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INTRODUCTION 

, . omne oleo tranquilari, et ob id urinantes ore spargere 

quoniam mitigét naturara asperam lucemque deportet"(l). 

With these words Pliny the Elder made the first record of the 

wave damping properties of oil spread on water. No attempt to quantify 

this phenomenon was recorded until Benjamin Franklin (2), who reached 

the conclusion that the oil mainly affected the damping of waves with 

small wavelength. 

Lord Kelvin (3) showed that the properties of small surface waves 

(capillary waves or ripples) are determined primarily by the surface 

tension, in contrast to long waves where gravity is the main force 

returning the surface to its equilibrium position. 

Levich (4, 5) was the first to develop the theory of capillary 

ripples relating the wavelength and damping characteristics in terms of 

fundamental surface properties. Whereas Levich formulated the 

boundary conditions on thermodynamic considerations, Wieghardt (6) and 

Dorrestein (7) based their solution to this problem on hydro dynamic 

boundary conditions. Goodrich (8, 9) studied the problem using a four 

parameter model to describe interfacial effects. Mann (10) and Hansen 

and Mann (11) studied the dependence of the velocity of propagation of 

ripples on film or medium viscoelastic properties. They thought of the 

surface tension y as a function of the local surface concentration F of 

surfactant as well as the time rate of change of F at a particular point 
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on the interface. They used this expression for the surface to write a 

model for interfacial effects containing a surface viscosity and a surface 

elastic coefficient, ^an den Tempel and van de Riet (12) followed with a 

theoretical presentation which included a discussion of the problems 

associated with linearization and an approach to extension of the theory 

to non-linear terms. 

The experimental confirmation of this Levich-type of theoretical 

approach was made available by the electromechanical technique 

developed by Mann and Hansen (13). The results of Mann and Hansen 

(14), Lucas s en and Hansen (15) and Bendure and Hansen (16) clearly 

indicate that such theories are conceptually sound and that they may be 

used in conjunction with ripple experiments at small but still practicable 

wavelengths to provide accurate quantitative surface chemical informa

tion. This experimental method has been further improved by Mann and 

Ahmad (17), However, this method is still limited by the response of 

the receiving probe to frequencies below 1000 Hz. To obtain information 

at higher frequencies another detection system had to be developed. 

This thesis proposes the use of an optical beal spectroscopic 

technique to examine at higher frequencies the viscoelastic properties 

of interfaces. 

This technique is an outgrowth of the difficulty in realizing the 

required sensitivity for optically measuring density fluctuations in 

mediums. Einstein (18) noted that if one allows monochromatic light of 



www.manaraa.com

3 

wave vector to be incident on a transparent medium and observes the 

scattering in a direction specified by kg, the wave vector of the scattered 

light, then the fluctuations responsible for this scattering have a wave 

vector kj. given by 

kr = kg - ̂  , 

which is essentially a Bragg "reflection. " 

Brillouin (19) and Mandel'shtam (20) used the dispersion relation

ship, the relationship between the wave vector ^ and the wave frequency 

, for sound waves in order to obtain the spectrum of the scattered 

light, that is, the time dependence of the sound waves. Thus in addition 

to producing a Bragg reflection, the sound wave "diffraction grating" 

also causes a Doppler shift because of its motion. If monochromatic 

light of frequency passes through a continuous medium, then the 

light scattered at an angle 8from the incident direction consists of two 

lines (the Brillouin peaks) split symmetrically above and below by an 

amount 

CO' = 2aJ / sin / 6 \ > 
°  ( i T  )  

where v^ is the phase velocity of the sound in the scattering medium and 

c^ is the velocity of light in the scattering medium. 

The frequency shift can be seen to be proportional to (v^/c^) 

which is of the order 10 ^. This factor makes extremely high resolu

tion a prerequisite for observation of this effect. Despite this 
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condition. Gross (21) reported experimental results which verified the 

angular dependence of the splitting and its variation with the frequency 

of the incident light. 

Leontovich (22) pointed out that if the sound waves obey the 

Navier-Stokes equation, then they are damped and the Brillouin peaks 

must be broadened by an amount depending on the attenuation of the 

scattered phonons. However, at that time the magnitude of the 

attenuation could only be approximated by extrapolation of low frequency 

results. Even with the advent of the laser and the use of the highest 

resolving power Fabry-Perot étalons, the measurement of the attenuation 

is impossible. 

To fully illustrate this point, consider the following example (23): 

For typical sound velocities in liquids (Vg #1.5 * 10^ cm/sec), the 

maximum fractional Brillouin shift is approximately (toi- /w^) »10"^; 

with a He-Ne laser source (Xair - 6328Â) this corresponds to a splitting 

of (00^ /2-ir) ^7000 Mc/sec. The attenuation of such sound waves may 

produce a line broadening of about (CO^ /w^) - 10"^, where CO^ is 

the half-width at half-height. However, extending the light scattering 

data down to an upper limit of conventional ultrasonic experiments 

_ y 
requires going to scattering angles where (W^ /co^) » 5 x 10" and 

(OO^' /oJQ) # 10 - 10 A study of such splitting s and line widths would 

1 P demand the ability to resolve details as fine as 10' of the incident 

frequency. That is, out of an optical frequency of approximately 



www.manaraa.com

5 

12 5 X 10 cps, one must detect spectral features on the scale of cycles per 

second! 

In 1961, Forrester (24) pointed out that optical mixing is a direct 

analog of the mixing of AC electrical signals in radio receivers. The 

objective then is to translate the desired spectral information from the 

high optical frequency co^, where a specified resolvable width may be 

difficult to achieve, down to a lower frequency where the necessary 

width may be easily attained. The two types of translation processes, 

homodyne and heterodyne spectroscopy, for the radio region are also 

possible for the optical region. An excellent analysis of both methods 

of optical mixing spectroscopy is contained in the thesis of Lastovka (23). 

Homodyne or self-beat spectroscopy is the result of only the 

signal falling on a non-linear element--a photodetector surface. The 

mixing takes place between the various spectral components of the signal 

itself because of the non-linear current versus optical electric field 

characteristic of the photoelectric effect. The result is that the photo-

current spectrum contains a modified version of the spectral information 

that was originally present in the optical signal. This information is now 

centered around (O = 0 rather than around the optical frequency co = 

With the heterodyne or superheterodyne spectrometer, the light 

whose spectrum is to be analyzed is mixed with an intense monochromatic 

beam called the local oscillator on the photodetector surface. By a 

proper choice of the frequency of the local oscillator, the optical signal 
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spectrum can be shifted down to any desired frequency; the "mixer" 

output appears as an AC component in the photo cur rent with a 

spectrum centered about the difference frequency between the local 

oscillator and the optical signal. 

The homodyne method has been used to study the variation of the 

dielectric constant with density and non-hydrostatic strain (25), the 

thermodynamic entropy fluctuations at constant pressure (26), the 

variation in relative concentrations in a binary mixture (27), localized 

fluid flow measurements (28), and the ripplons at the interface of two 

fluids (29). The homodyne method has the serious disadvantage that one 

loses the information associated with the Doppler shift. 

The heterodyne method retains this information, but less work 

has been done with it (30, 31, 32, 33) because of the difficulty in aligning 

the optics and in obtaining a reasonable mixing efficiency. It is the 

purpose of this thesis to develop a technique that eliminates these diffi

culties and to apply that technique to characterize the viscoelastic 

properties of interfacial ripplons at frequencies above 1000 Hz. 
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THEORY 

To understand photon-ripplon interactions and their measurement 

by heterodyne spectroscopy, one is required to have a basic knowledge 

of hydro dynamic theory, light scattering theory and signal correlation 

theory. To insure that this is accomplished, the basic theory of these 

areas as applied to the work of this thesis will be explained. 

A. Hydrodynamic Theory 

This thesis is concerned with that portion of hydrodynamic theory 

pertinent to the capillary wave motion at an interface. There have 

recently appeared a number of review articles (34, 35, 3 6) that dealt with 

the theory of capillary ripples on interfaces and membranes. One should 

refer to them for a more detailed presentation. 

Ripplons, as indicated by Katyl and Ingard (30), are the quasi-

particles characterizing the capillary ripples on an interface. Mann (35) 

has pointed out that this characterization is valid since the ripple fluid 

dynamical field equations can be quantized. This quantization has been 

accomplished by Mann (University of Hawaii, personal communication in 

1970) with the ripplons traveling with a momentum A and having an 

energy A Oij., where kj. is the ripplon wave number associated with the 

ripple wave number k and 00%. is the ripplon frequency associated with the 

ripple frequency 60. Thus one can consider the ripple field interaction 

with the electromagnetic field from either the quantum interaction or the 
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classical wave interaction viewpoint. This thesis will proceed from the 

classical wave viewpoint. 

The classical theory of capillary wave motion on an interface is 

based upon a linearized Navier-Stokes equation with solution required to 

where p = density of the fluid; 

V = vector particle velocity; 

P = hydrostatic pressure; 

/i = viscosity of fluid; and 

^ = gravitational force vector, 

follows from the non-linear Navier-Stokes equation if the wave amplitude 

is small compared to the wavelength and gravity is the only volume force 

exerted on the fluid (37). The resolution of surface forces includes the 

fact that the velocity components at the interface can be regarded as 

continuous (Eq. 2) and the balance of the normal (Eq. 3) and the tangential 

{Eq. 4) stress components at the interface (38). 

satisfy normal and tangential stress boundary conditions at the interface. 

The linearized Navier-Stokes equation, 

(1) 

(^Z^Z-»-0- - (yz)z-»0'*' 

(2a) 

(2b) 

-/\p' + 2m' = ys (3) 
d z 

Z-oO" Ô Z 4. Ô X' , z->-o~ 
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\ 

'âT — 
M' 

z-^o" 

•y (4) 

^ ^ 'z-o+ dx^ 

where Ç = J(v2)z_^o+ 4 = j (v^)z->o+ ^.re the normal and 

tangential displacements of the surface, respectively. In these 

equations y is the interfacial tension and Ê is the elastic modulus 

modeled by 

Ê = , 
D 

where k is the sum of the surface dilational and shear elastic coefficients 
e 

(k^ and e®) andt^ is a sum of surface dilational and shear viscosity 

coefficients (C ^ and ). D represents the diffusional transport of sur

factant molecules on the surface and between the surface and the bulk 

phases. An excellent discussion (39) of the significance of D on the 

interfacial properties is available. The a over terms indicates that the 

term is complex. The primed and unprimed terms refer to the phases 

above and below the interface, respectively. 

From this point one may proceed by using the potential and 

stream functions to express the above equations (38) or by forming the 

generalized stress and strain tensors (35). The function approach yields 

four simultaneous equations which are incorporated into a determinant. 

1 i 1 -i 

ik -m' -ik -m 
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. 7  A  ?  i V k ^  
-itop'+ 2/i'k Zi^jt'm'k iwp - ZjUk ^— Zi^mk - -gg— 

-ZijU'k^ /Li'(m'^+ k^) k^E - 2i/lk^ -ju(m^ + k^) - imk^ E 
IT "IT 

(5) 

= 0 

where = k^ - ifiâ/ pL and m'^ = k^ - ip^oo/fl' . This determinant is 

reduced to the working ripple dispersion equation (Eq. 6) which expresses 

the surface properties of interfacial tension, the elastic modulus, and the 

viscosity in terms of the observable ripple wave number k and frequency 

A 
00. 

- y GÊk^ + ico [ (//+M')k + (m/Z+m'lli') ] (y G + E)k^ 

+ |4/i^'k^ + [ 4(ji^m + + E(o + p')] + 4/iji'mm'k| 

-iCO^ (p + p') [ jim + (Ll'm' + (u + M')k ] = 0 , (6) 

where G is the correction for the gravity field (40) given by 

G . i + s i e ^  •  
yk'^ 

Eq. 6 is called the working equation since it is by solving for the roots 

of this equation for given surface parameters that the theory is compared 

with experiment. 

It should be noted that the coefficients for the powers of UJ have a 

dependence on CO and thus one is not working with a true polynomial. It 

is possible to remove the dependence on W in m' and m by the following 

algebraic manipulation: 

1) Rearrange Eq. 6 into terms dependent on m', m, and mm'; 

2) Since ^'m'-*0 for the air-fluid interface, the terms in jU'm' and 
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Hm/ji'm' can be dropped and both sides of the remaining equation are 

squared. 

Working this out and collecting powers of CO gives one a seventh 

degree polynomial: 

L B. = 0 , (7) 
i=0 

where 

Bj = 2i +2i +yG) ; 

Bg \ (Gy + \ - Gy^e) + 2Gy pk"^ ; 

B3 = .2ijHk^ + 2iM^ k® (Gy(1 - \) 

- 2ipk'^ (1 + Gy ) + 8ii? yj (kg + Gy) ; 

= 2k'^^ (4^3 _p^) + 2k^[ 8^4(1. Gy) -  P H ^ \  

- P fi^e ̂  ] + 60 fi ̂  k^ (Gy + - k^p ̂  'kj' 

+  2 p k ^ ( G y  +  ̂ g )  ;  

Bg = iplik^ - 6ipn ^ k^ - 2ipf^k^ k^ + 2ip ^ k^ k^ k^ 

-24ip^ jU^ k^ - 2ip^ |Uk^ yG ; 

B ^  =  p 2 k ^  ( k ^ V - ^ M ^ )  :  

B^ = -i/ip^ 

with "kg = kg / D and k^ = 'ky / D . 

It is to be remembered that additional roots will be introduced in 

this process and that only the roots of Eq. 6 may have physical signifi

cance. The numerical analysis techniques of Mann and Du (41) were used 

to solve Eq. 7 for the roots w as functions of bulk and surface properties 
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and k. 

