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a b s t r a c t

Laser measurement and laser processing techniques have been gaining strong attention from various
applications. This research aims at the development of a novel optical device, and in order to fulfill the
objective, characteristics of the thermal lens effect is studied. This phenomenon has the optical property
of a divergent lens since the refractive index distribution on the optical axis is formed when the liquid
medium is irradiated. One reason for the refractive index distribution is the temperature distribution
in the liquid medium when it is irradiated. In this research, as a fundamental step to develop the fluidic
optical devices, the interaction between a refractive angle of the probe beam and the temperature distri-
bution on the thermal lens effect is investigated.

! 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Gordon et al. [1] reported that the beam shape of incident
laser light expands after passing through a liquid medium. This
phenomenon was termed ‘‘the thermal lens effect,’’ and it has be-
come a well-known photo-thermal phenomenon. Phenomenolog-
ical, optical, and spectroscopic studies of the thermal lens effect
have been carried out to describe nonlinear defocusing effect
[2–8]. Recent progress in laser technology has revealed the vari-
ous aspects of the thermal lens effect. Based on these efforts,
other mechanisms, such as liquid density, electronic population,
and molecular orientation, have been found to play important
role as well as thermal lens effect. Recent studies term these
effects as ‘‘the transient lens effect’’ [9,10]. The main advantage
of using the transient lens effect in Photo-thermal-spectroscopy
is that the sensitivity is 100–1000 greater than a traditional
absorptiometry [11].

In this research, a new idea of applying the thermal lens effect
to develop fluidic optical device is proposed. A schematic of the
concept is shown in Fig. 1. The rectangular solid region in Fig. 1a
represents the liquid medium, which has a temperature field
created by a heater-heat sink system or laser-induced absorption.
By controlling the temperature field as well as refractive index
distribution of liquid medium, the refractive angle of each light
ray passing through the liquid medium can be controlled in order
to develop fluidic optical devices such as: optical switching in

Fig. 1a, beam shaper in Fig. 1b and lens in Fig. 1c. Merits of these
devices include flexibility of optical parameters, versatility and
low cost.

In this research, as a first step to develop fluidic optical device,
the refractive characteristics of a probe beam, which is transmitted
in one-dimensional temperature distribution in a liquid sample is
studied.

2. Basics of the light ray transmitted in one-dimensional
refractive index liquid sample

In this research, the light ray is modeled in the domain shown in
Fig. 2, to calculate the refractive angle of the probe beam, which is
transmitted in a one-dimensional temperature distribution in the
liquid medium. The light ray direction transmitted in a medium
having a refractive index dependent only on the y-axis, is described
by the following form [12]

x !
Z y

0

n0 sin h cos u!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
n2"y# $ n2

0 sin2 h
q dy "1#

z !
Z y

0

n0 sin h sinu!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
n2"y# $ n2

0 sin2 h
q dy "2#

In which, the light ray passes through the medium at coordinate
center, h and u are the incident angle with y- and x-axis respec-
tively, n0 is the refractive index of the liquid medium at the coor-
dinate center.
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3. Theoretical modeling

Fig. 2 shows a schematic diagram of the model set up. The rect-
angular solid medium in the figure represents the domain consid-
ered in the calculation which consists of ethylene glycol. In the
medium, ethylene glycol has linear temperature distribution in
only the y-axis direction and the probe beam propagate along z-
axis direction. Therefore, h = u = p/2, and Eqs. 1 and 2 become:

x ! 0 "3#

z !
Z y

0

n0!!!!!!!!!!!!!!!!!!!!!!
n2"y# $ n2

0

q dy "4#

The temperature distribution of the liquid medium is modeled
with a linear function of the variable y and temperature T at point
y is calculated following:

T"y# ! T0 %
dT
dy

y "5#

In which, T0 is the temperature of the liquid medium at coordinate
origin and dT/dy is constant.

