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Abstract

Using the scheme of thermal diffusion forced Rayleigh scattering (TD-

FRS), we investigated the thermal diffusion of polymer/water system and

compared our data with the theoretical calculation, which showed an a-

greement. This is the first attempt to use a 1064nm NdYAG laser as the

writing laser in this experimental system.

1 Introduction

Thermal diffusion, also known as thermophoresis, which was first discov-

ered by Ludwig and Soret in the 19th century, is a response of the movement

of particles to a temperature inhomogeneity. If there exists a temperature gra-

dient inside a mono- or multi-component solution, the solutes will move along

(parallel or anti-parallel to) the temperature gradient, thus a concentration in-

homogeneity will be established and it will in turn affect the mass transport.

Phenomenologically, this process can be described by the equation

jm = −D∇c−DT c∇T (1)

where jm is the mass flux density, c the concentration of the solute, T the

temperature, DT the thermal diffusion coefficient and D the mutual diffusion

coefficient[1].

Thus, we can define a Soret coefficient ST = DT

D , which describes the

system both in equilibrium and non-equilibrium. By setting the mass flux

to be zero, the concentration distribution in equilibrium is obtained c(x) =

c(x0)exp[−ST (T (x) − T (x0))]. Dependent on the sign of the Soret coefficient,
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particles will concentrate exponentially at the cold region or the warm region

in the solution.

The most fascinating point of thermal diffusion is the strongly-material-

dependent property of the Soret coefficient. Both the absolute value and the

sign of the Soret coefficient can vary in a wide range due to different material-

s. This means that for a multi-component solution in a temperature gradient,

different components can have opposite responses to the inhomogeneous tem-

perature. Macroscopically this is manifested by the Soret coefficient and an

analogous of an external force is assumed, but in a microscopic scale the inter-

action on the surface between the particles and the solvent should be taken into

consideration[2]. Even till now there is not a sufficient theoretical method to

treat this problem.

In recent years several experimental methods to investigate thermal diffu-

sion have been established. Most effective methods include optical measurement

thanks to its convenience. Most methods consist of a writing part and a reading

part. In the writing part a temperature gradient in the solution is established

by the water absorption of the local intensity of a laser beam. In the reading

part the refractive index inhomogeneity is detected by the diffraction of another

laser beam. The whole procedure includes at least two processes, correspond-

ing to two changes of the refractive index in the solution. The first one is the

fast thermal response, corresponding to the water absorption of light and the

temperature dependence of the refractive index of water; the later one is the

slow thermal-diffusion response, corresponding to the thermal diffusion of par-

ticles in the solution and the refractive index inhomogeneity generated by the

concentration inhomogeneity. So in a typical measurement of the diffraction

efficiency of the solution, at least two risings can be detected (more than two

if the solution is multi-component), which are easily discriminated since their

time scales are very different.

An optical method named thermal diffusion forced Rayleigh scattering (TD-

FRS) was developed by W. Köhler and used in our work[3]. In this method the

writing part generates a periodic temperature distribution by the interference

of two coherent laser beams (plane wave) and the reading part uses another

laser beam to detect the generated periodic refractive index distribution, us-

ing the principle of Bragg diffraction. In my summer internship I completed

the YAG-TDFRS experimental setup, wrote a virtual instrument for this setup

using LabVIEW and measured the thermal diffusion of a polyethylene glycol

(PEG) 3000 solution. This is the first attempt to use a NdYAG 1064nm laser

in a TDFRS system.
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Figure 1: The experimental phenomenon in a typical TDFRS measure-

ment. (a) a process showing how the Bragg diffraction is gradually established.

(b) a diagram illustrating how the thermal diffusion works, where the (purple)

line indicates the temperature inside the solution and the (blue) shadow shows

where the particles concentrate, in the case of positive Soret coefficient.

2 Theory

The phenomenological description of TDFRS has been briefly stated above.

The periodic temperature gradient is excited by an interference pattern, where

theoretically the intensity distribution is[1]

I(x) = I0 + Iqe
iqx (2)

Due to the water absorption, the 1D temperature distribution inside the solution

is also in this form—using the heat equation, we can calculate the temporal and

spatial temperature distribution

T (x, t) = T0 + Tm(t) + Tq(t)e
iqx (3)

Due to dissipation, the time scale of the heat diffusion τth = (Dthq
2)−1 is

approximately 1ms, where q is the wave number of the interference pattern.

Using equation (1) and the linear response theory, we can derive the heterodyne

signal, which is proportional to the amplitude of the diffracted beam

ζhet(t) = 1− e−t/τth −K[τ(1− e−t/τ )− τth(1− e−t/τth)] (4)

where K is a constant dependent on the solution and τ = (Dq2)−1 is the col-

lective diffusion time constant. In accordance with our intuition, equation (4)

contains a fast response from the temperature and a slow one from the concen-

tration grating.

3 Method

In our system, the writing laser is a NdYAG 1064nm laser, at which wave-

length the absorption of water is only one tenth of its maximum[4]. Therefore,
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Figure 2: (a) The scheme of the TDFRS setup used in our experiment.

(b) The interference pattern of the writing beams detected by a CCD

camera.

a maximum power up to 10W is required in our system. In order to detect the

heterodyne signal, two Pockels cells are used in our system to shift the relative

phase of the two writing beams by π. To stabilize the initial phase, a piezo is

connected to one of the mirror in order to continuously shift the phase. The

reading laser is a 632.8nm He-Ne laser and a fiber coupler is used to couple both

the diffracted beam and the the reference beam into the fiber. The interference

pattern of both the reading and writing beams are set equally to be 0.09mm.

The fiber is connected to a counter on the NI databoard and the amplitude of

the heterodyne signal is measured by the number of pulses received within a

fixed time interval.

Both the active phase tracking and the heterodyne signal measurement are

controlled by a LabVIEW program. External waveform generators are used to

realize synchronization in our experiment.

PEG3000 solution with a mass concentration 5% is used as the sample. The

sample is instilled into a 1mm-thick sample cell and the cell is placed where both

the split writing beams and the split reading beams overlap.

4 Result

In the literature, we obtain the mutual diffusion coefficient of the PEG3000

molecules[5], which is approximately 0.145×10−5cm2s−1. Thus we can calculate

the time constant of the thermal response and the thermophoresis response,

0.72ms and 0.71s, respectively. The experimental data are shown in Fig.3. In

this graph, we can see two risings in the temporal homodyne signal, which

correspond to the fast thermal response and the slow thermophoresis response.

By exponential fitting, two time scales can be extracted, 1.17ms and 0.108s,

respectively, which show an accordance with our theoretical values.
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Figure 3: The temporal homodyne signal of 5% PEG3000 solution.

Since the time is limited, some goals in our work hasn’t been achieve yet,

such as the correct heterodyne signal and the investigation of the thermal diffu-

sion of DNA/RNA. TDFRS is an in situ method and the whole measurement is

operated near equilibrium. Some further efforts are needed to finish this project.
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