PHYSICAL REVIEW E, VOLUME 63, 046302

Measurement of liquid surface properties by laser-induced surface deformation spectroscopy
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We developed a technique of picking up the liquid surface in a noncontact manner by a cw-laser radiation.
The momentum change of light at the laser transmission through the air-liquid interface appears as the radia-
tion pressure, which deforms the liquid surface into the shape determined by the balance between the Laplace
force of the curved surface and the radiation pressure. The displacement of the liquid surface is inversely
proportional to the surface tension, which was measured by an optical probe. The dynamic response of the
liquid surface deformation was theoretically derived under the periodical modulation of the radiation pressure.
The experimentally observed spectra were in good agreement with the theory giving the dynamic properties of
the liquid surface. The technique of the laser induced surface deformation has potential as a measurement tool
of the surface dynamic properties, such as the time-dependent surface tension and surface viscoelasticity.
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[. INTRODUCTION pressure was calculated and compared to the experimental
results obtained for pure and molecular-covered surfaces.
Recently, the laser trapping technique is making a great Up to now, one of the most useful methods of investigat-
advance, in which the optical radiation pressure is applied ting the dynamic properties of liquid surfaces has been the
pick up very small particles. The focused laser beam holdsapillary wave measurement. The spectroscopic study of the
and moves the particle with the precision of the opticalthermally excited surface tension wafrgoplon) is effective,
wavelengti1]. The technique was proved useful as a non-especially in the high frequency region above 10 kHz
contact method of manipulation and a tool of measuring mi{5-7]. The ripplon spectroscopy technique has, however,
cromechanical properties in materials. Several importanthe experimental limit in the frequency range at around 10
studies on the effect of radiation pressure on the liquid surMHz, where the sensitivity becomes poor due to the large
face were also proposed previously, in which the pulse lasemamping of the ripplon: the ripplon is excited by the thermal
were employed as light sourc§8—4]. The results show energy, which is very weak and onkykgT. It is also a
that the laser with sufficient power might introduce liquid disadvantage that the origin of the ripplon is the thermal
surface deformation, of which the spatial and temporal profluctuation and that the phase of ripplons simultaneously
file might give information on the liquid surface properties. propagating on the liquid surface is completely random. In
In this paper, we introduce a method of picking up theother words, the ripplons are incoherent. If coherent surface
liquid surface in a noncontact manner with the optical radiavibration can be excited artificially in a high frequency
tion pressure of the continuous wavew) laser. The laser range, it would make a great breakthrough to the time reso-
beam incident to the liquid surface deforms the surface, sinckition of the surface measurement. The key technique re-
the momentum of the light is not conserved through the surquired is the excitation of the rapid surface deformation
face transmission and the discrepancy should be compemvithout any mechanical touch, and the laser induced surface
sated by the Laplace force of the curved surface. We couldeformation would be very suitable for the purpose. The re-
expect several advantages with a cw laser over the convesult of the study demonstrates the potential of the laser pick-
tional way of surface deformation with pulsed lasers. Firsting up this technique as an alternative measurement tool of
the spatial and temporal profile of the laser beam is quitehe mechanical properties of liquid the surface.
stable, which is important for the quantitative measurement
of the physical properties of the liquid surface. Second, the
intensity of the cw laser can easily be modulated with ad- |I. DYNAMIC RESPONSE OF SURFACE UNDER
equate electro-optical devices. The harmonic modulation of PERIODICAL RADIATION PRESSURE
the laser intensity would be useful to determine the dynamic ) . . )
surface properties by a spectroscopic method. In addition, The momentum carried by the propagating light is ex-
the intensity of the laser used in this experiment is suffi-Pressed at/c, wherel is the light intensity and is the light
ciently low and we could neglect a harmful nonlinear effect.velocity in the medium. The momentum is not necessarily
A virtual stable particle of surface curvature could also beconserved when the light transmits through the interface
generated on the liquid surface, which would be a useful too$eparating the two media with optically different properties.
to investigate the particle-particle interaction yielded throughThe discontinuity of the momentum appears as the radiation
the surface curvature. In this study, we especially aimed t@ressure applied to the interface. When the light is normally
apply this technique to the measurement of the dynamic mencident from the medium with the index of refraction to
chanical properties of the liquid surface. The dynamic rethe other medium with,, the radiation pressure is given by
sponse of the liquid surface under the periodical radiatiorthe following equation of the momentum conservation:
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=998kg/n? and o=72.75mN/m for water, andp
z_rfm =785kg/nt and 0=22.27 mN/m for ethanol at a tempera-
¥ | \o=30mN/m ture of 20 °C. Though the absolute displacement is as small
as 2 nm for water, the surface deformation can be sensitively
= . . .
gl . 31 measgred_by means.of th.e optical me_thod. The principle of
= | detection is briefly given in the following: The deformed
% ____________________ liquid surface works as an optical lens. The effect of the
a G=70mN/m T I gravity can be neglected under the condition that the beam
a 1 L | | diameter is small and/w?>pg holds. The curvature at the
0 1 2 3 center of the deformation directly gives the focal length of
DISTANCE (mm) the lens a$8]
FIG. 1. The expected surface deformation of the liquid surface T TCW2
under the laser radiation with the power of 300 mW and beam f= , (4)
diameter of 10Qum. The inset shows the surface shape expanded lo(n=1-nR-R)(n—1)