Furthermore, between 0 and 100 "C refractive index of ethylene
glycol is a linear function of temperature with refractive index
change dn/dT = $2.6 & 10$4 K$1 [13]. Therefore, the relationship
between refractive index and the variable y can be rewritten
following:

y ! n"y# $ n0

dn=dy
"6#

and

dy ! dn& dy
dn
! dn& dy

dT
& dT

dn
! dn

k
"7#

where,

k ! $2:6& 10$4 & dT
dy

"8#

By substituting Eq. (7) into Eq. (4) and solving the differential equa-
tion, the relationship between y and z can be obtained following:

Nomenclature

a Thermal diffusivity, m2/s
d Distance from the sample to the detector of the CCD

camera, m
g Acceleration of gravity, m/s2

L Thickness of liquid medium, m
n Refractive index of the liquid medium
n0 Refractive index at coordinate center
r Central position of the probe beam, mm
R Positional vector of the light ray
T Temperature, K
x, y, z Cartesian coordinate, m

v, w Velocity in y, z directions, m/s

Greek symbols
h Incident angle with the y-axis, rad
u Incident angle with the x-axis, rad
a Refractive angle, rad
b Angle between the y-axis and ray direction vector, rad
c Angle between the z-axis and ray direction vector, rad
k Probe beam wavelength, nm
U Beam waist, mm

Fig. 1. Image of fluidic optical devices. Fig. 2. Schematic diagram of computational domain.
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y ! n0'exp"kz=n0# $ 1(2

2k exp"kz=n0#
"9#

and refractive angle can be obtained as:

a ! dy
dz
! 1

2
exp

kz
n0

" #
$ 1

2
exp $ kz

n0

" #
"10#

Eq. (10) shows the expression of the refractive angle as a func-
tion of the temperature gradient and the thickness of the liquid
medium (optical path length). Fig. 3 shows the relationship be-
tween refractive angle and temperature gradient at points where
the thickness of liquid medium, L, is 1.5, 3.0 and 4.5 mm respec-
tively. As shown in Fig. 3 the relationship between refractive angle
and temperature gradient can be well approximated as linear at a
small temperature gradient.

4. Experimental set-up

Fig. 4 shows the experimental set-up to measure the refractive
angle. Fluidic optical device in Fig. 4 is a Pyrex vessel (internal size:
21 & 10 & L [mm], thickness of the liquid medium, L, can be varied)
filled with ethylene glycol. The vessel is held in an adiabatic mate-
rial (Mica glass–ceramics (Photoveel#)) as shown in Fig. 5. The
temperature on both sides of the vessel was controlled by a hea-
ter-heat sink system to create a one-dimensional temperature dis-
tribution in the liquid medium.

Fig. 6 shows the experiment set up to measure the temperature
distribution in the liquid sample. The thermocouples (K-type,
1 mm diameter) are located at 5 points with 2 mm pitch in the
upper surface of the vessel and immersed 1 mm in the liquid
sample.

The temperature gradient in the experiment is given as:

dT
dy
! T4 $ T5

Dy
"11#

In which, Dy is the distance between two thermocouples to obtain
the temperature gradient, Dy = 4 mm.

A CW laser (P = 0.6 mW, k = 632 nm, U = 0.8 mm, TEM00) is used
as a probe beam. A CCD camera (OPHIR, BeamStar-FX 50) is used as
a detector. Based on probe beam position, the refractive angle is
estimated.

a ! r
d

"12#

where, d is the distance from the experiment section to the detector
of the camera, d = 286 mm; r is the beam position.

5. Results and discussion

Fig. 7(a and b) show the comparison of theoretical and experi-
mental results at points where the thickness of liquid medium, L,

is 1.5, 3.0 mm respectively. The temperature gradient in the exper-
imental results is based on the measurement as described above.
As shown in this figure, theoretical and experimental results agree
well with each other. The experimental data includes the error cor-
responding to the difference between the actual temperature gra-
dient at the laser incidence and that is calculated by using Eq. (11).
The discrepancy at higher dT/dy may correspond to the error where
the measured temperature gives higher dT/dy and therefore higher
a prediction by using Eq. (10). This discrepancy should increase
with increasing sample thickness and the temperature gradient.
The effect of natural convection is considered in the following
section.