B. Scattering Theory 

The essence of what occurs in the scattering of photons by 

ripplons can be thought of in terms of the electric field of the incident 

Fr ^ f P f r , t) , in 

the ripplons on the interface of the system. The induced dipoles 

reradiate light with a different electric field. Since the ripplons are not 

static, the frequency of this scattered light will be broadened in a way 

reflecting the movement of the ripplons. Exactly how this movement is 

related to the broadening can be deduced from the solutions to the 

Maxwell equations for scattered radiation. 

Since the system under consideration is non-magnetic with no free 

charges, the Maxwell equations applicable are (42) : 

= ; (8) 

= 0 ; (9) 

= i i j i E o j  .  ( 1 0 )  
^ at 

V - H = 0  ;  ( 1 1 )  

where C is the dielectric constant of the fluid. 

The induced dipole moment is proportional to the electric field 

through the dielectric constant tensor, £ (43). 

^ (r , t) = J _  Ç (r, t) • E Q(£, t) . (12) 
4Tr ~ 
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The components of the dielectric constant tensor are given by (44) : 

= € + A Cjj (13) 

= A f + A €'.j (14) 

where € is the average dielectric constant, the averaging being 

performed with respect to space, time, and all directions; A ( repre -

8enta the fluctuations in the dielectric constant which do not alter the 

isotropy of the medium; A €' represents the fluctuations which do alter 

the isotropy; and 6^j is the Kronecker delta symbol. 

Tile current j in the dipole scattering approximation is (45) 

=-i Ltc • Eo(r,t) ]. (15) 
" ^ 4,c ôt = - " 

This current is the source term that is put into the Maxwell equations to 

calculate the scattered radiation. By eliminating H from these equations, 

one obtains the wave equation: 

2 e '  - i _  = i  ^ 2  p _  ^ (16) 
c2 ôt^ c^ 0t2 

where ^ is the electric field of the scattered radiation. 

Since one is working with a plane monochromatic light wave (46), 

t) = exp(iko*£ (17) 

and considering one particular frequency component, W, of the scattered 

field, 

E'(r, t) = E' • expi(kg. r - oui) (18) 

where the wave vector ^ of this component is related to the frequency by 

jkgj = nco/ c, where n is the average index of refraction at the interface. 

V 
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The wave equation can now be written as: 

(V . iJri • 

where (= k^ - kg) is the change in the wave vector of the scattered 

radiation. When one recalls that the characteristic frequencies for the 

fluctuations in the dielectric polarizability are quite small compared with 

the optical frequency (46). this equation can be closely approximated by: 

Thus the far field solution to the wave equation is 

t) = - ( ^)^ exp(i[ks'R- (COg -W)t] ) f ^ .^exp(i]^'r)dA' , 
c 47rR " Ja" (21) 

where R is the distance from the scattering surface to the detector. 

If the dielectric constant tensor is written out in component form 

in Eq. 21,  the quantity £ " would be a constant independent of position 

r and one would have to integrate the quantity I exp{i^*£)dA' over the 

^  2  illuminated region. This integral is zero if A»X except for = kg. 

Thus the time-space average term makes no contribution to the 

scattering. 

The A £ is a thermodynamic quantity which, as a first approxi

mation, can be represented by the sum of two terms, one representing 

pressure fluctuations and one representing entropy fluctuations. Since 

these fluctuations are uncorrelated, this term can be neglected. 

The only remaining portion of the dielectric constant tensor is 
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A C , which is what one expects according to Andronow and Leontowicz 

(47), who imply that the scattered electric field is totally modulated by 

the surface fluctuations. 

Thus Eq. 21 can be rewritten as follows: 

E' (R, t) = - (H p exp(i[ k^'R- (O)^- C û ) ] )  f  6  ̂  • E_o exp(i^-r)d A' . 
c 47rR " -'A - (22) 

Or in terms of , 

E' (^, t) = - )^ exp(i[k^-R- (co^-co)t] ) s in (J - ^6 (kj,. t) . (23) 
^ 2R 2 

where 6^is the angle between the direction of polarization of the incoming 

light wave and the perpendicular to the direction of ripple propagation 

and Ù £' (kj., t) is the vector component of the dielectric constant due to 

the non-isotropic fluctuations. This equation describes the superposition 

of phases of waves scattered from each ripplon on the surface area. 

Since this thesis involves quasi-elastic scattering, JkJ is 

approximately equal to |kj (48), and the geometry of the system gives 

the length of the ripplon wave vector as jk^j = 2k^ sin(0/2)cos<)), (24) 

where ^ is the angle between a tangent vector pointing along the interface 

and a vector defined by - kg and is required for the added constraint 

that the ripplons move on a surface of defined orientation to the incident 

pencil. See Figure 1. 

One can also arrive at this result from the scalar theory of light. 

Since the experimental design lends itself to this description, a few 

salient features will be pointed out. Mann (University of Hawaii, personal 
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SURFACE 
AREA 

Figure 1. The basic heterodyne photon-ripplon wave vector interaction 
diagram. is infinitesmally close to kg and these two wave 
vectors beat together on the photodetector. For this thesis, 
0£ = 0 /2 .  
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communication in 1970) made use of the approach of Rudd (49), illustra

ting its usefulness. The incident light upon two circular apertures will 

yield an interference pattern described by the superposition of two Airy 

circles. The interference pattern is the intensity distribution of the field 

with respect to the position on the image plane. The intensity can be 

written as 

I(x) = [ F(^ )]^ cos^^ ainQj , (25) 

where the first term would be the Airy function and the second term would 

have a period 

mir = . Jio ^ (26a) 
L 

or X = , m = 0, 1, 2, ... (26b) 
Z X q  

where x is the position on the image plane; 2xq is the center to center 

distance of the circular apertures; L is the distance from the apertures 

to the image plane; and X is the wavelength of the incident radiation. Thus 

the reciprocal of the distance between the fringes is 

kj = ir = . (27) 
Ax L 

Now since 2x^ ^ L, sin0 of Eq. 24 can be closely approximated 

by 2x^ / L and ^ = 0°, so that 

. (28) 

Therefore, to the extent that the fringes are sharply defined, 

complete correlation will occur only between the ripplons of wave number 
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equal to the reciprocal fringe separation k^. See Figure 2. 

As stated in the introduction, beat frequency spectroscopy is the 

combination of a modulated signal with a carrier signal with the result 

that the central frequency of the carrier wave is shifted to a different 

frequency by their non-linear mixing on a photodetector. It is illustrative 

to use the photon-ripplon model to show how this frequency beating is 

accomplished by our experimental apparatus. The two circular apertures 

act as two mutually coherent sources sending two beams to a superim

posed focus on the ripplon field. Each beam produces a scattering field 

with the scattering photon momentum balance given by: 

^ & 1  = ^ h o l  -  ̂ h r l  :  ( 2 9 a )  

- ''krZ • (29b) 

The heterodyne effect on the photodetector will result from the 

imposing of the kg^ on the ^2 field and the k^g on the field. The 

heterodyne coupling will be greatest for those photons whose wave vectors 

obey kg2 * ~ ® ^s2 that is, the wave vectors are 

collinear. Ses Figure 3. Slight phase mismatching will rapidly force 

the coupling to zero. Scattered photons coming into the detector slightly 

off angle will add to the DC component of the photo cur rent but not to the 

power spectrum (50). 
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DIFFRACTION PATTERN 

RI PPLING INTERFACE 

Figure 2. The diffraction pattern will interfere constructively only with 
those ripples that satisfy the selection condition Eq 27. This 
is observed as a "twinkling" of the fringes after they pass 
through the interface. 
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S C R E E N  

F L U C T  U A T I N G  
S U R F A C E  

N O 

L  y  

Figure 3. The photon -ripplon wave vector balance for the experimental method of this thesis. 
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C. Signal Correlation Theory-

Several closely related approaches have been developed to handle 

the output of the detector. These include spectrum analysis, direct 

signal correlation measurement, and photon counting. In spectrum 

analysis, two schemes have been used: the heterodyne detection and the 

homodyne detection. Since most sources go through the homodyne consi

derations and since this thesis work was done only with the heterodyne 

system, only the heterodyne system will be discussed here. 

According to the Wiener-Khintchine theorem (51), the power 

spectrum G^(co) of the photocurrent and the current correlation function 

Rj('T) are related through the equation: 
00 

G.(W) =-Lf R - m r  (30) 

where 
T 

R.(T) = <i(t)i(t +'rt> = lim —1_ f i(t + 7)i(t)dt (31) 
^ T^'" 2 T J  

-T 

and i(t) is the photoelectric current. The instantaneous intensity I(t) = 

E (t)E(t) is responsible for the photoelectric current i(t) (43): 

i(t) = eW^^ht) = 6aE''(t)E(t) (32) 

where a is a suitably defined quantum efficiency, e is the electronic 

charge, and is the probability per unit time of photoelectron emis

sion from the photocathode. % is made up of the gain G and the quantum 

efficiency ij of the photomultiplier. R^(t) has two distinct contributions 
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(52): 

1. If the electrons at t and t + T are distinct, the average of the 

joint probability W (t, t + t) has the form 

<W<2)(t, t + {E*(t)E(t)E*(t + 7lE(t + 7)> {33a) 

= (33b) 

where g^(T)[ = •(,£ ' (t)E(t)E'(t + r)E(t + t)"> / <£" (t)E(t)> is the norma

lized correlation function and *\I(t))> [ = <xE (t)E(t)^ ] is the average 

intensity. 

2. If the same electron occurs at t and t + T , 

<W^^\t)W^^^t + 7)> = <W^^\t)>0(7) =a <I>6(T) . (34) 

Thus, 

R.(7) = e <i> Ô (r) + < i> . (35) 

Similarly the spectrum of a light wave is related to the time-

dependence of its electric field through a statistical average quantity--

the autocorrelation function Rj^(t) defined by: 

Rg (r) =<E'(t)E (t + T)> = < I> g \t ) . (3 6) 

One now needs a relationship between g^^^(T) and g^^^(7). When the 

electric field is Gaussian, the relationship is 

= 1 + |g(l)(7)jZ , 

which is what one assumes in working with the homodyne method. But, 

as will soon be obvious, the heterodyne method does not require Gaussian 

statistics for the signal field. Also one retains the phase information in 

heterodyne spectroscopy which one loses in the homodyne method (44). 
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In heterodyne detection, the photomtiltiplier tube is illuminated 

simultaneously by the field under study: E'(t) = 6 E(t)exp(iWgt) and by a 

coherent local oscillator signal: E^^(t) = Ej^° exp(-iw^gt). Since E^^ ^ 

is constant, 

<ij^(t)> =ea<Ej* (t)E(t)> =ealEj^ . (37) 

One recalls; 

R.(T) = E^AÔ (T) <E*(t)E(t)> + e^a2<E*(t)E(t)E*(t + T)E(t + T)> . (38) 

Now E(t) = E'(t) + E^^(t), so that Eq. 38 has a very complex form. 

Edwards et al. (53) have analyzed the real part of the last term in Eq. 38 

very carefully by writing the local oscillator term as: 

Eio(t) = A(t)cos[ tOjgt + a (t)] , (39) 

where OJ^q is the angular frequency of the laser and a is the phase angle, 

and the scattered field as: 

E'(t) = B(t)cos[[co^Q + Wr(t)]t+a(t+-^) + a(t)j . (40) 

where w^(t) is the Doppler shift introduced during the scattering process 

by the motion of the ripplons, A a (t) is the random phase shift caused by 

the random positions of the ripplons, and ^ s is the difference in path 

length between the scattered and refereace beams. For the heterodyne 

method used for this thesis, A s = 0. 

When Eq. 39 and Eq. 40 are used in Eq. 38, the last term results 

in sixteen terms. Of these sixteen, ten only contain terms of the form 

<cos[ A A (t)]^ , <cos[ A «(t + T)]'> , or <cos[ A A (t) + A O! (t + 7)]> 

which are all zero because A a (t) is a random variable. 
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Three of the non-zero terms are time independent terms and will 

contribute only to the DC component of the output of the photomultiplier. 

Their sum is: 

+  +  < E ^ ^ ( t ) E ' ^ ( t + 7 l >  +  < E ^ ^ ( t  +  T ) E ' ^ ( t ) >  =  

C iA^(t)A^{t + T)> + <iA^(t + T)B^(t)> + < W(t)B^(t -h T)> , (41) 
4 4 4 

where the components at 260^^^ have been excluded since the photodetector 

will not respond at those frequencies. 

One of the non-zero terms is the result of the scattered radiation 

beating against itself. 

<E'^(t)E'^(t +7)> =  < i B ^(t)B^(t+ 7l> . (42) 
4 

This is the term examined when one is dealing with homodyne spectro

scopy. 

The two remaining non-zero terms arise from the beating of the 

scattered field and the local oscillator field on the photodetector. These 

are the terms which contain the information one seeks. 

<Ej^(t)Ej^(t + 7)E'(t)E'(t + 7l> = <A(t)B(t)A(t + 7)B(t + 7) 

• cosC 00y(t + f )  +  A a( t  +  t )  + a (t) - A a (t)]> 

+ < A(t)B(t)A(t + 7)B(t + T)cos[ tOj.(t + 7) - Aa (t + 7) + a (t) + A a (t)] > . (43) 

At this point one reintroduces the imaginary part of the terms and 

notes that since >> <[Ig^ , the current correlation function is 

R.(T) = eij^ô (T) + H- ij^ <ig> [ , (44) 

f 2 )  
which does not involve g (T). Thus the photocurrent spectrum for 
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heterodyne detection system has the form: 

GXw) +1,^6 M 
2» 2. i 

• dT , (45) 

which consists of a shot noise term, a DC term, and the heterodyne light 

beating spectrum (53). 

