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ABSTRACT: Analytical models are very important to understand physical, chemical, and t =0 t =0 t 200

biological phenomena. In many cases, obtaining an analytical model is a complex, even an

impossible task. In this work, an analytical model for thermal lens spectroscopy has been

developed. The model considers light absorbing liquids, a laser pulsed beam as the heat  1.00
source, timescale thermal regime, and small phase change produced by heating. A (g9
simplification for low-absorption samples is obtained. A complete theoretical study of their =
utilization is shown. Measurements of the thermal diffusivity of water—ethanol sample
mixtures in the liquid phase are analyzed. These values for pure substances are in good
agreement with those reported in the literature. Our methodology could be very useful in the 0.96

analysis of the optical and thermal properties of liquids.

B INTRODUCTION

When a semitransparent material is illuminated with a coherent
light source, the light is partially absorbed along the beam path,
producing a temperature gradient with the maximum value at
the center of the beam cross-section. This gradient induces a
change in the thermal refraction index, and a similar effect to a
lens appears. The monitoring of this lens-like behavior allows
the determining of the local increase of the temperature and is
the basis for what is known as thermal lens (TL) spectros-
copy.' ™ This technique has become one of the most
successful methodologies for the optical and thermal character-
ization of semitransparent liquid® and solid materials,
holography,7 and in the monitoring of a large variety of
processes. The success of this methodology is based on its high
sensitivity and versatility, which allows being used in
combination with other techniques. The theoretical founda-
tions of the technique were developed several decades ago.
The analytical approach developed by Shen et al. is the most
successful in the interpretation of the TL phenomena induced
by a continuous laser beam.” In this kind of experiment, when
the excitation laser is turned-on, the change in the thermally
induced lens allows monitoring the local temperature
evolution. This modality has become the most useful in the
characterization of a large variety of materials and systems.
TL can also be induced using a pulsed light source. It has
been shown that this option allows to perform fast measure-
ments.”'” The pulsed option can also be used to improve the
detection limit of the TL technique.'"'> However, a simple
analytical approach for analyzing the evolution of the
temperature profile for the pulsed TL is necessary in the
current literature. In this paper, a novel analytical approach,
using the basic ideas previously reported by Shen et al.,” is used
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to address the TL pulsed option. Shen et al.® obtained an
analytical equation that describes the intensity at the far field,
produced by the TL effect, for the mode-mismatched
configuration. In this case, two laser beams are used, one to
probe and the other to excite the sample. It is called mode-
mismatched because the waist of the two laser beams is in
different positions. To evaluate if this is a viable possibility, it is
necessary to compare with the complete (numerical) model,
by observing the time evolution of the pulsed TL signal. This
paper aims to obtain a simple analytical approach for the
pulsed beam methodology based on Fresnel diffraction.” The
limit of validity of our approach on the interpretation of
experimental TL data is also investigated.

B THEORY

Figure 1 shows the parameters involved in a TL mode-
mismatched configuration. Two laser beams are used, one as
the probe laser beam (red) and the other as the excitation laser
beam (green). The waist of the excitation laser beam is at the
sample position, located at the distance z; from the probe
beam waist. Due to the radial symmetry of the laser beams, a
cylindrical coordinate system is used. The temperature
evolution profile is given by the heat diffusion equation'’
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Figure 1. Schematic representation of the parameters involved in the
dual-beam mode-mismatched TL spectroscopy configuration.
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where AT(r, z, t) is the temperature variation induced by the
heat source. D = k/(pc) is the thermal diffusivity of the sample,
in which k, p, and ¢ are the thermal conductivity, density, and
specific heat of the sample, respectively. The heat source, for a
pulsed laser beam, Q(r, z, t) can be represented by the
following equation:

2

Qr, z,t) = Q, exP[—sz] exp(—A4,2)5(t)

Oe

)

Qo = 2EA,/(cprw},), in which E, is the energy of the pulse of
the excitation laser beam, A, is the optical absorption
coefficient of the sample at the wavelength of the excitation
laser beam, and @y, is the excitation laser beam waist. J is the
Dirac delta function. The time dependence of the source is
well approximated by the Dirac delta function for transients at
a timescale bigger than the acoustic timescale. For transients at
nanosecond order, acoustic waves may give rise to pressure
effects, and a local pressure gradient is created, also
contributing to the TL signal.'" This pressure gradient
launches acoustic waves propagating away from the heated
region before the thermal diffusion starts, being possible to
neglect this acoustic effect for transients on millisecond scale.