6. Calculation of the temperature field

Fig. 8 shows the calculation domain, consists of glass and the
liquid sample, ethylene glycol. The thickness of the upper glass is
different with the one of the lower glass following the scale of
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the real cuvette. Here, the upper glass layer is designed thicker to
give nuts (in a hole to fill the liquid sample in and out of the cuv-
ette) a few screws. The thermal conductivity of glass and ethylene
glycol is shown in Table 1. The regions, which are near the bound-
ary between liquid and glass walls are divided by a fine mesh. And
another regions are divided by more coarse size of mesh as shown
in Fig. 8.

To consider the natural convection effect, the temperature dis-
tribution of liquid sample in steady state is calculated numerically
following these governing equations [14]:

@v
@y
% @w
@z
! 0 "13#

v @v
@y
%w

@v
@z
! $ 1

q
@p
@y
% m @2v

@y2 %
@2v
@z2

 !
"14a#

v @w
@y
%w

@w
@z
! $ 1

q
@p
@z
% m @2w

@y2 %
@2w
@z2

 !
$ gb"T $ T0# "14b#

v @T
@y
%w

@T
@z
! a

@2T
@y2 %

@2T
@z2

 !
"15#

In the motion equation, the buoyant force is expressed as a
function of the temperature, therefore the natural convection is a
result of temperature variation, and there is only density change
by temperature variation as expressed in the Boussinesq
approximation.

The temperature distribution is calculated numerically base on
finite difference method. The 1st order upwind scheme and a cen-
ter 2nd order are applied for discretize the advection term and the
diffusion term respectively.

Fig. 9(a and b) show the calculated temperature distribution
along the y-axis at points where the thickness of the liquid med-
ium, L, is 1.5, 3.0 mm respectively. When compared with the case
of calculation by one-dimensional heat conduction model (consists
of glass and liquid sample), the temperature gradient along the y-
axis, calculated by 2-dimensional natural convection heat transfer
model, is smaller and the difference is about 35%, which cannot be
ignored for predictions. In addition the heating and cooling side are
separated from the liquid sample by the glass walls, which perturb
the temperature gradient. For the improvement of the device, the
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Fig. 7. The comparison of theoretical and experimental results.
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Table 1
Calculation conditions.

Parameter (a) (b)

Temperature of heating side, "C 46 47.5
Temperature of cooling side, "C 16 17.5
Thermal conductivity of glass, W/(m K) 1.26 1.26
Thermal conductivity of ethylene glycol, W/(m K) 0.26 0.26
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(b) L = 3 mm
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Fig. 9. The temperature distribution along the y-axis.
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thinner and higher heat conduction heating and cooling walls are
required to predict the device function more easily.

Because of the effect of natural convection, the measured tem-
perature gradient has a marginal error between thermocouples 4
and 5, Dy, is long, and it can be expressed as a function of Dy as:

error !
dT
dy

$ %

c
$ Tl$Tr

Dy

dT
dy

$ %

c

"16#

where, (dT/dy)c is the temperature gradient calculated numerically.
And Tl and Tr are calculated temperature at 2 points on the y-axis
and distance Dy/2 from the center in left and right side respectively.

By changing Dy one can obtain the relationship between the
temperature gradient error and the distance between two thermo-
couples to obtain the temperature gradient shown in Fig. 9(a and
b). As shown in Fig. 10(a and b), the temperature gradient error in-
creases with the increasing distance between two thermocouples
to obtain the temperature gradient due to the temperature distri-
bution. Therefore, the actual temperature gradient at the laser inci-
dence is larger than that calculated by using Eq. (11). However, the
error is very small (smaller than 3%) and one can ignore it.