Since the light source is coherent, the scattered light falling on the 

photodetector will have the same normalized autocorrelation function as 

the dielectric fluctuation- -that is, exp[ -0)^ t] (46). One can now write 

, (46) 

where the expficO^T) term represents the fact that the light is centered 

around the optical frequency. Therefore, 

ei, o 2tO i, <i > 
G (w) =-^ + . i ' (47) 

ir(Ci) -

The heterodyne light beating spectrum is a Lorentzian of half-width at 

half-height Ù Wi = , centered at oo= (Wg - Wj^)» with an intensity 

proportioned to i^^ and <i^ . See Figure 4. 

There are two considerations that must be made if one is to have a 

realistic idea of the applicability of the heterodyne spectroscopic method. 

These are the coherence area, à A, which is the region on the scattered 

wave front over which there is spatial coherence, and the heterodyne 

mixing efficiency, e , which is the degree to which the scattered wave 

and the local oscillator wave have matched wave fronts. Once one knows 
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Figure 4, The theoretical power density spectrum for the heterodyne spectroscopy detection 
system. 
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these, one will have an idea of the signal-to-noise ratio that one can 

e3q)ect. 

If CO = (Wg - OO jqI» this ratio at the photodetector is given by (35) 

=4ç '^V(  — ) _1_ (48) 

N 
PD ÙA 

where ( -^H-) is the number of scattered photons per second crossing 
AA 

each coherence area. After detection the signal-to-noise ratio is (50) 

S / N  S 

N 
POST S/Nlpjj + l 

PD Ui'^T , (49) 

where T is the time constant for the entire detector system. The two 

limiting situations are: 

1. S/nL^«1 SO that S/N 1 p™ = 4c ( i!L) (50) 
^ ' dt ^AVW;' 

2. S/N }p^ >>1 SO that S/N pQg^ * (51) 

It is to be noted that for the optimal signal-to-noise ratio, one 

wants to make the size of the scattering region small so that the 

coherence areas in the scattered field will be as large as possible since 

the coherence area is proportional to (dn/dt)^^ (51). € = 1 for the 

experimental apparatus of this thesis. 

For a discussion of the scattered signal handling of other tech

niques, one is referred to Arrechi (54) for the photon counting method, 

and to Seigel and Wilcox (55) for the direct correlation measurement 

method. 
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EXPERIMENTAL SECTION 

A schematic of the experimental set-up is shown in Figure 5. The 

light pencil from a laser passes through an aperture screen onto the 

interface which has ripples of random frequency imposed on it. The light 

scattered by the fluctuations and the non-scattered light pass through a 

collecting lens and an interference filter which focuses the selected light 

to a point on the photodetector. The photocurrent from this photodetector 

is fed into a wave analyzer which is driven repeatedly through a pre-set 

frequency range by a multichannel analyzer. After a given number of 

scans at that frequency range, the signal intensity versus frequency is 

read out on an x-y recorder. Each of the elements of this set-up will 

now be described in more detail. 

A. Laser System 

An Orlando Research Model 400 Argon-ion laser was used as the 

light source for the experiments. This laser is of the anodic-bore ion 

laser type which consists of three primary elements: a DC power supply, 

a plasma tube, and optics. Unlike conventional discharge tube designs, 

the anodic-bore tube has three electrically active elements. These ele

ments are the cathode, anode and secondary anode. See Figure 6. These 

elements and the magnetic solenoid interact with the plasma through 

electrostatic means which prevent direct interaction with plasma ions. 

Thus, these elements can be considered as electronic elements which 
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A P E R T U R E  S C R E E N  

L A S E R  

TEFLOW 
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MULT! CH/INWEL 
AA/Z^iyzER 

R E C O R D E R  

Figure 5. Block diagram of the experimental arrangement for liquid-gas 
interfaces. The electromechanical transducer is identified by 
ET and drives an L shaped probe represented by an arrow in 
the diagram. 
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Figure 6. Anodic bore laser system. 
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utilize the plasma as a power coupling medium. The subsequent removal 

of direct ion interaction eliminates deteriorating sputtering or other ion 

impact effects from occurring in the anodic-bore plasma tube and thus 

permits its construction as a sealed tube. 

The laser head, depicted in Figure 7 contains the laser optics, the 

plasma tube and magnetic solenoid. The power supply contains a DC 

anode power supply for plasma tube power, a DC solenoid power supply 

and filament heater power. Along with coolant lines, the umbilical cord 

connecting the laser head to the power supply contains one wire (no. 1) 

for the anode, two wires (no. 2 and no. 3) for the filament, and two wires 

(no. 4 and no, 5) for the solenoid power. The sequence for activating 

the plasma tube is to supply filament heat until the filament has reached 

its proper temperature (about one minute), to activate the solenoid and 

then to activate the main DC power supply. That power supply delivers 

operating voltage and current to the plasma tube electrodes. A resistor 

in the laser head supplies the proper bias voltage and current to the 

secondary anode from the primary anode power source, and the tube 

s elf-ignites. 

The DC power supply is a transistor regulated supply. The voltage 

is monitored and controlled on the front panel of the power supply. The 

current regulator uses silicon power transistors to achieve an amplifier 

capable of 2500 watts dissipation at up to 100 volts potential. This 

amplifier is driven by a control circuit which senses the potential across 
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Figure 7. Orlando Research Model 400 laser head diagram. 
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a reference resistor in series with the tube. The current regulation 

bandwidth is a minimum of one Megahertz. The regulator responds to 

current variations originating either in the power supply or in the plasma 

tube. 

Laser action in the anodic-bore ion laser is generated within the 

secondary anode by a plasma discharge sustained by the cathode and 

secondary anode. Optical gain is generated in this plasma at certain -

wavelengths (4579 A, 4657 A, 4765 A, 4727 A, 4880 A, 4965 A, 5079 A 

and 5145 A) corresponding to transitions between specific energy levels 

of the ion. Laser action is obtained by creating a regenerative optical 

path through the secondary anode for which the optical gain exceeds 

optical losses. This is achieved by terminating the plasma tube with 

highly transparent windows and aligning mirrors on each end of the plasma 

tube to create the regenerative optical path through the tube. The rear 

mirror has a maximum reflectance and the front transmits about ten per 

cent of the laser power incident upon it. Laser action is achieved on the 

several wavelengths specified, and single wavelength operation at 4880 A 

is achieved by introducing a dispersive Littrow prism in place of the 

rear reflector. Normal operation of the laser generates laser action in 

only one transverse resonant mode but in several longitudinal resonant 

modes, each propagating in the same direction but having different fre

quencies and wavelengths. Each longitudinal mode is separated from an 

adjacent mode by about 15 Gigahertz. Since the detection apparatus 
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employed only detects signals up to 120 KHz, there is no danger of inter

fering mode hopping. 

There is a background noise problem in the low frequency region 

of the power spectrum of the laser. The anticipated peaks at multiples 

of the power line are observed in the power spectrum. See Figure 8. 

This base line spectrum also has a broad but low intensity band between 

5000 Hz and the frequency range in which the electrical circuit roll-off 

seems to become important (100 KHz). The background spectrum must 

be well characterized for accurate line shape determination. It is easy 

to select a k^ range for study that gives Brillouin shifts that are above 

the noisy region between 10 Hz and 50 Hz. So although the argon 

ion laser is somewhat noisy in the low frequency region below 500 Hz, it 

appears satisfactory for accurate line shape work at frequencies above 

500 Hz. 

The stability of the laser is indicated in Figure 9, where the output 

of the laser is plotted versus time. Because of the instability and drift 

of the laser when first turned on, data are not to be collected during the 

first quarter hour of operation. 

B. Aperture System 

The aperture screen serves to divide the laser light wave front 

into two interfering light pencils. The screen used consisted of two small 

circular holes positioned close together on an otherwise opaque screen. 

The aperture screen is precisely positioned on a capping end of a short 
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Figure 8. Low frequency noise spectrum of laser for Coherent Radiation Argon ion laser. 
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Figure 9. The stability of the laser power output at 25 amps and 3 8 volts DC. 
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metal tube. This tube is inserted into a Tropel Model 7600 mirror mount 

and aligned so that the apertures are positioned symmetrically with 

respect to the optical axis. The optical bench is of sufficient quality that 

the alignment could be retained while the position of the aperture screen 

was varied between 26. 0 cm and 78. 0 cm from the rippling interface. See 

Figure 10. The end piece holding the aperture screen could be rotated 

without destroying the alignment. 

The determination of for any position of the aperture screen on 

the optical bench was made by photographing the fringe pattern with a 

lens-less stationary Polaroid camera. The wave number of the fringes is 

proportional to the reciprocal of the distance between adjacent fringes. 

(See Equation 24.) The values of for various positions are shown in 

Figure 11 with the numbers recorded in Table I. 

C. Random Rippling System 

The electromechanical transducer is driven by a General Radio 

Type 1390-B Random Noise Generator whose output is boosted by a Fanon 

solid state amplifier. The noise source of the random noise generator is 

a gas-discharge tube with a transverse magnetic field applied. For any 

particular frequency that is observed on the wave analyzer, the random 

noise generator provides a Gaussian distribution, so long as the band

width used on the wave analyzer is narrow compared to the band selected 

on the random noise generator. The bands available are 20 KHz, 500 

KHz and 5 MHz. 
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Figure 10. Output of photomultiplier (PM) (intensity of light striking photosurface) as a function of 
position of the aperture screen. 
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Table I. The change in and w VZw with L. 

L (cm) àx (cm) (cm"^) (HZ) 

20.0 .020 314. 1 6868. 

23.0 .024 261.8 5222. 

24.0 .025 251.3 4912. 

26.0 . 0 2 6 241.6 4 631. 

28.0 .028 224.4 4144. 

30.0 .030 209.4 373 6. 

32.0 .031 202.6 3557. 

34.0 .035 179.5 2965. 

36.0 .037 169.8 2728. 

38.0 .039 161.1 2521. 

40.0 .040 157.0 2427. 

42.0 .042 149.6 2255. 

44.0 .045 139.6 2034. 

48.0 .050 125.6 1736. 

50.0 .053 118.5 1591. 

52.0 .055 114.2 1505. 

54. 0 .056 112.2 1465. 

56.0 .060 104. 7 1321. 

58. 0 .061 103. 0 1288. 

60.0 .065 96.6 1171. 

62. 0 .066 95.2 1145. 

64.0 .069 91.0 1071. 

66.0 .070 89.7 1048, 

68.0 . 071 88.5 1026. 

72.0 .076 82. 6 926. 

(a) co^/2Tr is calculated from the Kelvin equation using p = 1.0 gm/cc and 

7 I 60. 0 dynes/cm. 
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The uniformity of the output throughout the region of interest can 

be seen in Figure 12. The variation in the signal level of the photo-

current as a function of the output of the random noise generator for 

different voltages from the high voltage source is shown in Table II. 

An L-shaped probe attached to a Utah SP25A microgap speaker is 

used as the electromechanical transducer which generates the ripples on 

the interface. 

The response of this transducer as a function of frequency was 

characterized with the type of experimental set-up shown in Figure 13. 

If one defines L to be the length from the pivot to the mirror support and 

0 to be the angle between this plate and the mirror, one can algebraically 

find the relation between the displacement, x^, of the light beam on the 

ceiling and the angle of rotation, 3 , of the mirror support, and thus the 

relation between *4 and the displacement, XQ, of the probe on the 

transducer. 

From Figure 14, with L and G fixed, 

x^ = - L cosp 

y^ = yj - L sing . 

Then the equation of the mirror is: 

(y - y^) = (x - *2^ fcan(Tr - 6 + 3 ) 

= (x - X2)[- tan(0 - P ) ]. 

At the photon impact point y^ = 0, so Xg is given by: 

Xj - x^ = y^ / tan(0 - g ) ; 
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Figure 12. Signal level output of random, noise generator as a function of frequency. 
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Table II. Response of photomultiplier for different input voltages. 

Output of RNG 

. 6 V .8 V 1.0 V 1.2 V 1,5 V 

V 300 V .2 ,19 .18 .16 .15 Signal(S) jua 
0 
1 8. 8. 8. 8. 8. Noise(N) ptfl 
t 
a 350 V .58 ,58 .53 .50 .43 S 
g 
e 24. 24. 24. 24, 24. N 

a 400 V 1.3 1.5 1,4 1.3 1.2 S 
t 

92. 92. 92. 92. 92. N 
H 
i 450 V 3.2 3.6 3.4 3.0 2. 6 S 
g 
h 172. 172. 172. 172. 172. N 

V 500 V 7 . 8  8 . 2  7.6 7.0 6.0 S 
0 
1 240. 240. 240. 240, 240. N 
t 
a 550 V 17.0 19.0 18.0 lérO" 15.0 S 
g 
e 420. 420. 420. 420. 420. N 

S 600 V 38.0 38. 0 35.0 33.0 28.0 S 
o 
u 1600. 1600, 1600. 1600. 1600. N 
r 
c 
e 
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Figure 13. Experimental set-up for determination of frequency dependence of transducer. 
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so that Xg = - L cosP - (y^- L sinP ) / tan(9 - P ) 

Now a = ir-0 + P, 7 = ir - 2a = 2(6 - P ) - ir ; 

= Xg - y^coty = Xg - y^cotC 2(0 - P ) - ir] 

= Xg + y^cot[ IT - 2(8 - P ) ] 

= Xg - y^cot2(0 - P) 

Therefore, 

x^ = - L cosP - (yj - L sinP ) / tan(0 - P ) - y^cot2(0 - p ) 

where x^ = the maximum displacement of reflected point on the ceiling; 

y^ = the distance from the incident laser beam to the ceiling; and 

y^ = the distance from the incident laser beam to the plane of the 

axis of rotation of the mirror support. 