Using the integral transform methods, in the Laplace and
Hankel space, the heat diffusion equation is written as follows:

2

(s + Da*)AT(a, z, s) — D%AT(G, z,5) = Qa)e ™
z
3)
where
2 2 2
)
- 228 of )
4 8 (4)
The general solution for (eq 3) is as follows:
AT((Z, z, S) — Cle—z\/a2+s/D + Czez\/(12+s/D
Q(a)e
D(a* — A}) +s (s)

Considering the approximation of null flux at the fluid—cuvette
interface, 0,T(r, z, t)l,_o; = 0, the constants C, and C, are
given by

AVD(1 - AelogloDa’+s /JB)
€

1 —
lDaZ + S(eZIOVDaZ+s/\/5 _ 1)
Q(a)e—AeloeIO\/Daz+s /D
X

—AlD + Da* + s (6)
and

Ae\/ﬁ(eIO\/Da2+s/\/3 _ eAcIO)

C, =
Da® + S(ezlox/Da7'+s/x/§ -1)

Q@)e
—A’D + Da* + s 7)

The null heat flux assumption is a good approximation for
thick samples and short-time transients. The above solution
(eq S) does not have an analytical expression for the inverse
Laplace transform. However, for TL signal, we only need the
induced phase shift. The phase shift (for fluids) produced by

AT is given as follows:®

O

IO
AT(r, z, t) — AT(0, z, t)]d
APdTo[ (r,z,t) (0, z, t)]dz

(8)

where [ is the sample thickness, dn/dT is the change in the
refractive index produced by AT, and 4, is the wavelength of
the probe beam. Performing first the integration along the
optical path (0 < z < I;), and then the inverse Laplace and the
Hankel transforms, the phase change reduces to

0 _2%/wg,

1 — e t+2/t

O(r, 1) = 1T L
' to 1+ 2t/t 9)

where t. = w?,/(4D) and

_ EAe leff ﬂ

Oy =
ki, dT (10)

being Iz = [1 — exp(—A.ly)]/A.. Alternatively, assuming semi-
infinite space, with null heat flux in the interface z = 0, the

solution of (eq 1) is as follows: "
Q, ¥, + ¢
AT(r, z, t) = _0#
2 ~+1
Alolt 212
X exp| —=—2- — 4 - Az
H; w&(% + 1)
(11)
with
Aot + 2t
¢, = erfc LCZ]
204,4/th, (12)

This solution is a good approximation for the temperature
profile, leading only to a small difference in the second face of
the cuvette. In the low absorption limit, (eq 11) reduces to'*'°
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1+2t/tc 3.0 —_—t=

AT(r, t) = Qoe— ——= =001t
1+ 2t/t, (13) 25 — =01t |
t=t.
The normalized intensity at the center of the probe beam at =20 —— =101,
the detector plane is given as follows:'’ E — =100t
15t —-- too
™ 2 <
1(t) ‘fo exp[—(1 + iV)g — i®D(g, t)]dg‘ 10}
I(O) - o0 . 2 0.5
‘/0 EXP[—(I + lV)g]dg‘ (14) b T T T T T s e  —— e

where g = (r/a)lp)z, in which @, is the probe laser beam

radius at the sample and

V=z/z, + (2,/2,)[1 + (zl/zRP)z]. In Figure 1, it can be
observed that z, and z, are the distance from the probe beam
waist to the sample and from the sample to the photodetector
plane, respectively. The Rayleigh distance is given by zg, =
n’a)op//l in which @y, is the waist of the probe laser beam.

Considering small phase shifts, the approximation exp(—i®)

~ 1 — i® can be used, similar to the one performed by Shen et
al.8 In this approximation, a simple analytical expression for a
pulsed laser TL spectroscopy is given as follows:

1(t) 4mVt,
1(0) Pt + )PV Q4+ 2mt) (15)

The limit of validity of this expression to describe the time
evolution of the pulsed TL signal will be analyzed below. Note
that for low absorption limit [z(A, — 0) = I, the (eq 15)
becomes similar to the expression found by Marcano et al.'®"”

The corresponding equation for a cw laser beam was
reported by Shen et al.”

