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Abstract

The collision-induced Rayleigh wing in the depolarized light
scattering spectrum of five molecular liquids has been studied in order
to try to assess the validity of the isolated binary collision model,
currently used to explain the phenomenon.

Following the introduction to some fundamental principles of light
scattering, models used to account for the induced anisotropic polari-
zability are discussed. The experimental methods are then described.
The intensity profiles have been analyzed in terms of the expressions
derived by Bucaro and Litovitz, I(w) « wx exp(~ w/wo), and by Shin,

I(w) e w exp (- Cwlz/lg + Dw6/10

). It is concluded that before a
positive distinction can be made between models or before reliable
information on molecular dynamics may be extracted from the spectrum,
a good theoretical estimate of the form of the induced polarizability
Ao for close collisions is required. Further experimental studies

of collision-induced scattering with isotropic gases at low densities

are suggested.
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CHAPTER 1

FUNDAMENTALS OF LIGHT SCATTERING

When light passes through a medium, photons are scattered
in all directions. The scattered radiation originates in oscillating
electric dipole moments induced by the incident light field, which
are further modulated by processes intrinsic to the medium. Con-

sequently, the scattered light contains information on the medium.

1.1. Classical Intensity of Radiation from an Induced Dipole

An induced dipole can emit radiation just as a permanent oscil-
lating dipole. If the molecules in the sample are at rest, the
scattered 1light has the same frequency as the incident light; this
is Rayleigh scattering. However, if the molecule, for example, is
vibrating, the scattered radiation, in addition to the incident
frequency, consists of frequencies equal to the sum and to the difference
of the incident frequency and the frequency of the internal motion;
this is.Raman scattering. If w is the angular frequency of oscillation
of the emitted radiation, ¢ the velocity of light, and Uy the

amplitude of the induced dipole U, where
U o= uo cos wt ,
then the mean rate of total radiation is given by (Wilson et al, 1955)

w4 2

I = T M . (1.1)
3c

If onc introduces nonrotating axes, which are parallel to the space-

fixed axis of the obscrver but whose origin translates with the



molecular center of mass, the total radiation emitted per unit solid

angle in the X direction is (Wilson et al. 1955).

I = z (g, + M) . (1.2)
8mMC

If the electric field strength is E and the induced moment is ﬁ,

then

=

U= of (1.3)

where « is the polarizability for an isotropic molecule. However,
if the molecule is anisotropic, equation (1.3) must be replaced by

the more complex expressions

po=0_E_ +oa E + o E |
X XX X xXy'y X2 Z
bw =oa E +a E +oa E | (1.4)
y yX X yy'y yz 2
p =0 E +a E +a E .
Z ZX X zy'y ZZ Z

The quantities aij are dependent upon the orientation of the molecule
relative to the nonrotating axes and form the components of the
polarizability tensor. They are properties of the molecule and are
independent of the components of the electric vector.

From equation (1.2) the intensity, I, of the scattered light
can be expressed in terms of the components of the polarizability ten-
sor by substitution of the appropriate expressions for ugy, etc.
‘Assuming the incident light propagates along the Y-axis and with its elect-

ric vector vibrating  along the X-axis which is also the direction

of observation, then the following cxpression can be obtained by using



equations (1.2) and (1.4),

3

4

w 2 2 2

I..(obs. I = (o, + o) By (1.5)
8mc

where IT(obs.]]) is the scattered intensity when the incident light is

polarized in the X-direction. Similarly the scattered intensity for

the incident light polarized in the Z-direction ,

(Fig. 1)

(IT obs.i), is

4
W 2 2 2
IT(°b5~i) = 3 (ayz + o ) ES

(1.6)
81

From equation (1.6) the component of the scattered light which is

‘polarized parallel to E is, if the electric vector is in the Z-

direction,

4

® 2 2 :
oY (obs.]) = — o E_ . (1.7)
8mc

Expressing equations (1.5), (1.6) and (1.7) in terms of the incident

intensity IO whose electric vector has amplitude Eo’ the following

equations can be obtained,

4
_ W 2 2
IT(obs.H) -7 Ly © 950 (1.8)

w4 2 2
L.(obs.]) = X L, v (1.9)

w4 2
(obstL) ==z I «

IIl 5 o % . (1.10)

since Io, from electromagnetic theory, is given by



Figure 1

Schematic representation of experimental conditions defining

IT(obs.][),. IT(obs. l), and Ill(obs° i)
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If the molecule is isotropic, equation (1.8) will give IT(obs.ll) =0
because all the elements of the polarizability tensor are zero except
on the diagonal. This applies only to free molecules. In dense media
in which the isotropy is destroyed by interactions, this component is
not necessarily zero. Such a non-zero component of scattered light

forms the basis of collision induced light scattering.