around the center of the Gaussian laser beam. o N
which is aboti4 m at theabove conditions. Measurement of

io(r) io(r) io(r) the focal length with an appropriate optical system yields the
c =(1-R)n, c —Rng c p(r). (1)  surface curvature and thus the surface tension in a noncon-
tact manner. We used another laser beam to detect the cur-

vature of the deformed surface. A weak probe laser goes
through the deformed surface and the beam profile changes
after transmitting the surface. The focal length of the surface
is obtained by observing the change in the beam diameter of

ny

Here,r represents the position on the surfapér) is the
local radiation pressurég(r) is the energy density of light
per unit interface area, ariRlis the energy reflectivity of the
light given by R=(n;—n,)?%/(n;+n,)2. In case the light :
penetrates the interface from the optically sparse medium twe pFObe 'as?f at thg far f!eld. .

the dense one, the radiation pressure works to pick up the This techmque_ of inducing surfacg deformat_|on by laser
interface to the opposite direction to the light propagation can alsq be applied for' the gengraﬂon of caplllary waves.
This effect is also understood as the electro-striction pheh-rhe radiation pressure is proportional to the light intensity

nomenon: the optically dense material with higher dielec-.and' therefore, the surface vibration can be excited by apply-

tricity is attracted by the electric field of light. As shown ing the amplitude modulation to the laser intensity. By moni-

later, the spot size of the pump laser is much larger than thiPring the surface vibration, we can determine the dynamic
: Rroperties of the surface, such as time-dependent surface ten-

this case, we can neglect the lateral component of the radig:°n of surface viscoelasticity. Here, we cal_culate the dy-
tion pressure just near the liquid surface. namic response of _th_e surface under the per|_0d|c§\I modula-

As for the gas-liquid or liquid-liquid interface, the radia- tion of the laser radiation pressure. When the light is focused
tion pressure is compensated by the gravity and the Laplac(ém.O a circular spot, the surface wave .genere}ted is in the
cylindrical mode. The response function is obtained by solv-

force, the normal component of the interfacial tension ap- the hvdrod . i der the bound it
plied to the curved interface. The light incidence thus causeld the hydrodynamic equation under thé boundary condition

the deformation of the interface. Here, we consider that thé)f the r_adiation pressure applieql by the light. First, th_e freely
continuous light is normally incident to the air-liquid inter- Osf"?t.mgl mode of tge cylindrical surface wave with the
face atz=0 from the air to the liquid filling the half space of cylindrical wave numbem s given as

z< 0. The surface displacemef(tr) under the light radiation

is given by the following equation: v, =AJy(mreme e,

5
—oA&(r)+pgé(r)=p(r). 2 vZ:AJO(mr)emZeiw*t,

Here, o is the surface tension arglis the gravity constant. and
When the continuous laser beam with the Gaussian profile
with width w and the powel is incident to the liquid sur-
face, the displacement is described by the following balance Ph=— ﬂwAJO(mr)emzei w*t
equation in the cylindrical coordinate: m

PE 1€ lo 22 Here,A is the amplitude of the surface oscillatian, andv,

—o|\ oty 5| te9é= ——m(n-1-nR-Rje , are the velocity of the substrate liquid in the radial and ver-

(3) tical direction, respectivelypy, is the change in the pressure,
Jo andJ; are the zeroth and first order Bessel functions; and
wherer is taken from the center of the Gaussian beam. Figw* is the complex angular frequency expressed by the fre-
ure 1 shows the expected surface deformation of pure wat&uencyw and the temporal damping constant of the surface
and ethanol calculated by E) with 1,=300mW andw  wavel asw* =w+iI". The dispersion relation is given by
=100um. The density and surface tension age [9]