2
% _ [1 _ %warctan(M)] (16)
where
~ 2mV
I+ 2m) + VEE 4 1+ 2m 4+ VP (17)
and
_ R
ow Ak dT (19)

B RESULTS AND DISCUSSION

In Figure 2, the increment of the temperature (eq 11), as a
function of the radial position r for the pulsed light beam is
presented for a sample with a low absorption coefficient (A, =
1 m™'). Note that at t = 0, the temperature reaches the
maximum value close to the center of the beam, and afterward,
the temperature becomes flatter along r, in such a way that for ¢
= 100t,, the temperature is uniform along r. Parameters and
physical properties of water that have been used for
calculations are listed in Table 1.

Figure 3 shows the radial temperature difference for different
absorption coefficients. Circles and continuous lines represent
temperature fields calculated by using (eq 11) and its
approximation for low absorption samples by using (eq 13),
respectively. Calculations were made at S mm in depth (z).
Parameters are shown in Table 1. It can be observed that the
temperature shows the strongest differences for the highest

0.00 0.25 050 0.75 1.00 1.25 1.50 1.75 2.00
T /woe

Figure 2. Radial temperature difference (eq 11), at different times for
a depth of S mm. The optical absorption coeflicient has been set at 1
m™". Parameters for Q, are given in Table 1.

Table 1. Parameters Used in Numerical Calculations’®
parameter value units
D 1.43 x 1077 m? s
W, 70 pum
E, 100 uJ
k 0.595 Wm™ K!
|4 3.72
(o 316 pm
P 997 kg m~3

21-23

“Physical properties correspond to pure water.” ~~ Absorption

coefficient will be specified in figures.

80

0.00 025 050 0 5 2.00

Figure 3. Radial temperature profile as a function of the absorption
coefficient. Circles and continuous lines were generated by using (eq
11) and (eq 13), respectively. Parameters used for calculations are
given in Table 1.

absorption coefficients. Note that for optical absorptions of 10
m~! and smaller ones, the difference between the approxi-
mated and exact temperature is almost negligible.

Figure 4 shows numerical calculations for the temperature
difference in the sample center as a function of depth
normalized to the sample thickness z/l,. It is observed that
when the low absorption approximation is used (red
continuous lines), AT is constant because this quantity is
independent of z (eq 13). For the case of (eq 11), a decrement
as a function of z is observed in agreement with the
dependence on the optical absorption coeflicient appearing
in the Beer—Lambert law. Note that the optical absorption
coefficient increases, from (a) to (c), as AT is bigger at the
surface where the heat source impinges. Also, for (b) and (c),
it is observed a decrement as z increases.
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_t=
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1 1 1
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Figure 4. Temperature difference as a function of depth at the center of the heat source, r = 0, and for (a) A, = 1 m™", (b) A, =25 m™", and (c) A,
=50 m™". Blue empty circles and red continuous-lines were generated using (eq 11) and (eq 13), respectively. A sample thickness of 1 cm has been

used. Parameters involved in calculations of AT are given in Table 1.

(a) AT (mK)

0.0 0.2 0.4 0.6 0.8 1.0
3/1(1

(b) AT (mK)

0.0 0.2 0.4 0.6 0.8 1.0
2/l

Figure S. Radial temperature field as a function of the normalized laser beam radius (r/w,,) and depth z/I, for different value of the optical
absorption coefficient: (a) A, =1 m™, (b) A, =25m™, (c) A, =50 m~’, and (d) A, = 200 m™". The other parameters used in our calculations are

given in Table 1.