This equation is solved on the computer for P . 

The displacement of the probe, x^, can be expressed as Xq = 

21, sinP . The variation of Xq with frequency is shown in Table III. 

The transducer assembly is positioned over a teflon trough so that 

the probe rests on the surface of the fluid filling the trough. The line of 

contact between the probe and interface is parallel to the ends of the 

trough, A random field of standing waves is generated by the probe 

arranged in this configuration. The fringe pattern from the aperture 

screen is rotated until it is parallel to the standing ripple field. The 

intensity of the power spectrum peaks are observed to depend strongly 

on this alignment, as one expects. 

The variation of the photocurrent output of the photomultiplier with 
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Table III. Displacement of probe as a function of frequency, 

a. Frequency generator at 0. 5 Volts 

Frequency (Hz) (cm) Xg (fj,) 

100. 9.50 .0539 

200. 9.00 .0535 

300. 7.00 .0517 

400. 5.50 .0506 

500. 2.00 .0493 

600. 1.40 .0487 

1000. 1.00 .0484 

1500. . 70 .0481 

20000. . 70 .0481 

b. Frequency generator at 1.0 Volts 

1 00. 18.00 .0565 

200. 15, 50 .0553 

400. 10.00 .0547 

500. 4.50 .0511 

600. 3.50 ,0499 

1000. 1.60 .0489 

1500. 1.60 . 0489 

20000. 1.60 .0489 
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changes in the vertical positioning of the probe with respect to the plane 

of the interface is shown in Figure 15. One can see that no signal is 

observed when the probe is more than 0. 5 mm above or below the 

interface. 

The ripple amplitudes are kept below 0.1 micrometers throughout 

the range from 400 Hz to 6000 Hz. This amplitude limit is required in 

order to insure the validity of the linearity assumptions built into the 

hydrodynamic the pry. 

D. The Photomultiplier 

An RCA-1P21 high-vacuum photomultiplier is used to detect the 

low level of light transmitted and scattered by the fluctuating interface. 

This tube has a spectral response of the S-4 type which covers the range 

from about 3000Â to 6Z00l as shown in Figure 16. Maximum response 

occurs at approximately 4000A. Since the photocurrent produced at the 

cathode is multiplied many times by secondary emission occurring in 

each of the nine successive dynode stages, the 1P21 is capable of multi-

plying weak currents produced under weak illumination by an average 

value of 2 X 10 times when operated at 100 volts per stage. The output 

current of the 1P21 is a linear function of the exciting illumination under 

normal operating conditions. A graph of the current to the laser versus 

the output of the photomultiplier is shown in Figure 17. 

Since secondary emission occurs almost instantaneously, frequency 

response of the 1P21 is flat up to frequencies at which transit time and 
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Figure 15. Strength of Brillouin peak intensity as a function of the probe's distance from the 
interface. 
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Figure 16. Spectral sensitivity characteristic of 1P2I type photomulti-
plier which has an S-4 response. 
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capacitance effects become the limiting factor. This limiting frequency 

i s  1 .  15  MHz.  

A Fluke Model 405B High Voltage Power Supply serves as a high 

voltage source for the photomultiplier. The output of the photomultiplier 

for different input voltages from the high voltage source is plotted in 

Figure 18, for the cases of no laser light incident on the photomultiplier 

and of laser light incident on the photomultiplier as during data collection. 

From this graph one can see that the dark current is sufficiently low not 

to interfere with signal detection. The data for light scattering from 

interfacial fluctuations is taken with the input high voltage source at 

500 volts. 

E. Analyzer System 

The output from the photomultiplier is handled according to the 

schematic in Figure 19. It passes into a Hewlett-Packard Model 3590A 

Wave Analyzer with a 3594A sweeping local oscillator which automatically 

detects the signal amplitude for each frequency in the frequency range 

scanned. A voltage-to-frequency converter mediates the output from the 

wave analyzer to a RIDL Model 34-12 transistorized 400 channel pulse 

height analyzer operating in the time mode. In this mode the RIDL 

analyzer stores gross count information in one channel for a preset time. 

At the end of this interval, the address will be advanced to the next 

channel and the RIDL analyzer may again store gross count information 

for the preset time. This operation will continue throughout the entire 
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Figure 18, Output of photomultiplier as a function of voltage input from 
the high voltage source. 
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Figure 19. Schematic of data gathering analyzer system. 
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memory or preselected memory subgroup. The minimum cycle time 

for the above operation is ten microseconds per channel. The time base 

generator selects the length of time per channel and the dead time before 

another scan is begun. A linear amplifier (Figure 20) is used to select 

the frequency range to be scanned and to drive the local oscillator repeat 

repeatedly through that range. 

After enough scans are taken to establish the Brillouin peak and 

its line shape, the scanning is stopped with the resultant signal counts 

per channel being read out on an x-y recorder. 

One should note that the signal grows as the number of scans, N, 

and the noise grows as the square root of the number of scans because 

of its random character. Thus the Signal/Noise grows as N/"\/N or 

A retardation plate could be placed in the path of the laser pencil 

before the aperture screen in order to rotate the electric vector by 90°. 

A laser line filter from Optics Corporation which selects out 4880Â 

light waves to a precision of ±5A (the half-width at half-height) is placed 

on the photomultiplier housing in front of the photosurface. This limits 

the observation range to k^ < lO^cm \ but this upper limit is well above 

the range of interest in the present investigation. 

The entire system is mounted on a ton-and-a-half slab of concrete 

resting on Barrymount suspension springs to isolate the system from 

extraneous sources of vibration. 

The teflon trough was made of a single piece of milled teflon with 
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dimensions 8. 0cm x 5. 0cm x 2. 0cm and had a circular hole in the bottom 

in which was placed a precision fitted glass window. 

F. Chemicals 

The distilled water used in these experiments was obtained doubly-

distilled from a Barnstead distillation column and had a conductivity of 

- 7 
5.0x10 mho. The surface tension was 71. 4 dynes/em--that is, 0.5 

dynes/cm lower than the literature value at 25° C. It was found that 

sufficient contamination to justify discontinuing the experiment accumu -

lates after four hours of use. 

The chloroform used as solvent for the fatty acids was distilled on 

a 30-plate Oldershaw distillation column. 

All of the fatty acids used were obtained from Eastman Chemical 

and were recrystallized twice from methanol or ethanol prior to use. 

The heptanoic acid was obtained from Eastman Chemical and was 

used as delivered. 

The synthetic polymers were used as received from Dr. James 

Anderson of Case-Western Reserve University. 

All the glassware and the teflon trough were cleaned in an alcoholic 

KOH solution and an acid permanganate solution to insure their freedom 

from contamination. 
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G. Experimental Procedure 

The experiment is performed as follows: 

1. After the electronic components have stabilized (about fifteen minutes), 

the teflon trough is filled with the distilled water. 

2. Impurities on the surface are siphoned off by a capillary tube hooked 

to a vacuum filtering flask and the chloroform solution of the mono

layer material is placed on the surface with a syringe. 

3. For a particular aperture position, the wave analyzer is driven 

through the complete 700Hz to 7KHz frequency range for sixteen to 

twenty-four scans. 

4. The frequency range for the scan is narrowed to that portion where 

the Brillouin peak is located. 

5. This new frequency range is now scanned for approximately sixteen 

times, and the resulting spectrum is recorded on the x-y recorder. 

6. The aperture screen is moved to a new position. 

Steps 3 through 6 are repeated until at least ten spectra are taken for that 

particular concentration of that monomolecular film. 
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RESULTS 

The experimental method just described has been used to study the 

air-water and the air-heptanoic acid solution interfaces. Monolayers of 

four long chain fatty acids and of two synthetic polymers at the air-water 

interface were also studied. The results obtained are compared with the 

theoretical results generated by the program described in the theory 

section. 

The program used the surface tension values for the fatty acids 

experimentally determined by J. Ahmad of this laboratory by the film 

balance method. Using these values and the equation of state for liquid-

expanded monolayers (5 6), 

(TT - TTq) (a - a^) = kT , 

approximate values were derived for the shear viscosity and the elastic 

modulus according to the equations (57): 

log n = log T) Q + bir , 

and € = (ir - TT^) / (1 - a/a^) , 

where IT is the spreading pressure of the monolayer; is the spreading 

coefficient for the hydrocarbon part of the film molecules on water; a^ is 

the area correction allowing for the finite size of polar groups; a is the 

area per film molecule; k is Boltzmann's constant; rj is the shear visco

sity of the lower phase; and b is an empirically determined constant. 

Values for and a^ were obtained from the early work of Langmuir (58). 

Values for b were obtained from the work of Harkins (59)» 
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The non-rationalized polynomial program usually yields three 

distinct roots. Two are analogs of the pure interface pair of roots, and 

the third goes to zero for low values of F, the surface excess. The 

rationalized polynomial yields seven distinct roots, but these include 

two pairs of complex conjugates and three which go to zero in the same 

manner as the non-rationalized polynomial program. There is a ten per 

cent difference in the corresponding roots for the two programs, with the 

rationalized polynomial requiring almost twice as many iterations before 

convergence. 

Two dimensionless groups of parameters, and Y^, are routinely 

calculated for both theoretical and experimental values. 

.0 COi^ p g 

^1=—I 
ykj. ykj 

w' 
^3 = 

r 

"r 
,-2/3 Plots are made of co^ versus L which are designed to produce a 

linear relationship with aperture displacement from an arbitrary point 

on the optical axis. The least squares deviation of the points from the 

- 2 /3 functional line co^" = a + bL are calculated. 

The experimental and theoretical results for the air-water interface 

are now in press (60). They are depicted in Figure 21, which shows the 

-2/3 versus L plot for two different sets of apertures. The observed 

slopes are 4. 93 x 10 ^(sec)^^^cm ^ and 4. 72 x 10 ^(sec)^'^^cm ^ and the 
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theoretical slope turns out to be 4.20 x 10 (sec)^^^cn: . The two data 

sets are displaced from each other since 2x^ has been changed without 

changing L. 

The air-heptanoic acid interface was studied at six different concen

trations. Only values for wj. and not were obtained at the time this 

series of experiments was done. 

For a concentration of 7.5 x 10 ^ moles/liter, y = 3 7. 8 dynes/cm, 

and the slope of the plot is 5. 23 x 10"'^(sec)^^^cm"^ experimentally and 

5.35 X 10"^(sec)^^^cm ^ theoretically. The deviation of the points from 

this line is 0.9%. The values obtained for and Yj are recorded in 

Table IV. 

The values of the slopes for the other concentrations are recorded 

along with the surface tensions in Table XVI. The values for CO^ and for 

Yj for these concentrations are listed in Table V through Table IX. 

- 2 /3 Figure 22 illustrates the linear dependence of on L at three 

different concentrations of heptanoic acid. 

Myristic acid was used as a monolayer on the air-water interface 

at six different concentrations. The concentrations, surface tensions, 

and slopes for the plot of versus L are given in Table XVII. The 

values for , Y^ , and Y^ are listed in Table X through 

Table XV. 
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Table IV. Air-Heptanoic Acid (7.48 x 10' m/l) Interface. 

kj,(cm"^) 

185.0 

172.2 

1 6 1 . 1  

151.3 

142. 7 

134.9 

128.0 

121.8 

110.9 

101.9 

94.2 

87. 6 

8 1 . 8  

79.2 

76.8 

CO' (Hz) CO' (Hz) 
exp 

16110. 

14074. 

12309. 

11310. 

10002. 

9519. 

8570. 

8030. 

6805. 

5988,  

5334. 

4731. 

43 73. 

4291. 

3977. 

th 

14327. 

12888. 

11681. 

10647. 

9765. 

8987. 

8317. 

7729. 

6730. 

5939.  

5288. 

4751. 

4294. 

4094.  

3912. 

1 
exp 

1,0781 

1 . 0 1 9 8  

.  9528 

. 9705 

.9057 

.9691 

. 9200 

.9382 

. 8906 

.  8902 

. 8938 

.8742 

. 9152 

.9709 

.9155 

1 th 

.  8536 

. 85 64 

. 8590 

. 8614 

. 863 6 

. 8657 

. 8676 

. 8695 

.8729 

, 8760 

. 8789 

. 8815 

.  8839 

. 8850 

. 8861 
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Table V. Air- Heptanoic Acid (3.75 x 10"^ m/1) Interface. 

- 1  k (cm" ) COy (Hz) (Hz) 

185.0 

172.2 

1 6 1 . 1  

151.3 

142. 7 

134.9 

128.0 

121.8 

110.9 

101.9 

94.2 

87. 6 

81.8 

79.2 

76.8 

exp 

20804. 

17492. 

15381. 

13861. 

12566. 

11090. 

9921.  

9205. 

7986. 

7018. 

6472. 

5724. 

5234. 

4914. 

4612. 

•th 

16312. 

14672. 

13296. 

12118. 

11113. 

10227. 

9464. 

8794. 

765 6. 

6755. 

6015. 

5402. 

4882. 

465 5. 

4448. 