Fig. 11(a and b) show the temperature distribution along the z-
axis at points where the thickness of the liquid medium, L, is 1.5,
3.0 mm respectively. Because of the natural convection, fluid mo-
tion is characterized by a recirculating flow for which fluid ascends
along the heating wall and descends along the cooling wall. As a
consequence, temperature of the upper glass layer is higher than
the one of the lower glass layer. In glass domain the temperature
is increasing along the z-axis. On the other hand, in the liquid sam-
ple domain, the temperature is decreasing along the z-axis. The
refractive index increases along the z-axis. Compared with the the-

oretical refractive angle, the experimental refractive angle has a
marginal error, corresponding to the temperature distribution
along the z-axis. Therefore, it is necessary to calculate the ray trace
of the probe beam in the case it passes through a two-dimensional
temperature distribution in order to consider the effect of the tem-
perature distribution along the z-axis.

The model shown in Fig. 12 is considered. The liquid medium
has a two-dimensional refractive index distribution in the y and
z-axis. The refractive index can be expressed as a function of the
temperature as:

n"T# ! n0 %
dn
dT
& "T $ 25# "17#

where, n0 is the refractive index of ethylene glycol at 25 "C.
Applying the Euler–Lagrange method to Fermat’s principle, the

ray trajectory equation can be written as [15,16]:

d
ds

n"y; z#dR
ds

" #
! grad"n# "18#(a) L = 1.5 mm
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where, ds and R are the differential element of the path length and
the positional vector of the ray respectively.

Numerical algorithm, equivalent to the trajectory equation, can
be describe as follows [17]:

yk%1 ! yk % Dz
cos b
cos c

" #

k%1
"19#

dsk%1 !
Dz

"cos c#k%1
"20#

where, Dz is the elementary step along the z-axis and [cosb, cosc] is
the unit directional vector, which is calculated in successive inte-
gration steps:

"cos b#k%1 ! "cos b#k %
1
n
"ny $ "ny cos b% nz cos c# cos b#ds

& '

k
"21#

"cos c#k%1 !
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
1$ "cos2 b#k%1

q
"22#

"ny; nz# ! grad"n# "23#

When the incident angle, b0, is p/2, the ray trajectory can be ob-
tained as shown in the Fig. 13(a and b). In the case of liquid med-
ium’s thickness is 1.5 mm, the refractive angle is 0.471 mrad.
When compared with the refractive angle calculated by using
one-dimensional model (0.522 mrad), the difference between
them is 10%. However, in the case of liquid medium’s thickness
is 3.0 mm, the refractive angle is 0.626 mrad. When compared with
the refractive angle calculated by using one-dimensional model
(0.779 mrad), the error is about 20% and one cannot ignore it.

Therefore one cannot ignore the effect of the temperature dis-
tribution in the z-axis in the case of large liquid medium’s thick-
ness. The discrepancy becomes larger by increasing the sample
thickness and the temperature gradient that may appear in actual
application situation.

7. Conclusion

In this research, it is shown that the refractive angle of the
probe beam, transmitted in the one-dimensional temperature dis-
tribution, is the linear function of the temperature gradient and the
thickness of the liquid medium theoretically and experimentally.
In the present case, it is necessary to consider the effect of natural
convective heat transfer in the liquid medium. One cannot ignore
the effect of the temperature distribution in the z-axis in the case
of large liquid medium’s thickness. The discrepancy becomes lar-
ger with increasing of the liquid medium and the temperature
gradient.

In the actual application situation, a small liquid medium’s
thickness and one-dimensional model can be applied to both flu-
idic optical devices as an optical switching to control the light
direction and a laser measurement technique to measure the ther-
mal properties of the liquid sample which is including the temper-
ature field and temperature diffusion coefficient. In this case,
thinner and higher heat conduction heating and cooling walls are
required to predict the device function more easily.

In this research, the propagation characteristic of the probe la-
ser in one-dimensional temperature field is investigated as a basic
step to develop a new model to explain the propagation character-
istic of the probe laser in two-dimensional temperature field. The
two-dimensional model in cylindrical coordinates is a promising
tool to develop new fluidic optical devices: to predict a distance
to transform the beam profile of a Gaussian beam to a flat-top
and a doughnut beam in the fluidic laser beam shaper system
[18,19]; to calculate the focal length of the fluidic lens [20].
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