Figure S shows the temperature distribution as a function of
radius, depth, and absorption coeflicient. Note that the color
scale is different for each value of A,. This is aimed to represent
the fact that the temperature difference increases for higher
light absorption. Absorption coefficients are (a) 1 m™', (b) 25
m™, (¢) S0 m™, and (d) 200 m™, giving an approximated
maximum of 3, 80, 150, and 600 mK, respectively. Usually, an
excitation laser beam at the visible spectrum is used; therefore,
Figure 5a shows the temperature field in transparent samples

like pure liquids as water,””” hydrocarbons,”* among others.
Note that the shape of the field maintains throughout the
sample. Sometimes, the power of laser beams is not enough to
provide a reasonable TL signal. In this case, it is a good idea to
dye those pure liquids™ to improve the detection, see (eq 10).
In Figure 5Sb,c the attenuation of the excitation laser beam
along the sample is presented. Samples with high absorption
coefficients can be understood by observing Figure 5d, which
corresponds to A.ly = 2. This case was studied by Koushki et
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al,”® which reported z-scan analyses of Erioglaucine
(C37H34N,045;Na,) with Al = 1.5.

Figure 6 shows the behavior of the signal when a pulsed (a)
(eq 15), and a continuous (b) (eq 16), laser beam are used as

1.0 | commp ORI
£ 05 (a) O pulsed thermal lens signal
e —— pulsed laser beam signal |

00 L 1 1 1 1 1 ]
0.0 0.1 0.2 0.3 0.4 0.5
1.0+ 1
g O  cw thermal lens signal
g 057 cw laser beam signal |
~ un.,""“ &
1]
00 L lIII||IIIIIIIllIIIIIIII|III||||l|||IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII|l| b

Figure 6. Signals normalized from 0 to 1, I, for: (2) pulsed laser
beam: blue empty circles and continuous line are the signal and heat
source, respectively; and (b) cw laser beam: red empty squares and
continuous line are the signal and heat source, respectively.

heat sources. Intensities are normalized from 0 to 1 by using
Lo = (I(t) — min(I(¢)/1(0)))/(1 — min(I(¢)/1(0))). In the
case of a pulsed laser beam, the signal decreases almost
instantaneously when thermal transport is the dominant
contribution.”” After that, the signal increases until reaching
the initial value due to the cooling down of the sample. In
contrast, for a continuous beam, the signal decreases while the
heat source is applied.

Figure 7 shows a comparison between the TL signal
obtained by the use of phase shift from the semi-infinite model

1.0f 1
09r J
Semi-infinite Finite
~ 0.8F 4 O, =3ms —— By, =3ms
\:{ Oy, =12ms —— 6y, =12 ms
E 0.7F Opp=21ms —— B, =21ms ]
= B = 30 ms B = 30 ms
0.6} 0, =39ms —— 6,;,=39ms
0.5F min(1(t)/1(0)) J
0.4L . . . . .
0.0 0.1 0.2 0.3 0.4 0.5
t (s)

Figure 7. Normalized signals generated by considering the semi-
infinite and finite model for the temperature profile. Parameters used
are given in Table 1.

is more significant for large values of 6y, in which this
approximation cannot be applied.

To obtain the range of validity of the small phase shift
approximation, a set of transients for typical thermal properties
of water was generated from numerical integration of (eq 14)
by using ®(r, z, t) given in (eq 9). These transients were fitted
to the small shift approximation model (eq 15), as shown in
Figure 8. The values for @y and D obtained from fits are

Lo T - : : —
0951 Z # J
—~ 0.90 - 6, =3 ms 1
= 0, =6ms —— 0, =6ms
E 0.85 0 =9ms —— 6, =9ms
= Oy, =12 ms O, =12 ms
0.80 F 0, =15ms —— 6, =15ms -
0.75 1
0.0 0.1 0.2 0.3 0.4 0.5
t (s)

Figure 8. Open circles show the data generated with (eq 14) for a
constant thermal diffusivity D and varying the parameter 6y, = 6,0
Parameters for calculations are given in Table 1. Continuous lines
represent the fit by the small phase shift approximation given by (eq
15).

compared with the ones used to generate the transients.
Although visual fits seem to agree, the error obtained for 6
and D increases with the increasing of the TL amplitude, as
shown in Figure 9. Results show that the analytical model

—e D 1

200}
175} = O ]
150} ]
<125t ]
5100} ]
Wl ]
5.0F
2.5}
%9 09 08 07 06 05 0.4
min((t)/1(0))

Figure 9. Deviations calculated for D (black-circles) and 6y, (red-
triangles) by fitting with (eq 15). Data were generated with (eq 14)
by using the parameters given in Table 1. Results indicate that in the
blue zone, the analytical approximations can be adequately used with
an error of the order of the experimental error.

