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Technical Notes

A High-Performance and Simplified Quasi-Elastic
Laser Scattering Method Using Homodyne
Detection in Beam Divergence
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We devise the new principle of the quasi-elastic laser
scattering (QELS) method using a homodyne detection
technique in a beam divergence and successfully facilitate
the equipment. The QELS method is a unique technique
for the noncontact and time-resolved study of surface
tension at liquid surfaces and liquid/liquid interfaces. The
conventional QELS method requires a precise optical
alignment using a local oscillator such as a diffraction
grating, and the determination of the surface tension
accompanies much difficulty because of the low S/N ratio
of the power spectra. Our new principle allows high-
performance QELS measurements by only a simple align-
ment of a downsized experimental setup. The power
spectra are obtained with 50—2100 times higher S/N ratios
than the conventional ones. The power spectra are ana-
lyzed by a new theory, and the calculated surface tensions
agree with the literature values. The accuracy of the
surface tension measurements using the QELS method
is substantially improved.

Surface tension measurements provide much information on
surfactant dynamics at liquid surfaces and liquid/liquid interfaces.
Common industrial processes such as washing, printing, and
coating are closely related to the adsorption of surfactants, and
surface tension measurements are widely used for quality control,
research, and development in various industries. The measure-
ments are also helpful for fundamental studies in view of the
interfacial thermodynamics, properties, and structures. A number
of methods for surface tension measurements such as the
Wilhelmy method, the Du Noily method, the spinning drop
method have been reported so far,! but these methods bring about
mechanical perturbation and are not suitable for time-resolved
measurements. Katyl and Ingard reported a quasi-elastic laser
scattering from liquid surfaces by capillary waves (ripplons), which
are spontaneously generated at liquid surfaces.? Several research-
ers reported that the QELS method is an appropriate method for
surface tension measurements, indicating that the surface tensions
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calculated from the capillary wave frequencies agreed with the
other methods.®~® Tsuyumoto and co-workers have fabricated the
conventional QELS measurement system based on a laser
heterodyne apparatus® using a diffraction grating as a local
oscillator and have reported on the dynamics of mass transfer of
surfactants at the water/nitrobenzene interface.”"'! However,
many experimental difficulties arose in the measurements, e.g.,
the detection of the signal from the capillary waves was very
difficult because of the extremely small amplitude of the waves
(~10 nm), and the determination of the surface tensions included
accidental errors due to the low S/N ratio of the observed power
spectra. In this study, to improve the QELS method, we devise a
homodyne detection technique using a beam divergence instead
of heterodyne detection using the diffraction grating. We present
here the measurement results of standard samples and discuss
the advantages of the new homodyne QELS method.

PRINCIPLE

The principles of the conventional and the new homodyne
QELS methods are shown in Figure la and b, respectively. A
thermally generated spontaneous density fluctuation occurs at the
liquid surface. The surface tension acts as a restoring force on
the fluctuation, and it excites a surface tension wave, which is
called a capillary wave or ripplon. The capillary waves occurring
on liquid surfaces have various wavelengths, and each frequency
is dependent on each wavelength. This makes it essential to select
a capillary wave with a certain wavelength to determine the
dispersion relation of the waves. The QELS methods measure the
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Figure 1. Measurement principles of the QELS methods. (a) The
conventional heterodyne technique using a diffraction grating and (b)
the new homodyne technique utilizing a beam divergence.

capillary wave frequency of a selected wavelength, and the surface
tension is calculated from the relationship between the frequency
and the wavelength. The two principles are different in the
technique for selecting the wavelength and for measuring the
frequency.

(a) The Conventional Heterodyne QELS. A brief outline of
the principle of the conventional method based on Figure la
follows. The incident beam normal to the surface is quasi-
elastically scattered by the capillary wave with a Doppler shift at
an angle determined by the following equation:

Ktan 6 =k D)

where K and k are the wavenumbers of the incident beam and
the capillary wave, respectively. Thus, the wavenumber k of the
capillary wave is obtained by giving 6. To adjust the angle 6, a
transmitting diffraction grating was arranged in front of the cell.
The angle 6 is determined by the following equation using the
spacing d and the order n of the diffraction grating,

dsin 6 =ni )

where 1 is the wavelength of the laser beam. From eqs 1 and 2,
the wavenumber k and the wavelength A of the observed capillary
wave are obtained.