046302-2



MEASUREMENT OF LIQUID SURFACE PROPERTIES BY ... PHYSICAL REVIEW & 046302

w* = (p lo) Yom32+ 2 (n/ P) mzu (6) PROBING Dlﬁm?%g

wheren is the viscosity of the liquid. The forced vibration of PUMPING SUREAAD
the liquid surface under the periodical radiation pressure at Ar*LASER
the angular frequencw is expressed by the integrating of
the cylindrical surface waves over the cylindrical wave num- FUNCTION
berm. The velocityv, is then written as GENERATOR
REFERENCE P
" Y Q‘g PIN HOLE
Vz(r ,t) = J'O A( m)JO( m r)emzel wtd m. (7) Akﬂ?:’(lz_ﬁ:-llER PHOTO DIODE

. N FIG. 2. Block di f th i tal setup.
Here, A(m) represents the amplitude of the cylindrical sur- G ock diagram of the experimental setup

face wave with the cylindrical wave numbet The bound- 42wl

ary condition is that the Laplace force of the curved surface s )MJ dm (12)
and the hydrodynamic pressure caused by the fluid flow D7) p(02=w* )
should compensate the radiation pressure due to the laser
incidence. It is then given by Here, we replaced  the real eigenfrequency
wo(= (ol p)*?m*?) by the complex frequency* in order to
2 19 9 i take the effect of energy dissipation due to the viscous flow
pw 202 L. . X .
ol =+ __)UZ: — _( — —— v, +Pge Wl of the fluid into consideration. The response function thus
are o ror at m becomes the complex value and shows the delay in phase

®  from the oscillation of the pump laser intensity.

wherePy, is the radiation pressure at the center of the beam
and is determined through E(@L). Here, we neglect the vis-

cous term to determine the eigenfrequency of the surface As described in the previous section, we can artificially
vibration with modem, since the viscous term does not give introduce the liquid surface deformation by irradiating the
the important effect on the eigenfrequency in the low fre-surface by an appropriate laser beam. Noncontact measure-
quency region ofv<o/wy~10°s71[9,10. The effect of ment of the surface properties is possible with an optical
the viscosity is taken into account later in E2) by intro-  probe to observe the caused surface deformation. In addition,
ducing the complex eigenfrequency of E@) as the first the dynamic response of the surface under the temporally
order approximation of the strict solutiqd1]. By substi-  modulated laser radiation would provide us with the infor-
tuting Eq.(7) into Eq.(8), we obtain the equation determin- mation on the dynamic process in the liquid surface, such as
ing A(m) as the molecular sorption relaxation and the phase transition of
the Langmuir films. In this section, we describe the measure-
o & ipow , ment system of the laser induced surface deformation.
f (.—m2+ _)A(m)Jo(mr)dm: Poe" Iw? (9) The experimental setup is schematically shown in Fig. 2.
o\lw m The light source for excitation is an Adaser with the maxi-
mum output power 500 mW and the wavelength 514.5 nm.
ThenA(m) is, in turn, obtained by the inverse transforma- The pump laser beam is focused onto the liquid surface by a
tion of Eq.(9) as lens, and has an ideal Gaussian profile in the focal plane. The
width is determined by diffraction limit asv~\f/d,
wheref is the focal length of the leng, the wavelength of
o~ mwA4 (10) the laser in air, and is the initial diameter of the laser beam.
° %) The spot size of the laser at the surface can be controlled by
changing the focusing lens. The high frequency limit of the
The surface displacemes(r,t) is then calculated as excited capillary waves would be determined by the optical
diffraction limit, andw<\1 um is actually available with the
. mwp aid_ of a microscope objecti've, the corresponding frequency
g(m):f . 0 , e7m2w2/4\]0(mr)eiwtdm_ being in the megahertz region. _
0 2(em’=pw) The surface deformation is detected by a probing He-Ne
(11)  laser with the output power of 10 mW. The probe laser beam
is expanded about ten times larger than the pump laser and
If the probe laser beam to detect the surface deformation ithen superimposed on the pump laser by a dichroic mirror.
neatly focused to a spot size with a diameter smaller than th€he pump and probe lights are focused onto the surface by
exciting laser beam, the signal is proportional to the curvathe same lens. The probe laser with a larger beam width is
ture at the center of the surface deformation and the frefocused within a smaller spot than that of the pump laser on
guency spectrum is given by the surface. Therefore the approximation used to derive Eq.