%1 
exp 

1.4017 

1 . 2 2 8 1  

1.1600 

1.1365 

1.1146 

1.0255 

.9612 

.9614 

. 9567 

. 9539 

1. 0263 

.9985 

1.0230 

. 9930 

. 9606 

1 
th 

.8626  

. 8652 

.  8676 

.8699 

. 8720 

. 8740 

. 8759 

, 8777 

. 8 8 1 0  

. 8839 

. 8867 

.8892 

.3915 

. 8926 

. 8937 
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Table VI. Air-Heptanoic Acid (2. 5 x 10'^ m/1) Interface. 

kj. (cm'^) 

185.0 

172. 2 

1 6 1 . 1  

151.3 

142.7 

134.9 

128.0 

121 .8  

110.9 

101.9 

94.2 

87. 6 

8 1 . 8  

79.2 

76.8 

cOy (Hz) 
exp 

20609. 

17624. 

16028. 

14432. 

12799. 

11655. 

9959.  

8903. 

7200. 

6321. 

6032. 

5228. 

4706. 

4430. 

4197. 

to' (Hz) 
th 

17081. 

153 63. 

13922. 

12688. 

1163 6. 

10708. 

9908. 

9207. 

8015. 

7072. 

6296. 

5655. 

5110. 

4872. 

465 6. 

exp 

1. 2587 

1.1408 

1.1528 

1.1276 

1. 0581 

1.0367 

. 8862 

.  8229 

. 7114 

.7077 

. 8156 

.7617 

. 75 63 

. 7380 

. 7275 

1 th 

. 8656 

. 8 6 8 2  

. 8706 

. 8728 

.8749 

.8769 

. 8787 

. 8805 

. 8837 

. 8866  

.8893 

.8918 

.8941 

. 8952 

.8963 
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Table Vil. Air-Heptanoic Acid (7.988 x 10 ^ m/1) Interface. 

k (cm"^ OJ' (Hz) w' (Hz) 

185.0 

172.2 

1 6 1 . 1  

151.3 

142.7 

134.9 

128.0 

1 2 1 . 8  

1 1 6 . 1  

110.9 

1 0 6 . 2  

101.9 

97.9 

94.2 

90 .8  

87.6 

84, 6 

exp 

2 1 1 1 1 .  

17907. 

16148. 

14357. 

12679. 

11712. 

10279. 

9896.  

8966. 

8482. 

7929. 

7464. 

6930. 

6597. 

6158.  

5969.  

5341. 

'th 

19320.  

17375. 

15743. 

14347. 

13157. 

12106.  

11201 .  

10407. 

9694. 

9059. 

8497. 

7992. 

7532.  

7115. 

673 8. 

63 90. 

6068. 

exp 

1. 0575 

.9429 

.93 68 

.8934 

. 8314 

. 8381 

. 75 60 

.8142 

. 7709 

, 7908 

.7874 

. 7907 

.7684 

.7815 

. 7606 

. 795 6 

. 7060 

1 
th 

.8734 

.8759 

.8782 

.8803 

.8823 

. 8842 

.  8860 

. 8876 

.  8892 

. 8908 

.8922 

.8936 

.8949 

.  8962 

.8974 

.8985 

.8997 
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Table VIII. Air-Heptanoic Acid (7.988 x lO'^m/l) Interface. 

k (cm S 
r 

to (Hz) 
exp 

CO' (Hz) 
th exp 'th 

185.0 

172.2 

1 6 1 . 1  

151.3 

142.7 

134.9 

128.0 

1 2 1 . 8  

1 1 6 . 1  

110.9 

106 .2  

101.9 

97.9 

94.2 

9 0 . 8  

87. 6 

84.6 

8 1 . 8  

79.2 

76.8 

74.5 

72.3 

70.3 

68.4 

6 6 . 5  

64.8 

22745. 

20609. 

17404. 

15457. 

14307. 

12830. 

11498. 

10 7 63. 

10172. 

9110. 

8501. 

7892. 

7320. 

6981. 

6503. 

63 0 8. 

6057. 

5793. 

5536. 

5278. 

4869. 

4467. 

4335. 

4260. 

4071. 

3914. 

19170. 

17240. 

15622. 

1423 6. 

13055. 

12013. 

11115. 

10327. 

9620. 

8989.  

8431. 

7930. 

7475. 

7060. 

6687. 

6341. 

6022. 

5729. 

5462. 

5219. 

4989.  

4773. 

4579, 

4397. 

4218. 

4059. 

1. 1916 

1.2125 

1.0564 

1.0052 

1.0276 

. 9764 

. 9184 

, 9350 

. 9636 

. 8858 

. 8787 

. 8580 

.8322 

. 8494 

. 823 7 

.8628 

.  8821 

. 8917 

.  8969 

.8954 

.8344 

.7667 

,7867 

. 8256 

.8177 

, 8178 

. 8729 

.8754 

. 8777 

.8798 

.  8818 

.  8838 

. 8855 

. 8872 

.8888 

. 8903 

.8917 

. 8931 

.8945 

. 8957 

.8969 

.  8981 

.8992 

. 9003 

.9014 

. 9024 

.9034 

.9044 

. 9053 

. 9062 

.9071 

.9080  
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Table IX. Air-Heptanoic Acid (7. 988 x 10"® m/1) Interface 

k (cm 
r 

185.0 

172.2 

1 6 1 . 1  

151.3 

142.7 

134.9 

1 2 8 . 0  

1 2 1 . 8  

1 1 6 . 1  

110.9 

1 0 6 . 2  

101.9 

97.9 

94.2 

9 0 . 8  

87. 6 

84.6 

8 1 . 8  

79.2 

76.8 

74.5 

-L 
exp 

(Hz) 

18755. 

16129. 

14250. 

12604. 

11643. 

10399. 

9519. 

8482. 

8218. 

7420. 

7025. 

673 6. 

6421. 

5938. 

5422. 

5190. 

4800.  

4712. 

4398.  

4310. 

3782. 

co' (Hz) 
fth 

19512. 

17548.  

15900. 

14490. 

13287, 

12227. 

11312. 

10511. 

9791.  

9149.  

8581. 

8072.  

7607. 

7186. 

6805. 

6453. 

6129. 

5831. 

5559. 

5312. 

5078. 

Y, 
exp 

8065 

7392 

7049 

6653 

6773 

6383 

6264 

5778 

6258 

5846 

5969.  

6219 

6373 

6114 

5697 

5808 

5509 

5868 

5629 

5938 

5465 

"'m 

.8741 

.8765 

.8788 

. 8809 

.8829 

. 8848 

.  8865 

. 8882 

.8898 

.8913 

. 8927 

.  8941 

. 8954 

. 8966 

.8978 

. 8991 

. 9002  

.9013 

. 9023 

. 9034 

.9044 
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Table X. Myristic Acid (4. 72f i l )  at Air-Water Interface. 

- 1  k (cm 1 to;. (Hz) co; (Hz) 
exp th exp th 

87.1 

90.9 

95.0 

99.4 

104.4 

109.8  

115.8 

122.5 

130.1 

5073. 

5523. 

5944. 

6114. 

6496. 

7219. 

7779. 

865 6. 

9285. 

6441. 

6863. 

7329. 

7839.  

8433. 

9090. 

9839.  

10698. 

11700. 

00' (Hz) 00: 
exp th 

(Hz) 

. 5727 

. 5984 

. 6076 

.  5599 

.5304 

. 5806 

.5744 

. 6007 

.5777 

Y3 
exp 

.9279 

.9271 

. 9 2 6 2  

.9253 

.9243 

. 9233 

. 9 2 2 2  

. 9 2 1 0  

. 9198 

87.1 

90.9 

95.0 

99.4 

104.4 

109.8 

115.8 

122.5 

130.1 

363.2 

706.9 

829.4 

884.7 

8 2 1 . 8  

995.2 

1231.5 

1339.6 

1190.7 

307.1 

331.5 

358.8 

389.2 

425.1 

465.4 

512.2 

5 66.7 

631.5 

13.97 

7. 81 

7. 16 

6.91 

7. 78 

7.25 

6.32 

6.46 

7.80 

20.98 

20. 70 

20.42 

20.14 

19.84 

19.53 

19.21 

18.  88 

18.53 
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Table XI.- Myristic Acid (6.14/il) at Air-Water Interface. 

k (cm"^ W' (Hz) co; (Hz) Y, Y, 
r exp ^th exp Sh 

83.6 4863. 5708. .6695 .9269 

87. 1 4930. 6067. .6095 .9261 

90. 9 5388. 6465. . 6417 .9253 

95.0 5894. 6903. .6731 .9245 

99.4 6151. 7385. .6388 .9237 

104.4 6365. 7944. .5918 .9227 

109. 8 7511. 8563. . 7083 . 9217 

115.8 7710. 9269. .6358 ,9207 

130. 1 8295. 10078. .5195 . 9196 

k (cm-i) to],' (Hz) wj.' (Hz) Y3 Y 
exp th exp th 

83. 6 589.4 254.2 8.25 22.45 

87. 1 547.3 273.4 9.01 22.19 

9 0 . 9  613.9 295.0 8.78 21.91 

95.0 814.9 319. 1 7.23 21. 63 

99.4 1036.7 345. 9 5. 93 21.35 

104.4 841.9 377. 5 7.56 21.04 

109.8 1149.8 413.0 6.53 20.73 

115. 8 1310.7 454. 1 5.88 20.41 

130.1 1493.5 502.0 5.55 20.08 
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Table XII. Myristic Acid (6. 99/il) at Air-Water Interface. 

k (cm"^) cOr (Hz) to' (Hz) Yj Y 
exp th exp th 

83. 6 4675. 5470. .6735 .9267 

87. 1 5096. 5814. .7094 .9260 

90.9 5524. 6195. .7348 .9252 

95.0 5902. 6615, .7352 .9244 

99.4 6032. 7076. .6689 .9236 

104.4 6631. 7612. .6996 .9226 

109.8 7204. 8206. . 7096 .9217 

115.8 7812. 8882. ,7111 .9206 

122.5 8319. 9657. .6808 .9196 

(cm-^) w'' (Hz) w'' (Hz) Y3 Y3 
exp th exp th 

83.6 555.4 228. 1 8.42 23.98 

87. 1 696.2 245. 2 7.32 23.71 

90.9 863,3 264.4 6.40 23.43 

95.0 1067.5 285.9 5.52 23.14 

99.4 1178. 1 309. 7 5.12 22.85 

104.4 1354.0 337.7 4.90 22.54 

1 0 9 . 8  1 0 7 6 . 3  3 6 9 . 2  6 . 6 9  2 2 . 2 2  

115.8 1076.3 405.6 7.26 21.90 

122.5 1438.8 448. 1 5.78 21.55 
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Table XIII. Myristic Acid (S.OOjil) at Air-Water Interface. 

k (cm"^ ooL (Hz) w; (Hz) Y, Y 
^ exp th exp th 

83 . 6 4549 . 5 0 93. .73 3 7 . 9 241 

87.1 4970. 5413. .7761 .9234 

90 . 9 5 4 63 . 5 7 68. .82 68 . 9 2 2 6 

95.0 5916. 6159. .8501 .9217 

99.4 6116. 6588. .7913 .9209 

104.4 6440. 7087. .7592 .9199 

109 . 8 7 091. 7639. .790 8 . 9 1 89 

115.8 7970. 8268. .8516 .9179 

122.5 8727. 8990. .8623 .9167 

130.1 9035. 9832. .7725 .9155 

k (cm-^) CO'' (Hz) co;' (Hz) Y3 Y, 
exp th exp th 

83.6 414.7 220.8 10.97 23.06 

87.1 571.8 237.4 8. 69 22.80 

90.9 650.9 256.0 8.40 22.53 

95.0 759. 6 276.8 7. 79 22.25 

99.4 909.3 299. 8 6. 72 21.97 

104.4 829.4 327.0 7. 76 21.67 

109.8 912.3 357. 5 7. 77 21.37 

115.8 1102.7 392.8 7. 23 21.05 

122.5 1147.3 433.8 7. 61 20.72 

130.1 1192.5 482. 6 7.58 20.37 
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Table XIV. Myristic Acid (8. 90/21) at Air-Water Interface. 

k (cm'^ CO' (Hz) (o; (Hz) Yi Y, 
^ ""exp th exp th 

83. 6 4842. 4950. . 8777 .9231 

87. 1 5205. 5261. . 8985 . 9223 

90.9 5182. 5606. .7848 .9215 

95.0 5762. 5986. .8506 .9206 

99.4 6189. 6403. .8551 .9198 

104.4 6597. 6888. ,8409 .9188 

109.8 7420. 7424. .9141 .9178 

115, 8 7868. 8036. .8756 . 9167 

122.5 8397. 8737. .8422 .9156 

130.1 9282. 9555. .8604 .9143 

k (cm"^ 0)1' (Hz) to;' (Hz) Y, Y, 
^ 'exp ""th exp th 

83. 6 536.0 218.0 9.03 22. 71 

87. 1 627.0 234.4 8.30 22.45 

90.9 671.0 252. 7 7.72 22.18 

95.0 912.3 273.2 6.32 21.91 

99.4 1026.0 296.0 6.03 21. 63 

104.4 1067.5 322. 8 6.18 21.33 

109.8 1317.0 352. 9 5. 63 21.03 

115.8 1012.8 387.8 7.77 20. 72 

122.5 1685.8 428.3 4.98 20.40 

130.1 1831.5 476.5 5.07 20.05 
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Table XV. Myristic Acid (9.8p,l) at Air- Water Interface. 