The capillary wave frequency is detected by an optical
heterodyne technique, which uses a diffracted beam as a local
light. The incident laser beam (F Hz: F = c/1) is quasi-elastically
scattered by the capillary wave (f Hz) at the liquid surface. The
scattered beam is accompanied by a Doppler shift, and its
frequency becomes F + f Hz. The scattered beam (F £ f Hz) is
optically mixed with the diffracted beam (F Hz) from the
diffraction grating to generate an optical beat in the mixed light.
The beat frequency (f Hz) obtained here is the same as the
Doppler shift, i.e., the capillary wave frequency.

In the measurement, by locating a photodiode at the nth
diffraction spot, the power spectrum of the capillary wave with
the wavelength calculated from egs 1 and 2 is obtained. The S/N
ratio of the power spectrum depends on the beat intensity in the
mixed light, and the beat intensity is proportional to the product
of the electric field intensities of the scattered light and the
diffracted light. The intensity of the diffracted light is not more

than 5% of the light source, and the observed scattered light is
only a small portion (~1%) of the expedient light scattered in the
shape of concentric circles. These result in the low S/N ratio of
the spectra, and a precise optical alignment is necessary because
of the experimental difficulties in detecting the signals.

(b) The New Homodyne QELS. To improve the disadvan-
tages of the conventional QELS method, we devised a principle
using homodyne detection technique in a beam divergence as
shown in Figure 1b. A laser beam with a continuous intensity
distribution in the divergence is incident normal to the surface.
The light intensity has a maximum at the center of the irradiated
spot and decreases monotonically with the distance from the
center. Because of the divergence, the angle of incidence varies
as a function of the distance from the center. The strongest part
of the beam is incident exactly normal to the surface, and its
transmitted light is used as a local light (F Hz). The surrounding
parts of the beam are incident obliquely and are scattered almost
nondirectionally by capillary waves of various wavelengths. Some
parts of the light are scattered exactly normal to the surface with
a scattering angle of 6 and are mixed with the local light to
generate an optical beat. By locating a photodiode at the strongest
part of the transmitted light, the optical beat between the local
light and the scattered light is observed in a power spectrum.
Because of the continuous spatial distribution of the incident beam,
the scattered beam generating the optical beat consists of multiple
scattering angles. The scattering angle that generates the greatest
signal intensity can be determined from the angle of the beam
divergence and it gives the wavelength of the observed capillary
wave as follows. The relationship between this wavelength and
the observed peak frequency gives a surface tension.

The electric field intensity of the incident beam at a distance
of r from the center is expressed by the following equation,

E(r) O exp(—r*/a® (3)

where a is the spot radius whose intensity is 1/e2 of the center.
While the electric field intensity E(r) decreases monotonically with
increasing r, the scattering area of the same scattering angle 6
increases in proportion to a circle with radius r, i.e., 2zr. Thus,
the electric field intensity generated by all the scattered light at
a distance of r from the center is approximately expressed by the
following equation,

E(r) O 27r exp(—r?/a?) 4)

The relative maximum of this equation corresponds to the peak
frequency of the power spectra, because the beat intensity is
proportional to this electric field intensity. By differentiating eq
4, we find the maximum at r = a /+/2. This corresponds to the
scattering angle of 6, /+/2, where 6, is the beam divergence of
the light source. By substituting the angle of 6, /+/2 into eq 1,
we can obtain the wavelength of the capillary wave corresponding
to the peak in the power spectrum. In the present study, the beam
divergence of the light source is 1 mrad, and thus the wavelength
of the observed capillary wave is calculated as 0.752 mm.

The surface tension y is calculated from the relationship
between the capillary wave frequency f and the capillary wave
wavenumber k using Lamb’s equation,
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where p is the density of the liquid and k is the wavenumber of
the capillary wave.