Ill. EXPERIMENT
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(12) safely holds. The transmitting probe light is separated I T T T T
off by optical dispersion of a prism and the intensity near the
center is detected with a pinhole.

The deformation of the liquid surface works as a lens and
the beam diameter of the probe laser in the plane of the
pinhole depends on the lens power. When the surface dis-
placement is small, the intensity at the beam center is in-
versely proportional to the beam diameter. The light is fed to
a photodiode and the signal is analyzed by a lock-in ampli-
fier to which the reference is given by the modulation signal
of the pump-laser beam. The intensity of the laser beam is
sinusoidally modulated by an acousto-optic modulator. SURFACE AREA (R2)

Sweeping the modulation frequency, we can observe the fre-

quency spectrum of the response function of the liquid sur- FIG. 3. Thew-A isotherm of the myristic acid monolayer mea-
face. The static and absolute value of the surface displacéured by laser induced surface deformation technigpen circles
ment is obtained at the modulation frequency lower taan and the Wilhelmy methodsolid line).

~(alp)Yaw~¥2 in the present casey<10*s™ 1.

Here, we have to pay attention to the effect of the laser Figure 3 shows the relation between the surface pressure
induced heating. The temperature increase due to the opticahd the surface area allowed for one molecule of myristic
absorption might cause the fluid convection and deforms thecid. The surface tension was obtained as the inverse of the
surface. The temperature modulation by the chopped laseignal amplitude in a relative measurement with respect to
light is, however, dominated by the thermal diffusion processhe value on bare water surface=72.75 mN/m at 20 °C.
and limited in the frequency range lower thamr  The modulation frequency of the pump laser was 60 Hz. The
<(A/Cp)w*2, whereA andC, are the thermal conductivity solid line is the result obtained by the Wilhelmy plate
and the specific heat of the substrate liquid. The cutoff fremethod for the same sample. The results of these two mea-
quencyw+/27 is calculated to less than 10 Hz in the presentsurements agree well, showing the validity of the LISD tech-
case, which is sufficiently lower than that observed in thenique for measuring the surface tension.
experiment. Actually, as shown later, the observed spectrum (ii) Laser induced surface wave spectroscophie dy-
is well fitted by the theory of Eq(12) showing that the namic response of the surface deformation was obtained by
thermal effect can be neglected in the present experimengweeping the modulation frequency of the pump laser. Fig-
The effect should be taken into account, however, when there 4 shows the frequency spectrum of the surface deforma-
diameter of the focused laser beam is small and the cutofion obtained for the surface of pure water. The solid curves
frequency crosses over the measurement frequency. show the behavior of the response function theoretically cal-

The sample cell is made of glass and the pump and probeulated from Eq(12) with the actually measured beam width
laser beams penetrate through the liquid surface and also tla w=80um. The spectra of the real and imaginary parts
bottom of the cell without making harmful stray light. The have characteristic shapes. A remarkable feature is that the
sample liquid is sufficiently deeper than the wavelength ofreal part crosses zero at the characteristic frequencyThis
the expected surface waves. behavior is attributed to the resonant excitation of the surface
wave. The Gaussian profile of the laser radiation pressure
can be decomposed to a series of Bessel functions with a
finite distribution of m. The characteristic frequency accu-

(i) Static measurement of surface tensidine present rately gives the surface tension through the numerical calcu-
technique of the laser induced surface deformatioli$D)
was applied to the noncontact measurement of the static sur- 1 [reene
face tension. The LISD signal depends also on the refractive
index of the liquid and, therefore, the sample whose surface o
tension is controlled without any change in the optical prop- N we/ 2
erties is preferable as the standard material to examine the *
instrumental performance of the system. We therefore pre- 0 3
pared a monomolecular film of myristic acid expanded on 2, g
water surface as the sample. The surface tension can be con- imaginary 3
trolled by changing the surface density of the adsorbed mol- B part "R
ecules of myristic acid through expansion or compression of
the surface area. Langmuir films are known to possess sur- '11 00 1'k 1CI)k

. L . . 100k
face viscoelasticity, which might affect the wave propaga- FREQUENCY (Hz)
tion. At low modulation frequencies below 100 Hz, however,
the absolute displacement is almost determined only by the FIG. 4. Typical example of the LISD spectrum obtained for the
surface tension, and the surface wave propagation is insensiater surface. The solid lines show the result of a theoretical cal-
tive to the surface viscoelasticity. culation of Eq.(12).