(cm"^) Wj, (Hz) 
exp 

coi (Hz) 
^th 

Yl 
exp "'m 

83. 6 4627. 4728. .8786 . 9213 

87.1 5040. 5025. .923 7 .9205 

90.9 5511. 5354. .9738 .9197 

95.0 5931. 5717. .9888 .9188 

99.4 6044. 6115, . 8945 . 9180 

104.4 6682. 6578. .9461 .9170 

109.8 7271. 7090. .9626 .9159 

115.8 8080. 7674. 1.0130 .9148 

122.5 8696. 8343. .9909 .9137 

kj. (cm'^) toi' (Hz) 
exp 

toi' (Hz) 
th 

Y3 
exp 

83. 6 454.3 213.5 10.18 22. 15 

87.1 639.0 229.5 7.89 21.89 

90.9 720.0 247.5 7. 65 21. 63 

95.0 776. 6 267. 6 7. 64 21.37 

99.4 1102.7 289.9 5,48 21.10 

104.4 970.7 316.2 6.88 20.81 

109.8 1053,7 345.7 6. 90 20.51 

115.8 1153.6 379.8 7.00 20.21 

122.5 1237,8 419.5 7.02 19.89 
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Table XVI. Air-Heptanoic Acid Interface. 

aji-2/3 
^exp 2/3 -1 ^th 2/3 _1 

conc. (moles/liter) y(dynes/cm) (sec • cm ) - (sec cm ) 
Li 

7.48x10'^ 37.8 5.23 x 10'^ 5.35x10"^ 

3.75x10"^ 48.5 4.93 x 10'^ 4.96x10"^ 

2.50x10"^ 53.0 4.57 x 10"^ 4.81x10'^ 

7.99x10"^ 67.2 4.60 x 10"^ 4,44 x 10'^ 

7.99 X 10"? 68.2 4.37 x 10-5 4.42x10'^ 

7.99x10'® 68.5 4.39 x 10"^ 4.41x10'^ 

Table XVII. Myristic Acid Monolayer at Air-Water Interface. 

(^,^2/3 ^,-2/3 

conc. ( nl) y(dynes/cm) (sec^^^cm"^) (sec^^^cm ^) 
f^oleenle. 

4.72 39.35 67. 5 4.61 x 10"^ 4.45x10'^ 

6. 14 30.25 59.9 4.27 x 10-5 4. 61 x lO'^ 

6.9 9 2 6.5 7 5 5 . 0 4 . 63 x lO"^ 4.75 x 10"^ 

8.00 23.16 47.7 4. 91 x lO"^ 4.98x10'^ 

8.90 20.94 45.3 4. 66 x lO"^ 5. 07 x lO'^ 

9.80 19.01 41.3 5.01 xi0"5 5. 23 x lO"^ 

Similarly the corresponding values for pentadecanoic, palmitic, and 

heptadecanoic monolayers are listed in Table XVIII through Table XXXII. 
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Table XVIII. Pentadecanoic Acid (4,53^1) at Air-Water Interface. 

(cm ) 

83. 6 

87.1 

90.9 

95.0 

99.4 

109.8 

115. 8 

130.1 

13 8. 6 

148.3 

(cm"^) 

w' (Hz) 
exp 

5749. 

5987. 

63 65. 

7265. 

7728. 

8928. 

10242. 

124 63. 

14685. 

16882. 

(Ol (Hz) 
th 

6014. 

6392.  

6811. 

7273. 

7780. 

9021. 

9764. 

11610.  

12756. 

14107. 

W (Hz) (0 
exp th 

(Hz) 

exp 

.8462 

. 8128  

. 8098 

.9249 

.9118 

.9048 

1.0145 

1.  0606 

1.2169 

1.3121 

^3 exp 

th 

.9283 

. 9275 

. 9267 

. 9258 

.9250 

.9229 

. 9218 

. 9194 

. 9 1 8 0  

. 9165 

83. 6 

87.1 

90.9 

95.0 

99.4 

109.8 

115.8 

130.1 

138. 6 

148.3 

434.2 

573.0 

622.0 

520.2 

615.8 

556.7 

408.4 

696. 8 

5 67.7 

613.9 

280. 0 

301.3 

325.3 

352. 1 

381.8 

426.4 

502.2 

618. 9 

693.4 

783.0 

13.24 

10.45 

10. 23 

13.96 

12.55 

16. 04 

25.08 

17.  89 

25. 87 

27.50 

21.48 

2 1 . 2 1  

20.94 

20. 66 

20.38 

19. 76 

19.44 

18.76 

18.40 

18.02 
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Table XIX. Pentadecanoic Acid'(7. 93jit 1) at Air-Water Interface. 

k (cm-') wt (%) . (Hz) Yj Y 
^ exp in exp tb 

83. 6 5542. 5804. .8433 .9288 

87.1 5938. 6169. .8577 .9281 

90.9 6453. 6574. .8930 .9273 

95.0 7113. 7020. . 9510 .9265 

99.4 7804. 7509. .9975 .9257 

104.3 8331. 8678. .9839 .9248 

109.8 9324. 8708. 1.0587 .9239 

115.8 10323. 9426. 1. 1059 . 9229 

122.5 11498. 10249. 1.1585 ,9218 

83. 6 333.0 234.4 45. 76 24.76 

87.1 421.0 252.0 34.47 24.48 

90.9 527.8 271. 7 36.52 24.20 

95.0 421.0 293.7 22. 15 23.90 

99.4 622.0 318.2 26.52 23.60 

104.3 314.2 347.0 12.55 23. 28 

109.8 421.0 379.3 16.89 22.96 

115.8 282.7 416.7 12.23 22.62 

122.5 251.3 460.3 16. 64 22.26 
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Table XX. Pentadecanoic Acid (10. 67/il) at Air-Water Interface 

k (cm-^) col (Hz) coi (Hz) Yi Y, 
r ^exp th exp th 

87.1 4933. 5208. .8249 .9219 

90.9 5265. 5549. .8285 .9211 

95.0 5838. 5925. . 8931 .9202 

99.4 5897. 6338. .7937 . 9194 

104.4 6032. 6818. .7185 .9184 

109.8 6792. 7349. .7828 . 9174 

115,8 7358. 7954. .7828 .9163 

122.5 7898. 8648, .7618 .9151 

130.1 9060. 9457. .8382 .9139 

138.6 10342. 10391. .9027 .9126 

k (cm"^) 00^' (Hz) tOy Y 
exp ^ th ""exp ^th 

87.1 631.5 23 3 . 3 7 . 8 1 22.33 

90.9 663.5 251.5 7.94 22.06 

95.0 771. 6 271.9 7.57 21.79 

99.4 815. 6 294.6 7.23 21.51 

104.4 642.8 321.3 9.38 21.22 

109.8 1026.0 351.3 6.62 20.92 

115,8 1105.8 385.9 6. 65 20.61 

122.5 1218.9 426.3 6.48 20.28 

130. 1 1438.9 474.3 6.30 19.94 

138.6 1399.3 530.5 7.39 19.59 
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Table XXI. Palmitic Acid (4. 15/il) at Air -Water Interface. 

k (cm"^ Wi (Hz) w' (Hz) Y, Y, 
exp ^th exp th 

83. 6 4989. 5622, .7328 .9352 

87. 1 5236. 5976. .7151 .9343 

90.9 5716. 6368. ,7515 ,9334 

95.0 5991. 6799. .7234 .9325 

99.4 6363 . 7273. .7109 . 93 15 

104.4 6855, 7823. .7141 .9305 

109.8 7532. 8432. .7408 .9294 

115.8 8044. 9127. .7200 ,9283 

122.5 8805. 9923. .7284 .9272 

(cm-^) oJi' (Hz) col' (Hz) Yo Y, 
^ ^exp th ^exp ^th 

83.6 597.5 346.1 8.35 16.25 

87.1 656.0 373.6 7.98 16,00 

90.9 791. 7 404.5 7.22 15. 74 

95.0 742.7 439.2 8.07 15.48 

99.4 972. 6 477.9 6.54 15. 22 

104.4 981,4 523.7 6.98 14,94 

109.8 1093.3 575,4 6.89 14. 65 

115.8 1252.2 635.5 6,42 14.36 

122.5 1430.0 705.9 6.16 14.06 
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Table XXII. Palmitic Acid (5. ôôpi l )  at Air-Water Interface, 

k (cm"^ CO' (Hz) w; (Hz) Y J Y, 
^ ^exp th exp th 

83. 6 4925. 5333. . 7881 .9282 

87.1 5282, 5668. .8030 .9272 

90.9 5726. 6039. .8321 .9262 

95.0 6112. 6448. .8308 . 9252 

99.4 6286. 6896. .7656 .9242 

104.4 6786. 7418. .7721 .9230 

109.8 7472. 7995. .8044 .9218 

115. 8 8163. 8653. .8181 . 9206 

122.5 9054. 9407. . 8500 .9192 

130.1 9736. 10287. .8216 .9178 

138.6 10807. 11301. . 8367 . 9163 

k (cm'^) col' (Hz) CO'' (Hz) Y3 Y3 
r exp th exp th 

83.6 495.1 311.8 9.95 17.10 

87. 1 588. 7 336.2 8.97 16.86 

90 . 9 7 0 0 . 6 3 63 . 5 8.17 1 6. 61 

95.0 787.3 394.1 7.76 16.36 

99.4 837.5 428.2 7.51 16.10 

104.4 900.3 468.6 7.54 15.83 

109.8 1057.5 514.0 7.07 15.56 

115. 8 1161.8 566.7 7.03 15.27 

122.5 1222.1 628.4 7.41 14.97 
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Table XXIII. Palmitic Acid (7, 55^1) at Air-Water Interface. 

^lexp 

83. 6 3965. 5172. . 5397 . 9242 

87.1 4863. 5497. .7204 .9233 

90.9 50.86 5857. .6944 .9223 

95.0 5454. 6253. .7000 .9213 

99.4 5650. 6688. .6546 .9202 

104.4 6100. 7194. ,6604 .9191 

109.8 6604. 7754. .6648 .9179 

115.8 7414. 8391. .7143 .9166 

122.5 7939. 9122. ,6916 .9153 

130.1 8991. 9976. .7417 .9138 

kr(cm-) 

83. 6 628,3 285.3 6.31 18.13 

87.1 830. 0 307.2 5,86 17. 89 

90.9 1008.4 331.9 5.04 17.65 

95.0 1080,0 359.5 5.05 17.40 

99.4 1171.8 390.2 4.82 17,14 

104.4 1146.7 426.4 5.32 16.87 

109.8 1489.7 467.2 4.43 16.60 

115,8 1382.9 514.5 5.3 6 16.31 

122.5 1313,8 569.8 6.04 16,01 

130. 1 1240.3 635,5 7. 25 15.70 
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Table XXIV. Palmitic Acid (8. 78^1} at Air-Water Interface. 

k (cm"^) co; (Hz) W' , (Hz) Y, Y, 
r ^exp th ^exp ^th 

83.6 4800. 4986. .8512 . 9219 

87. 1 5202. 5298.  . 8859 .9209 

90.9 5624. 5645. .9125 .9200 

95.0 5824. 6028. .85 79 .9190 

99.4 63 1 0 . 6447. .8 7 74 . 91 79 

104.4 6898. 6934. .9075 .9168 

109.8 7357. 7474. .8868 .9156 

115 . 8 7 9 63 . 8 0 8 8. .8 8 5 3 . 9 1 43 

122.5 8345, 8793. .8210 .9130 

k,{cm-^) wl' (Hz) 00'" (Hz) Y Y3 
exp th exp th r r 

83.6 664.8 267.1 7.22 18.66 

87. 1 698.1 287.5 7.45 18.43 

90.9 791. 7 310.4 7. 10 18. 18 

95.0 904. 1 336.0 6.44 17.94 

99.4 938. 1 364.6 6.73 17.68 

104.4 1081.3 398.2 6.38 17.41 

109.8 1175.0 436.0 6.26 17.14 

115. 8 1227.7 479.9 6.49 16.86 
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Table XXV. Palmitic Acid (11.8jjil) at Air-Water Interface. 

k (cm-1) CO' (Hz) (o; ^(Hz) Yj Y, 
^ ^exp ^th ^exp ^th 

83.6 4816. 4682. .9687 .9190 

87. 1 5190. 4976. .9968 .9181 

90.9 5655. 5302. 1.0432 . 9172 

95.0 5881. 5661. .9889 .9162 

99.4 6347. 6054. 1.003 6 .9152 

104.4 6855. 6512. 1.0131 .9141 

109.8 7320. 7019. .9124 .9130 

115.8 8159. 7596. 1.0509 .9118 

122.5 8727. 8258. 1.0151 . 9104 

130.1 9525. 9030. 1.0110 .9090 

k (cm"l) w'' (Hz) to'' (Hz) Y, Y, 
^ ^exp th exp th 

83. 6 483.8 238.4 9.95 19.64 

87. 1 566. 7 256.5 9. 16 19.40 

90. 9 684.9 276.8 8.26 19.16 

95. 0 816.8 299.4 7.20 18.91 

99.4 904.8 324.  6  7.01 18.65 

104.4 970. 7 354.2 7.06 18.38 

109. 8 1051.2 387.6 6.96 18.11 

115.8 1110.9 426.2 7.34 17.82 

122.5 1185.  6 471.2 7.36 17.52 
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Table XXVI. Palmitic Acid (13.40,111) at Air-Water Interface. 