(eq 11), in (eq 8), and the finite sample model (eq 9). For
parameters used in this work (see Table 1) both approx-
imations behave similarly. For this setup configuration, note
that when 6y, is big enough, the minimum in the signal does
not appear at the beginning of the transient, as is indicated by
arrows. For the amplitude bigger than 30%, this behavior
becomes significant. The signal at the center of the probe beam
at the photo-detector plane is a result of the convolution of the
full wavefront after the sample, which for large values m could
present a maximum for t > 0. The small phase shift
approximation does not capture this initial behavior since it

given by (eq 15) can be used successfully for min(I(t)/1(0))
bigger than 0.7 to obtain an error smaller than 5%. Outside the
blue zone indicates deviations larger than 5% for calculations
of D and 6. To be inside the experimental error range, it is
recommended to use the analytical approximation inside the
blue area and with min(I(¢)/1(0)) > 0.7. Also, care must be
taken into account if the minimum of the TL signal is at ¢ > 0.

With the purpose to explore the behavior of our approach
when the thermal properties change, mixtures of water—
ethanol were considered. Experimental data are shown in
Figure 10. Black continuous-lines correspond to the fitting
obtained using (eq 15). Figure 11 shows the thermal diffusivity
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Figure 10. TL signals as a function of time for different mixtures of
water—ethanol. Concentration in volume of ethanol used are 0, 7, 40,
60, 80, and 100%. Circles are experimental data and black continuous-
lines are the fittings obtained using (eq 15).
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Figure 11. Thermal diffusivity for water—ethanol mixtures at different
concentrations obtained from the fit with (eq 14) and (eq 15) for
filled and empty symbols, respectively. Also, 8y/E. parameter is
shown that is linearly dependent on dn/dT, see (eq 10). Standard
deviations, for which maximum percentage error value is 0.06%, are
shown.

(black symbols) and 6,,/E, (blue symbols) values of water—
ethanol mixtures for different concentrations. Experimental
data were taken from the paper of Capeloto et al.”’ Thermal
diffusivity values obtained from fitting the analytical [numerical
(eq 14), with (eq 9)] model are 1.43 X 1077 (1.42 X 1077) m?
sV and 091 X 1077 (0.96 x 1077) m* s™! for water”” and
ethanol,'”***’ respectively, being our results in good agree-
ment with the literature values. The theoretical restrictions,
discussed before, have been taken into account. Note that in
Figure 10 the minimum value of min(I(¢)/I(0)) is
approximately 0.7, which agrees with the limit discussed
before (see Figure 9). However, a little difference between the
analytical and numerical model is observed for the highest
concentrations of ethanol, because the measurements have
been done very close to the limit of the approximation used to
obtain the analytical model, which implies small phase shifts.
Therefore, for thermal characterization, it is crucial to take into
account the value of min(I(t)/1(0)). It is important to observe
the deviation of the linearity as the ethanol concentration
increases.””’" This behavior could be explained due to
molecular interactions.”” On the other hand, 6;,/E, parameter
(triangles), which is proportional to dn/dT, has similar
behavior to that found in the literature.””** Note that for
04./E,, numerical and analytical fits give similar results.

B CONCLUSIONS

A novel analytical approach for the analysis of experimental
data, obtained by pulsed TL spectroscopy, considering the
Beer—Lambert absorption law and a small phase approx-
imation, has been presented. The reach of our results for the
TL signal was evaluated by comparing with the corresponding
exact numerical TL signal. These analyses allowed determining
that as soon as the minimal intensity of the signal does not
surpass 70% of the initial signal, our analytical approximation
provides good results. In addition, it has been shown that the
approximation for low absorption liquids is only valid for
absorption coefficients smaller than 30 m™ approximately. In
summary, the analytical approach presented in this work can
be very useful in optimizing the experimental conditions and
data analyses when performing the study of materials using
pulsed laser methodologies.
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