N
o

SURFACE PRESSURE (mM/m)
)

o

IV. RESULTS AND DISCUSSION

i N w=80 um
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measurement of the surface tension, as shown previously for
the case of insoluble monomolecular films.

The characteristic frequency indicated by the open circles
in the figure increases with surface tension. The solid line
shows the theoretical curve obtained through the calculation
of Eq. (12) for each value of the surface tension. The theo-
retical curve fairly reproduces the behavior of the experimen-
tal results, except for the systematic discrepancy appearing in
the low surface tension region where the surface layer of the

© surfactant molecules becomes dense. The result indicates
that the resonant surface vibration is slower than expected. A
possible reason of this discrepancy might be due to the effect
of the surface viscoelasticity. The molecular layer formed on
FIG. 5. The low frequency limit of the amplitude and the char- the liquid surface is known to possess two-dimensional vis-
acteristic frequency of the LISD spectrum obtained for the surfac€0€lastic properties, which might affect the surface wave

of the SDS solution plotted against the surface tension. The soliPropagation6,8]. In fact, the ripplon spectroscopy on the
and dashed lines show the theoretical prediction. surface of the SDS solution showed that the phase VelOClty

of the ripplon decreases by several percent at the present
lation of Eq. (12), while it is approximately given by, concentrationd9]. In addition, the surface viscoelasticity
~(o/p)¥aw =372 By changing the width of the laser beam, is known to modulate the apparent damping constant of the
we can obtain the dependence of the characteristic frequendjrface wave and change the LISD spectrum. More detailed
[12]. The dynamic behavior of the surface can then peStudy would be required to examine the effect of the surface
studied as is performed in the ripplon spectroscppy2—  Viscoelasticity on the LISD spectrum. _
14]. In addition, the amplitude of the signd(w)|, de- In conclusion, we successfully introduced a deformation
creases with frequency showing that the dynamic surface d&f the liquid surface in a noncontact manner by using the
formation cannot follow the rapid modulation of the laser radiation pressure. The technique was applied for the
radiation pressure above the characteristic frequency. THeharacterization of mechanical properties of the liquid sur-
characteristic frequency is about 6 kHz in the present case d@ce- In this study, we used the laser beam with the Gaussian
w=80um, as is actually shown in the spectra. The imagi_lntensny profile, which generates the cylindrical surface
nary part shows a minimum around the cutoff frequencyWave. Another effective mode of the surface wave is the
indicating that the laser power effectively transfers to thePlane wave, which can be exited by the line focus of the laser
surface wave energy. beam with a cylindrical lens. The theoretical analysis of the
As described above, the characteristic frequency of th@lane wave is much simpler than the cylindrical wave. A
spectrum and the amplitude of the surface displacement ir0mewhat more sophisticated way of surface wave genera-
dependently give the surface tension of the liquid. We ap!ion is the optical fringe method in which two laser beams
plied the measurement system for the surface of surfacta®f©SS at the surface. We have already started the preliminary

solutions. We prepared aqueous solutions of the sodiurgXperiment and obtained the result, which will soon be re-

dodecyl sulfatdSDS with various concentrations below the Ported. _ _ _
critical micellar concentration of 6:010 2 mol/l. The sur- The LISD method is also useful as the technique of intro-

face tension of the solution sensitively depends on the corflucing surface curvature. Microparticles floating on the lig-
centration in this region, while the optical property is almostUid surface are knoyvn to interact with each other through the
constant since the surfactant concentration is very low. FigSurface curvature induced by themselves. The LISD tech-
ure 5 shows the characteristic frequency and the signal anfliqué might generate a virtual particle of the surface curva-
plitude obtained as a function of the surface tension of soluturé and the above interaction could be directly measured
tions measured by the Wilhelmy plate method. The width ofVith this artificial curvature of the liquid surface.

the laser beam at the surfacews=80um. The signal am-
plitude decreases with the surface tension. According to Egs.
(1) and (2), the amplitude of the surface deformation is in-
versely proportional to the surface tension and the dashed This work was partially supported by a Grant-in-Aid for
line shows this behavior. The result agrees well with theScientific Research from the Ministry of Education, Science,
theory, again showing the validity of the system as the stati€ulture and Sport.

30 50 70
SURFACE TENSION (mN/m)
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