(cm"^) W' (Hz) 
exp 

Yi 
exp 

83. 6 465 6. 4232. 1.103 .9152 

87.1 4926. 4498. 1.094 .9143 

90,9 5019. 4792. 1.001 .9134 

95.0 5371. 5116. 1.001 .9124 

99.4 5703. 5472. 1,005 .9114 

104.4 6181. 5885. .987 .9103 

109.8 6670. 6343. 1.004 .9092 

115.8 7226. 6864. 1.004 .9079 

122.5 7829. 7462. .996 .9066 

130.1 8818. 8160. 1.056 . 9051 

k^ (cm"^) ^ iC'r' (Hz) 
exp 

0)1' (Hz) 
^th 

Y3 
exp 

Y_ 

83. 6 721.3 218. 6 6.45 19.36 

87.1 736.4 235.1 6. 69 19.13 

90.9 948.8 253. 6 5.29 18.89 

95.0 1032.2 274.3 5.20 18. 65 

99.4 1170.6 297.3 4.87 18.41 

104.4 1244.1 324.4 4.97 18. 14 

109.8 1279.9 354.8 5.21 17.88 

115.8 1140.4 390.0 6.34 17. 60 

122.5 1045.5 431.0 7.49 17.31 

130.1 1016.0 479.8 8.68 17.01 
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Table XXVIL Heptadecanoic Acid (4. 4/i i) at Air-Water Interface. 

k (cin"^ w; (Hz) CO! (Hz) Y, Y, 
""exp th exp Ith 

83. 6 4907. 5982. .6215 .9283 

87. 1 5202. 6358. .6189 . 9276 

90.9 5628. 6775. . 6386 .9268 

95.0 5956. 7235. .6269 . 9260 

99.4 63 5 7. 7739. .62 2 0 . 9251 

104.4 6644. 8326. .5881 .9242 

109.8 7301. 8974. . 6101 .9232 

115.8 8042. 9714. . 6308 .9221 

122.5 7615. 10562. .4774 .9210 

. -H k (cm--") Wi' (Hz) coi' (Hz) Y_ _ 
^ ""exp th \xp 3th 

83. 6 413.4 262.0 11. 87 22.83 

87. 1 620.2 281. 8 8.39 22. 56 

90.9 692.4 304. 1 8. 13 22.28 

95.0 728.2 329.0 8.18 21.99 

99.4 905.4 356.6 7.02 21.70 

104.4 1011. 6 389.2 6.57 21.39 

109.8 899.8 425.8 8. 11 21.08 

115.8 1076.3 468.2 7.47 20.75 



www.manaraa.com

89 

Table XXVIII. Heptadecanoic Acid (8. Sjul) at Air-Water Interface. 

k (cm" S CO' (Hz) CO' (Hz) Y. Y 
exp th exp th 

83.6 4665. 4848. .8501 .9221 

87.1 5129. 5153. .9106 .9213 

90.9 5605. 5491. .9586 .9205 

95 . 0 5 8 1 2 . 5 8 63. .903 4 . 9 1 97 

99.4 6234. 6271. .9057 .9188 

104.4 6575. 6746. .8719 .9178 

109.8 7317. 7272. .9278 .9168 

115.8 7920. 7870. .9263 . 9157 

122.5 8656. 8557.  .9344 .9146 

130.1 9677. 9358. .9762 .9133 

k (cm-1) wl' (Hz) col' (Hz) Y, Y, 
exp th exp th 

83 . 6 493 . 2 2 1 6.2 9 . 4 6 2 2.42 

87. 1 585. 6 232.5 8.76 22. 16 

90.9 686.9 250.7 8.16 21.90 

95.0 859.5 271. 1 6. 76 21.63 

99.4 920.5 293.7 6.77 21.36 

104.4 998.4 320.3 6.59 21.06 

109.8 1145.4 350.2 6.39 20.76 

115.8 1119. 6 348.8 7.07 20.45 

122.5 1278.0 425.0 6.77 20.13 

130.1 1378.5 472.8 7.02 19.79 
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Table XXIX. Heptadetianoic Acid (12.3pl) at Air-Water Interface, 

L (cm" ) w' (Hz) 
• e3q> 

W' (Hz) 
"^th exp 1 th 

83.6 

87.1 

90.9 

95.0 

99.4 

104.4 

109.8 

115.8 

122.5 

130.1 

k (cm"^) 
r 

4587. 

4953. 

5439. 

5 666. 

5968. 

6292. 

6868. 

7477. 

8488. 

9324. 

CO (Hz) 
exp 

4293.  

45 63. 

4861. 

5190.  

5552.  

5971. 

643 6. 

6965. 

7572. 

8280. 

60" (Hz) 
^th 

1.0426 

1.0774 

1. 1456 

1.0895 

1.0529 

1.0128 

1.0367 

1.0473 

1. 1399 

1.1500 

^3 exp 

.  9166 

. 9158 

.9149 

.9140 

.9130 

.9119 

.9108 

.9097 

. 9084 

. 9070 

83.6 

87.1 

90.9 

95.0 

99.4 

104.4 

109.8 

115. 8 

122.5 

130.1 

557.9 

620. 2 

671. 7 

732. 6 

826.9 

882. 8 

960 .1  

898.5 

1196.3 

1044.3 

210. 6 

226.4 

244. 2 

264.1 

2 8 6 . 1  

312.1 

341.3 

375.1 

414.5 

461.2 

8 . 2 2  

7.99 

8.10 

7.73 

7.22 

7.13 

7.15 

8.32 

7.09 

8.93 

20.39 

20.15 

19.91 

19.  66 

19.40 

19.13 

18.86 

18.57 

18.27 

17.96 
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Table XXX. Pentadecanoic Acid Monolayer at Air-Water Interface. 

conc. (/il) /4 y (dynes/cm)—-r^^sec^^^cm" (sec^^^cm'^) 
YNÔÏIOITTC ^ 

4.53 38.45 66.4 4.77 x 10"^ 4.46x10"^ 

7.93 21.96 61.8 4.90 x 10"^ 4.58x10"^ 

10,67 16.32 44,3 5.17 x 10"^ 5.11x10'^ 

Table XXXI. Palmitic Acid Monolayer at Air-Water Interface. 

((J ^"2/3 
conc. (it 1) y (dynes/cm) — (sec^'^^m —: (sec^ ^cm ^) 

Xj lu 

4.15 121.80 57.6 4.50 x 10"^ 4.68x10'^ 

5.66 89.30 52.2 4.64 x 10"^ 4.84x10"^ 

7.55 66.95 49.3 5.40 x 10"^ 4.94x10'^ 

8.78 57.57 45.9 4.54 x 10"^ 5.05x10"^ 

11.80 42.84 40.6 4.68 x 10'^ 5,25 x lO'^ 

13.40 37.72 33.4 4.65 x 10'^ 5.62x10"^ 

Table XXXII. Heptadecanoic Acid Monolayer at Air-Water Interface. 

Wj/Z/S w,^2/3 

conc. (ul) y (dynes/cm)—:p^(sec^^^cm ^) r-—(sec^^^cm 
Mtllei4le 

4.4 35.28 65.7 4.03 x 10"^ 4.48x10"^ 

8.8 17.64 43.4 4,86 x 10"^ 5.13x10'^ 

12.3 12.62 34.2 5, 15 x lO'^ 5.56xl0'^ 
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The polymer films were handled differently from the fatty acids, 

both theoretically and experimentally. The polymer monolayers were 

studied in an enclosed chamber to prevent their oxidation. The values 

for the viscosity and elasticity were not calculated from an equation of 

state, but were obtained from the publication of Ike da and Isemura (61). 

The surface tension values were determined with a du Nouy tensiometer. 

-2/3 The values for the slopes of the plots of versus L are listed 

with the surface tension values in Tables XXXIII and XXXIV, The values 

for to^ , (Oy , Yj , and Yg are listed in Table XXXV through Table 

XXXIX. 

Table XXXIII. Poly-y-benzyl-L-Glutamate Monolayer at Air-Water 

Interface, 

cone, (jul) h,o,/a y (dynes/cm) ^ (sec^^^cm"^) ^ (sec^^^cm ^) 

4.0 0. 6 71.0 4, 3 6 X 10 4.31 X 10 

8.0 0.9 69.9 4.40 X 10"^ 4.43 X 10"^ 

12.0 1. 1 63.4 4. 46x10 4.50 X 10'^ 

Table XXXIV. Poly-y-methyl-L-glutamate Monolayer at Air-Water 

Interface. 

y,-2/3 , ,1-2/3 

conc. y  (dynes/cm) 'th 2/3 (sec cm 

8.0 0.9 69.4 4.41 X 10"^ 4, 45 X 10"^ 

12.0 1.1 63.0 4.47 X lO'S 4. 53 X 10'^ 
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Table XXXV. Poly-'y^benzyl-L-glut&mate (4. Oui) at Air-Water-Interface, 

kj. (cm" S 60^ (Hz) 
exp 

W' (Hz) 
^th ^1 exp 

83.6 5122. 6227. .  6366  .9311 

87.1 5561. 6619. , 6648 . 9304 

90.9 .. 6057. 7054. . 6954 . 9297 

95.0 6183. 7533. . 6350 . 9290 

99.4 6609. 8058. . 6321 .9282 

104.4 7157. 8669. . 6415 . 9273 

109.8 7855. 9345. .6639 . 9264 

115.8 8642. 10116. .6849 . 9255 

122. 5 9361. 11000. . 6785 .9244 

k^ (cm"^) co;' (Hz) 
exp 

W" (Hz) 
^th 

Y3 
exp 

83. 6 554.8 241.4 9.23 25. 79 

87. 1 609.5 259.5 9.12 24.50 

90.9 837.5 279.9 7.23 25. 20 

95.0 931.8 302. 6 6. 63 24.90 

99.4 1021.6 327. 7 6 .46  24. 58 

104.4 1071.9 357.4 6. 67 24.25 

109.8 1100.2 390.7 7.14 23.92 

115.8 1195.1 429.2 7.23 23.57 

122.5 1355.9 474.1 6.90 23. 20 
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Table XXXVI. Poly-y-benzyl-L-glutamate (S.Ojitl) at Air-Water Interface. 

(cm-^) wi (Hz) CO' (Hz) Y, Yj 
exp th exp th r 

83.  6  5028.  6178.  .6762 .9309 

87. 1 5460. 65 67. .7067 .9302 

90.9 5894. 6998.  . 7259 .9294 

95.0 6064.  7473. .6734 .9287 

99.4 6309. 7995. .6349 .9279 

104.4 7037. 8600. .6838 .9270 

109.8 7658. 9271. . 6957 .9261 

115.8 8246. 1003 6. .6874 .9252 

122.5 8994. 10913. .6905 . 9241 

k (cm-^ W'' (Hz) wl' (Hz) Y_ Y 
exp th exp th 

83. 6 597.5 240. 5 8.41 25. 68 

87.1 648.4 258. 6 8.42 25.40 

90.9 698.7 278. 9 8.44 25.10 

95.0 767.8 301. 5 7. 89 24. 79 

99.4 790.4 326.6 7. 98 24.48 

104.4 1086.4 356.1 6.47 24. 15 

109.8 888.4 389.3 8. 61 23.81 

115.8 1087. 6 427.7 7.58 23.46 
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Table XXXVII.. Poly-7-benzyl-L-glutamate(12. OjLll) at Air.Water Interface. 

k (cm"S cot (Hz) w; (Hz) Yj Yj 
^ exp th exp th 

83.6 4962. 5879. . 7416 .9292 

87.1 5517. 6249. . 8126 .9285 

90,9 5884. 6659. .8147 .9277 

95.0 6120. 7111. .7725 .9270 

99.4 6462. 7607. .7504 .9261 

104.4 7008. 8184. .7637 .9252 

109.8 7601. 8822. .7719 .9243 

115.8 8398. 9549. .8029 .9234 

122.5 9006. 10383. .7798 ,9223 

k (cm'S col' (Hz) col' (Hz) Y Y3 
^ exp th exp th 

83. 6 523.4 235.2 9.48 25.00 

87. 1 582.4 252.8 9.47 24.72 

90 .9  622.0 272. 7 9.46 24.42 

95.0 810.5 294.8 7.55 24.13 

99.4 965.7 319.3 6. 69 23.82 

104.4 980.8 348. 2 7. 14 23.50 

109 .8  1 0 2 9 .2 380. 7 7.38 23.17 

115.8 1055.6 418.2 7.95 22.83 
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A.0 0 

_ 2 Figure 27. Plot of oo versus L' for monolayers of poly-y -benzyl-
glutamate on the air-water interface. 



www.manaraa.com

98 

Table XXXVIII. Poly-y-methyl-L-glutamate(8. Oyl) at Air-Water Interface. 

k (cm-^) W' (Hz) coi, (Hz) Y Y, 
^ ^exp th ^exp th 

83. 6 4989. 6147. .6658 .9307 

87. 1 5385. 6534. . 6872 . 9300 

90.9 5698. 6962. .6783 .9293 

95.0 5928. 7435, . 6435 .9285 

99.4 6141. 7954. .6015 .9277 

104.4 6905. 8557. .6582 .9268 

109.8 7672. 9224. .6982 .9260 

115.8 8036. 9984. .6527 . 9250 

122.5 8766. 10857. . 6559 .9240 

k  (cm"^) w ' '  (Hz) col' (Hz) Y3 Y3 
exp th exp th 

83. 6 554.8 240.0 8.99 25,61 

87.1 648.4 258,0 8.30 25.32 

90,9 754. 6 278.2 7.55 25.03 

95,0 854.5 300.8 6.93 24.72 

99,4 944.4 325.8 6.50 24.41 

104.4 1002.2 355.3 6,89 24.08 

109 .8  909.2 388,4 8,44 23,75 

115.8 1080. 7 426.7 7,44 23.40 
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Table XXXIX. Poly-y-methyl-L-glutamate(12, 0/j,I) at Air-Water Interface. 

k (cm"^) w' (Hz) 60' (Hz) Y. Y, 
exp th exp th 

83 . 6 4 9 42 . 5 8 60. .73 5 8 . 9 2 91 

87. 1 5325. 6229. . 7568 . 9284 

90.9 5667. 6638. .7556 . 9276 

95.0 5904. 7088. ,7188 .9268 

99.4 6321. 7583. . 7177 .9260 

104.4 6822. 8157. ,7236 .9251 

109.8 7724. 8793. .7970 .9242 

115.8 7824. 9518. . 6967 .9232 

122.5 8815. 10349. .7470 .9222 

k (cm"^ col' (Hz) coi' (Hz) Y. Y, 
^ ""exp th exp 

83. 6 621.4 234. 8 7.95 24. 95 

87.1 695.5 252.5 7.65 24.67 

90.9 813.0 272.3 6.97 24.38 

95.0 924.3 294.3 6.38 24.08 

99.4 1024.8 318.8 6.16 23.78 

104.4 1046.1 347. 7 6.52 23.46 

109.8 1224.0 380. 1 6.31 23.13 

115.8 1385.4 417. 6 5. 64 22.79 
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DISCUSSION 

The nature of the roots and how they vary with has been discussed 

in the paper mentioned previously (60). The rationalized set of roots has 

not yielded, as yet, any new insight into the physical meaning of any of 

the roots other than those which correspond to the longitude and trans

verse modes of space damped ripples. The difficulty with the rational

ized set of roots is not only the extended length of time required to 

converge on a root but also that the polynomial coefficients are now so 

large that one is now trying to discern a very small difference from two 

large numbers. Thus the remainder left after convergence is still quite 

large and there is the strong possibility that there will be less accuracy 

in the roots obtained. 