EXPERIMENTAL SECTION
Apparatus. The experimental setup of the new homodyne

QELS method is shown in Figure 2. It is much facilitated and
downsized compared to the conventional one, because the beam
divergence is already inherent in a compact laser light source and
the diffraction grating is unnecessary. The beam from a diode-
pumped YAG laser (CrystaLaser, model GCL-025S, 532 nm, 25
mW) is incident normal to the liquid surface after passing through
the bottom of the sample cell. An aperture (1 mm diameter) is
located at the strongest part of the transmitted light, and the
selected light is detected by a photodiode (Hamamatsu Photonics
$1290). Signals from the photodiode are Fourier transformed and
saved by a personal computer.

Reagents. Ethanol (Kanto Chemical Co., Inc.; special grade;
99.5%), acetone (Kanto Chemical Co., Inc.; special grade; 99.5%),
and distilled water were used as samples. Measurements were
performed at 22 °C.

RESULTS AND DISCUSSION
A power spectrum for capillary waves at an ethanol surface is

shown in Figure 3. The spectrum is obtained with 50—100 times
higher intensity and S/N ratio than the conventional methods in
our previous papers.®~!! The peak appearing at 0.64 kHz is the
beat frequency, i.e., the capillary wave frequency with the
wavelength of 0.752 mm, as we discussed above. The second,
third, and fourth harmonics are also observed around 1.4—2.6 kHz,
along with the fundamental wave at 0.64 kHz. The surface tension
was calculated from the fundamental capillary wave frequency of
0.64 kHz. Substituting the frequency, the wavelength, and the
density into eq 5, the surface tension of ethanol at 22 °C was
calculated as 21.8 mN/m. This is in agreement with the literature
value of 22.3 mN/m.12 As shown in Table 1, the peak frequencies
of the fundamental waves for acetone and water were observed
at 0.65 and 1.03 kHz, respectively. The calculated surface tensions
were also in agreement with the literature values. It was also
possible to observe the decrease in surface tensions in situ. The
peaks of the water surface including the second and the third
harmonics shifted to smaller frequencies by addition of surfactant.
This indicates that the present QELS method can be also applied
to monitor molecular dynamics at liquid surfaces and liquid/liquid
interfaces.

The measurements were also performed with the reflection-
type configuration. The beam was incident nearly normal to the
surface and the photodiode was located at the strongest part of
the reflected light. The S/N ratios and the peak frequencies were
the same as those of the above transmission type. This shows
that the present QELS method can also observe opaque solutions
such as suspensions.

The present QELS method will be useful in the measurements
of high-temperature liquids such as fused silicon, whose surface

(12) Jasper, J. J. J. Phys. Chem. Ref. Data 1972, 1, 841.

2368 Analytical Chemistry, Vol. 73, No. 10, May 15, 2001

Aperture
Miﬂ’z-—-:—-] Photodiode |4 AMP |
ADC
:
Quartz cell
Mi"\o.r\ [ YAGlaser |

Figure 2. Schematic view of the experiment setup of the new
homodyne QELS method: AMP, preamplifier; ADC, analog—digital
converter; PC, personal computer.
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Figure 3. Atypical power spectrum for capillary waves at an ethanol
surface. The peak corresponding to the fundamental wavelength of
0.752 mm is marked by an arrow.

Table 1. The Peak Frequency f, the Experimental
Surface Tension by the Present QELS Method yops, and
the Reported Surface Tension v jit.1?

f (kHz) Yobs (MN/m) yiie. (MN/m)
ethanol 0.64 21.8 22.3
acetone 0.65 22.6 23.8
distilled water 1.03 71.7 73.2

tension in the manufacturing process affects the quality of the
product of semiconductor monocrystals. It will be also possible
to perform microscopic measurements of surface tension, because
the present principle applies to a beam convergence as well as
the beam divergence. By focusing the beam in the vicinity of the
surface, we can obtain the signal from microsurfaces such as in
the channels of 4-TAS (micro total analysis systems). We expect
that the present QELS method will contribute significantly to the
development of microchemistry at liquid surfaces and liquid/liquid
interfaces. Moreover, the same principle using beam divergence
can be applied to the other laser scattering methods observing
the Doppler shift such as Doppler current meters and zeta
potentiometers. We also expect that the present principle will bring
about a tremendous ripple effect to laser spectroscopy.
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