffusion differential equation in cylindrical coordi-
nates and assuming an infinite radial boundary condition:
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where « is the thermal conductivity, D is the thermal diffu-
sivity and ¢ is the time. To deduce Eq. (5) we assume that
the heat generation in liquid is instantaneous. This assump-
tion is done due to that the duration time of the laser pulse
(1), which is in the nanosecond scale range, is much less
than the characteristic relaxation time associated with
photo-thermal effect (¢, = wj/4D), that is in the millisec-
onds scale range. The rise in temperature of the medium
is accompanied by a change in its refractive index
(An = (dn/dT)AT), which alters the propagation of the
probe beam. The change in the transversal phase of the
probe beam (A¢ = An(2n/4,)]) due to the photothermal ef-
fect is obtained by:
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where (dn/dT) is the thermo-optic coefficient of the sample,
/p 1s the wavelength of the probe beam. A¢y; and Agy, are
amplitudes of the photothermal phase shift due to the lin-
ear and nonlinear absorption, respectively.

The on-axis complex amplitude of the probe beam at the
far field aperture is given by [9]:
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where z; is the distance between sample and aperture plane
and z, is sample-waist probe beam distance. The Rayleigh
range (nwf) /%), the power and the radius at the sample po-
sition of the probe beam are respectively denoted by z., P
and wp,. Placing the aperture plane in the far field
(z2 > z.) and replacing Eq. (6) into Eq. (7) we can calculate
the TL signal, which is defined as the relative change of the
transmission through the small aperture:
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where sub-index 1 and nl denote linear and nonlinear,
respectively. The factor (1 — @..pr Ae/(4)) is introduced in
Eq. (9b) due to the two-photon fluorescence occurs simul-
taneously with generation of TL, ®..y (4) and A. are
respectively fluorescence quantum yield, wavelength of
fluorescence emission and excitation laser wavelength.
The parameter m = w, /wy was defined by Shen et al. [9]
for CW laser TL technique and it is viewed as the degree
of mode-mismatching of the probe beam and excitation
beam in the sample. Introducing the coupling factor as
the ratio of the phase amplitudes (A¢g/Adoi) in Eq. (9),
we define the normalized thermal lens signal as:
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where 4 = o/ is the absorbance of the sample at the pump
beam wavelength, we can see that the normalized thermal
lens signal is proportional to the input intensity 7, with
the proportionality factor depending on TPF quantum
yield and the ratio between nonlinear and linear absorption
coefficients of the sample. Eq. (10) is only valid for both

Ago; < 1 and A¢g, < 1, because thermal convective and
aberrant effects are not considered in our theoretical model.

3. Experimental details and results

The experimental setup is schematized in Fig. 1. The
experiments were performed with a Q-switched Nd:YAG
laser (Continuum minilite) delivering 10ns pulses at
A =1064 nm with a repetition rate of 10 Hz. A half-wave
plate (4/2) placed before a Glan polarizer (P), allows the
adjustment of the total input energy. Control of the input
pulse energy is achieved by means of a beam splitter
(BS;), the reflected beam from its first surface sends about
4% of the total beam on a photodiode (D) connected to a
two-channel digital oscilloscope. Using a positive lens (L)
the beam is then focused to a spot of radius wy = 200 pm
at the focal plane, corresponding to a Rayleigh length
zo =12 cm in the air. The probe beam is the light from
1-mW CW He—Ne laser (4 = 633 nm) and it passes through
the sample (S), which is fixed at the waist of the excitation
beam (z = 0). Samples consist in solutions of Rhodamine
6G (Rh6G), Rhodamine B (RhB) in ethanol, which have
a concentration of 10™* M contained in quartz cells of
1 cm path-lengths. A second beam splitter (BS,) directs
the probe light onto the sample in the coaxial direction
of the pump beam. The interference filter (F) cancels the
pump light behind the sample-cell. The probe beam finally
propagates into the detection system consisting of a small
aperture, (dg = 1 mm), the photodiode (D,) and the digital
oscilloscope. The two-photon fluorescence light is detected
at a right angle by a collimated lens attached to the optical
fiber connected to the spectrometer (Sp) (Ocean optics
S2000).

Fig. 2 shows both absorbance and two-photon fluores-
cence spectrum of Rh6G sample indicating excitation
wavelength, lineal absorbance and the emission wavelength
of two-photon fluorescence, similar spectrum is obtained
for RhB sample. To measure linear absorbance of samples
at 1064 nm we use the typical transmittance technique from
absorbance spectrum.

Analyzing absorption spectrum of Rh6G we observe
that this sample has low absorption at the probe and pump
beam wavelength, however only photothermal contribu-
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Fig. 1. I-scan experimental setup. Nd:YAG: pump beam; 2/2, P: half-wave plate and Glan polarizer; BS;: beam splitters; D,: photodiodes; L: positive lens;
He-Ne: probe beam; S: 1 cm path-lengths sample; F: interference filter; dy: small aperture and Sp: spectrometer.
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Fig. 2. Absorption and fluorescence spectra of Rh6G in ethanol solution
showing wavelengths of pump beam, absorption (A) and two-photon
fluorescence (TPF), respectively.

tions due to high density power of pump beam are taken
into account; whereas power density of probe beam is
enough low that we can neglect any thermal lens effect
induced by this beam. Hence, for both tested samples the
thermal lens signal is induced by absorption of one and
two-photons as is predicted by Eq. (9).