Accuracy might be improved by using machine language for the 

program to obtain a higher precision than the double precision used now. 

But before one attempts this solution, one must examine whether or not 

the attempt is warranted. Since there is approximately a six per cent 

deviation between experimental results and the theoretical results, the 

time should be spent in either improving the theory, in refining the 

experimental accuracy, or in working in a different frequency range. 

To decide which, one must analyze closely the results obtained. 

As one studies the results obtained both experimentally and theore

tically for Wy , one sees that the values differ by 0, 87%, at best, in the 
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case of heptadecanoic acid (8. 8pl) monolayer, and by 21%, at worst, in 

the case of myristic acid (4. 72fJ,l) monolayer. Most of the values for the 

various systems differ by about six per cent. The differences between 

Yi and Y, reflect the square of the deviation in the values for to' . 
^exp 1th ' 

The values obtained for experimentally are always two to three 

times as large as those obtained theoretically. 

What level of accuracy should one expect? The wave number is 

a function of the aperture separation, 2x^ , the distance from the aper

ture screen to the interface, L, and the wave number of the incident 

radiation, , according to Eq 24. The aperture separation is deter

mined by a microphotometer to within ± 1 micron--that is, to an 

accuracy of ±.2% of the value for 2X^, L is determined to within ±^2mm 

--that is, to an accuracy from 1% to .35% as L is varied from 20cm to 

70cm. The wave number of the laser is constant at 1.2875 x lO^cm \ 

Thus, from a knowledge of L and 2xq , the ripplon wave number can be 

determined to within ± 1. 2%. The multichannel analyzer allows the 

determination of 0)^ to better than one per cent. The surface tension is 

determined to ± . 2 dynes/cm with either the du Nauy tensiometer or the 

film balance method. At worst, when y = 30 dynes/cm, this would mean 

an uncertainty of 1. 5% . The discrepancy between theory and experiment 

thus appears to be larger than expected from an analysis of experimental 

errors. 

It was generally found that the experimental value of ooj. was smaller 
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- and of larger than predicted theoretically. This suggested that pos 

components was improperly accomplished. To test this possibility the 

experimentally were compared. Except for the polymeric films and 

adsorbed films formed at four fatty acid concentrations, experimental 

magnitudes of oir agreed with theoretical magnitudes within experimental 

error (1. 5%). 

Those systems where the theoretical results and experimental 

results still differ are those where the difference is quite large (about 

16%). In each of these systems one is dealing with a very dilute mono

layer of the fatty acid or polymer. This suggests that there may be 

something basically wrong with the model for the surface force balance 

equations in the intermediate region between the zero elastic case 

(air-water interface) and the compressed monolayer case. 

One still does not have a good estimation of the accuracy of ( j ù ' \  To 

approximate the expected results, one can derive the equation 

from the discussion of Lucassen-Reynders and Lucas s en (3 6) on the rela

tionship between the space damping coefficient, , and the time damping 

coefficient. Using 0. 04 for Oij. /kj. , one finds that the values for 

should be from about 300 Hz to 800 Hz for cOy values of the experiment. 

sibly the resolution of - io)^' = luij e'^ into real and imaginary 

magnitudes of , i.e. (CO^^ +00^^)^ obtained theoretically and 

r - 2 "'r 
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The uncertainty in CO^' experimentally is ± 40 Hz out of 300 Hz or 14%. 

The uncertainty is of this magnitude because one does not actually get the 

type of spectrum indicated in Figure 4 but rather one like that in Figure 

28. One of the possible explanations for this shape of spectra is that one 

is obtaining information on the space damping of the ripples as they cross 

the interference pattern. If one writes the current power spectrum as a 

sum of the contribution from each fringe in the twenty fringe diffraction 

o . =  y 

If the amplitude of the wave is unchanged as it passes through the 

diffraction pattern, G j = G° = . . . = G 20 • This is not the case, and 

the amplitude of the wave is space damped by the factor exp(-a^x). 

The limiting values for for the case of ç = 0 and € = ™ are 

a (co) = . 0016 k^''^(co) and = 1008 respectively. Thus 

the current power spectrum would be written as: 

b GS  
G, W I 

N ^ X r 

where b is an empirical constant that is a function of the number of scans 

of the multichannel analyzer. This function was programmed into the 

computer for the two limiting elasticity cases with experimental values 

for and cuj.' . The theoretical spectra obtained from the computer 

looked little like Figure 28. 
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Figure 28. Spectrum for myristic acid (8. 9 0 f i l )  monolayer on the air-water interface with 
L' =35, 0cm, The smooth line is the spectrum predicted when the factor bis 

included. 
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The next consideration is whether the additional shape to the curve 

might be the result of the amplitude attenuation of the electromechanical 

transducer. This effect was studied, but the conclusion that its effect 

was negligible is highly unlikely since the amplitude of the transducer 

usually decays according to 1/co^ for U1 > 1000 Hz (35). The false 

conclusion of the experiment is quite likely the result of the displacement 

of the light by the optical lever being too small to be noticed, A plot 

with b/(0^ as the factor times the initial current power spectrum gives 

the power spectrum shown in Figure 28. 

Since the space damping coefficient is the important parameter in 

determining the selection of the ripplon wave number and the signal-to-

noise ratio, .the following points are to be remembered (60): 

1, Ripplon wave number selection follows the rule that given a k^ , the 

electric field on the optical axis at the photodetector is proportional to 

1 

_&) / + 1 

I" Xar 

This is the space analog of the Lorentzian line shape of the frequency 

spectrum. 

2. Sharp selection depends on = (a^/k^) << 1. This means that sharp 

selection occurs when the ripples of a given k^ span a large number of 

fringes in space. 

3. A sufficient area of the surface must be illuminated so that light can 
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be collected from enough fringes to insure maximum selection, 

4. Only a small region of the image plane close to the optical axis 

should be admitted to the photodetector for maximum selection. 

Each of the components of the experimental apparatus has its own 

limit that it sets as the upper limit of the frequency wave number which 

can be studied. The serious limits are set by the laser pencil size, the 

aperture system, and the electromechanical transducer. 

The electromechanical transducer must have a flat response up to 

the highest frequency at which one is considering observing. Currently 

(Omax - 62000 Hz. If this is not the case, one will get the type of spec

trum which is difficult, at best, to interpret. It may be possible to 

compensate mechanically for the non-constant background somewhat in 

the manner used in electron diffraction. 

The laser beam has a diameter of 5man which limits 2x to that o 

3 -1 value. Therefore if L = 30. 0cm, k^ = 2. 1 x 10 cm" , and from the 

Kelvin equation the upper limit is co = 2. 2 x 10^ Hz. The distance from 

the aperture screen to the interface must be at least 30cm since the 

diffraction pattern requires that 2x^/L << 1. 

The use of the laser line filter before the photomultiplier places an 

5 
upper limit of dO = 7. 5 x 10 Hz on the system. The dead time of the 

photomultiplier sets the upper limit at W = 7. 2 x 10^ Hz. The random 

noise generator places an upper limit at W = 31 x 10^ Hz on the system. 

The goal of this thesis--to simplify the heterodyne spectroscopic 
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method to examine at higher frequencies the viscoelastic properties of 

interfaces--has been accomplished. The use of the Rudd method of wave 

front division gives the experimental apparatus a simplicity and flexibility 

that is unequaled by any other reported. Although the random pumping to 

generate the ripples allows one to readily observe the Brillouin peak and 

line shape between 3000 Hz < CO^ < 7000 Hz, it may also be causing the 

discrepancy between the observed and theorized values for co^ and . 

This can be corrected with little difficulty since electromechanical trans

ducers are now available which are rated as flat up to w = 62000 Hz. 

At the present experimental and theoretical state one can get an idea 

of the deviation of an interface from the air-pure fluid case. From this 

basic developmental work, one can refine the technique, especially by 

improving the transducer, in order to get results which will be a basis 

for judging the adequacy of the surface balance of forces. Since there is 

no theory which will a priori predict viscoelastic parameters from 

molecular considerations, one must continue merely to compare experi

mental results with those of the model. 

The identification of relaxation with viscous damping of hydrodynamic 

waves on the interface will permit the determination of the behavior of 

the surface viscosity. Besides studying the viscoelastic nature of 

3 - 5 
interfaces in the range 10 sec to 10 sec, this method offers the possi

bility for probing certain macromolecular reactions in relaxation times 

in this same region (62), Reorientation of macromolecules (63) which 
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occur in this time range can also be studied with this method. The 

possibility of studying the viscoelastic nature of artificial membranes 

will be investigated. 

The specific limits of times from 10 sec to 10" sec is imposed by 

the limits on the wave number mentioned above. The aperture system 

not only allows for easily attained wavefront matching, but also lets one 

work in this time range which cannot be realized by conventional hetero

dyne techniques (43). To work with relaxation times less than 10 ^sec, 

one must employ the conventional heterodyne technique. 

This thesis has concerned itself with only the Brillouin type of 

radiation scattering. To place this work in proper perspective, Brillouin 

scattering will be related to the other types of radiation scattering--that 

is, to Rayleigh and Raman scattering. If one is considering energy trans

fer, the Brillouin region of energy space can be roughly ascribed to be 

from 10 ^eV to 10"^eV". The Raman and Rayleigh regions are leV to 

10 '^eV and 10"'^eV to lO'^^eV, respectively. The wave numbers that 

2 " 1 5 1 all of these methods can detect is in the 10 cm to 10 cm" region (52). 

Rayleigh scattering has become very popular with the advent of the 

optical homodyne beat spectroscopic method. Raman spectroscopy 

employs grating monochromatons to resolve the scattering in its energy 

region. Instead of the optical interferometers used previously, Brillouin 

scattering is now most easily studied by the optical heterodyne beat 

spectroscopic method. Overlapping of detection techniques should become 
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a logical extension of developments in the techniques of laser light 

scattering. A more complete understanding of the dynamical properties 

of systems will require the combination of the results from these methods 

with measurements using such techniques as magnetic resonance and 

dielectric relaxation in order to cover a wide range of wavenumbers and 

frequencies. 
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ADDENDUM 

There are a few clarifications about this experiment that should 

be noted. 

1. On page 25 of this thesis, the coherence area is defined as the 

region on the scattered wave front over which there is spatial coherence. 

Specifically for this experiment, this is the inner Airy ring and thus its 

image on the photodetector. 

2. The bandwidth of the wave analyzer was about the same size as 

the expected line width of the Brillouin peaks. Since one does not actu

ally record 

GiW) = A/(l + ) 

where A = 2 ln/j-ù/wU j 

but rather 

_ 
GiW = ^jGi(w)dw, 

the bandwidth, tiù, of the detection apparatus for this experiment may 

profoundly affect the observed spectrum. This can be seen by carrying 

out this integration of the expansion of 0^(6.;). Doing this, one gets as 

the first corrected representation for 

G.W = A ^ I -

Although there would be no difficulty in explicitly evaluating the effect of 

the wav>e analyzer's bandwidth, the interpretation wouldn't be straight

forward in terms of the half-width at half-height for G^ (w ). One can 
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easily see, however, that it will result in a depression of peak maximum 

and thus the half-width at half-height would be larger than theoretically 

expected. In the present experiments the bandwidth was 200 cps, i. e., 

Aco = 1200 Hz, while the theoretical values of w^were in the range 200 < 

<. 800 Hz. Hence the finite bandwidth would account for a 20% lowering 

of the peak maximum even in the most favorable case. 

3. It was pointed out (Dr. J. A. Mann, University of Hawaii, personal 

communication) after the experiments were completed that the output of the 

the wave analyzer is the root mean square of the current power spectrum 

and must be squared to obtain the desired power spectrum. The half-

width at half-height for the function G^(w) is greater than that for the 

function by a factor i/T if G^(w) is Lorentzian. The actual discre

pancy observed was generally greater than this; so it is believed that 

the large wave analyzer bandwidth was the larger source of error. 
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