We measured thermal lens and two-photon fluorescence
signals as a function of the incident intensity on samples.
To estimate the resolution of the measurements, a cell filled
with the solvent (ethanol), was located at the waist of the
pump beam and the intensity was increased from 0 to
1 GW/cm?, neither nonlinear effects nor aberrational
effects at these intensity levels were observed. In the same
experimental conditions, we repeat the measurements using
Rho6G. Fig. 3a shows the TLS and TPF as a function of
incident intensity Io for Rh6G sample. The dependence
of TLS and TPF at intensities greater than 0.6 GW/cm?
is not considered due to aberrational effects to appear at
these intensity levels. For intensities less than 0.1 GW/
cm” the dependence TLS-Intensity shows that the photo-
thermal effect is completely induced by the linear contribu-
tion of Eq. (9), which changes when intensity is increased
revealing clearly that nonlinear process are present in the
photothermal effect. This is directly verified by TPF-Inten-
sity dependence, where typical second order slope obtained
from intensities detected by the spectrometer indicates a
two-photon excitation mechanism [10-12]. We measure
the temporal wave-form of the laser pulse and the one on
the TPF, and we obtain the FWHM of pulses are approx-
imately 10 ns and 9 ns, respectively. This result indicates
that TPF is induced from Rh6G due to a two-photon
absorption process. The expected quadratic dependence
of TPF on the incident density power is shown in the
Fig. 3b for Rh6G sample. For the case of TLS-Intensity
this second order dependence is not observed indicating
that the contribution of two-photon fluorescence in Eq.
(9) becomes significant to reduce the thermal lens signal.
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Fig. 3. (a) Experimental thermal lens and two-photon fluorescence signals
as a function of the incident intensity from a 10~ M of ethanol solution of
Rh6G. (b) Nearly Quadratic density power dependence is observed from
TPF, while, for TLS the measurement yields a slope smaller than TPF.

To determinate two-photon cross-section in Rh6G and
RhB, the experimental data from TLS-Intensity depen-
dence study were treated using the following procedure:
First, the background and offset are eliminated. Second,
each TLS data point was divided by its corresponding inci-
dent intensity (/). Finally, the results are normalized
obtaining the plot shown in Fig. 4, where the calculated
data as function of incident intensity verifies the linear
dependence predicted by Eq. (10). This plot clearly indi-
cates that only linear and nonlinear absorption induced
the photothermal effects; neither thermal convection nor
spherical aberration distortion are considering in our
experiment. Linear regression fit, indicated by solid line
in this figure, yields a slope with a value of 2.078 cm?/
GW. By considering this slope value and 4 = 0.026 which
was previously measured by using this technique in linear
regime Eq. (9a), /=1cm, ®.pr =0.95, (1) = 569 nm and
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Fig. 4. Normalized thermal lens as function of incident intensity, linear
function was fitted to the experimental data. The measurements agree with
Eq. (10).

Table 1

Ratio of TPA cross-section (6) of Rh6G and RhB at 1064 nm compared
with other ones previously published, our obtained value of 0.95 agrees
with them

This work  Kaatzand Hermann Bradley
2006 Shelton 999  and et al.
(10 ns) (125 ns) Ducuing 1972 (ns)
1972 (60 ns)
Rh6G/RhB 095 0.90 091 0.79

/e = 1064 nm as parameters for Rh6G sample, from Eq.
(10) we estimate the absolute value for two-photon absorp-
tion coefficient in (0.1040.01) ¢cm/GW. Two-photon
absorption coefficient can be also expressed in term the
two-photon absorption cross-section [6] f = 2N6/hv, where
N is the number density of molecule in the sample, &
Planck’s constant, v frequency of the excitation light and
0 the cross-section for two-photon absorption process.
The measured TPA cross-section from Rh6G is
d=(15+1)x 10 cm* — 5, which is comparable with
the one reported by Hermann and Ducuing [10]
0=(129+6)x 10~ cm* — 5 but with better precision.
To determinate the compatibility of our results with the
ones previous published, we calculated the ratio of two-
photon absorption cross-section of Rh6G and RhB at
1064 nm. Table 1 shows the computed ratio using data
reported for different author and the present work. It is
clearly noticeable that our results are consistent with previ-
ously measurements at the same wavelength.

I-scan experiment and mathematical model described
above are also an interesting alternative for the measure-

ment of multi-photon absorption coefficients and the fluo-
rescence quantum yield values with high sensitivity.
Experiments are under going in order to demonstrate this
important application of the proposed method. The princi-
pal advantage of the technique previously described with
respect to the TLZ-scan is that it is less sensitive to the opti-
cal quality of the sample because of it does not require
mechanical movements of the sample during measure-
ments, as consequence the signal of thermal lens and
two-photon fluorescence are most easily detectable.

4. Conclusion

We have developed a new theoretical and experimental
model based on the Fresnel approximation for the deter-
mination of two-photon absorptions coefficients. Using
this model, we have performed a comparison for different
schemes of the mode-matched and mode-mismatched
experiments. A comparison with previous results in the
CW regime is also presented. We have proposed a new
type of mode-mismatched TL experiment for the measure-
ment of absorption with high sensitivity in the pulse
regime. In this experiment the pump beam is collimated
and the probe field is tightly focused. We show that this
particular configuration gives larger signals comparing
with the mode-matched situation and the mode-mis-
matched method previously reported. Extended samples
can be used in this configuration in order to increase
the sensitivity even further. We show the validity of the
model predictions by performing absorption measure-
ments in ethanol and toluene.
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