1.2. Average Over All Orientations

Equations (1.8), (1.9) and (1.10) are only valid for a single
molecule. To account for an ensemble of molecules with all possible
orientations with respect to the observer's fixed axes, these equations
have to be multiplied by the number of molecules and the terms uij
averaged over all brientations of the principal axes with respect to
the fixed X, Y, Z axes. The principal axes are the axes in the
molecule such that the relation between u and E, when referred to

them, assumes the simple form:
Wy = Bl
By =B
Hg = 0585
Equations (1.8), (1.9) and (1.10) will then be changed to

4
1 w 2
IT(obs.Ll) =@ NI (2Zof -2 T aiaj), (1.11)
c 1 i<)

4
I w 2
IT(obs.l) =g 7 NI, o+ I aiaj) , (1.12)
c 1 1<3



4
1 w 2
Ili(ObS.J—) = i‘g‘;&‘ N 10(342 OLi + 2 I OLiOLj) . (1.13)

i i<j

. The spherical part of the polarizability, s and the anisotropy,

B, are defined by

G = 3 (a + oy * oy (1.14
R (CTR S S CRU L e b R IS 1

If the summation in equations (1.11), (1.12) and (1.13) are replaced

by the expressions (1.14) and (1.15), then

4 2 »

O 28 .

I.(obs. ||) = K NI T, (1.16)

X (450l + 78%)

IT(obs.J) = :?-N Io 7T s (1.17)

w4 45&2 + 462' _

Ill(obs.J) = NI (—2—) . (1.18)
K .

The.depolarization ratios Py and p, are defined as the ratio of
the scattered intensity which is polarized perpendicular to E to the
intensity parallel to E. With linearly polarized incident light and
observations made in a direction perpendicular to E oy is given
by |
- IT(obs.l) - ﬁl (obs.i) _ 382
o) 5o + 47

(1.19)

Hence for free isotropic molecules pl = 0. For natural (unpolarized)

light o, is



_Iplobs.]) - 1)j(obs. ) + 2 I (obs. | ) 662

n Ill(obs.l) " %— I (obs. | |) 45a§ + 78

2

(1.20)

1.3. Classical Theory of the Raman Effect

The Raman effect is due to inelastic scattering from gases,
liquids or solids. Again, if an atom or molecule is brought into an

oscillating electric field E  of the incident light,
E = EO sin w't (1.21)

where Eo and w' are the amplitude and the angular frequency of
the electric field respectively and t is the time, a varying dipole

moment ﬁ will be induced such that

-

0= of . | . (1.22)

This varying dipole moment will in turn emit light of the same
frequency as the incident light giving Rayleigh scattering.

Vibrational motion would change the internuclear distance. fhis
change would in turn modulate the polarizability ‘and thus modulate
the amplitude of the induced dipole moment. Hence a can be

written as

o =0__ +a sin w t (1.23)
ov 1lv osc.

where o is the polarizability in the equilibrium position and %y

is the amplitude of the change in polarizability during the vibration.

Substituting equations (1.23) and (1.21) into (1.22), the following



expression is obtained for the induced dipole moment in the case of

a vibrating molecule,

L =da E sin w't + o
ov o

. ' X
. sin w't sin wo t . ’ (1.28)

lVEO SC

Rearranging the above expression one has

. 1
= ! - ' -
i sin w't + = o VEo[cos(w w

- ]
v ,aoon 21 sc)t cos(w_ * wosc)t]

(1.25)
Hence the induced dipole moment oscillates with the angular frequencies

0

wt, o - w and w' + w on account of the small change of o

osc osc .
during the vibration. So there will be displaced lines on both sides
of the Rayleigh line in the total spectrum. When the same procedure
is applied to the rotational motion it may be shown that a rotational
- spectrum with displaced lines at frequencies w' - zwrot and

wt o+ Zwrot is obtained in addition to the Rayleigh line. The lines which
are displaced toward lower frequencies are called Stokes lines while
those displaced toward higher frequencies are called anti-Stokes lines.
Fig. 2 is a spectrum of the liquid carbon tetrachoioride and shows

clearly the Rayleigh line and two Stokes vibrational 1lines. The

one that is displaced to higher frequencies from the Rayleigh- 1line

is due to the Vv vibration while the other one is due to the v

4 2

vibration.

1.4. Quantum Theory of the Raman Effect

When a photon of energy fiw interacts with an atom or molecule,
it can be scattered either elastically or inelastically. If it is

scattered elastically there would be no change in the energy of the
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photon. This gives the Rayleigh effect. For inelastic scattering the
photon can either absorb some energy‘from the atom or give up some

of its energy.to the atom. In the first case the energy of the.scattered
photon is = Tw' + AE where AE = E' - E" and the atom which was
initially in the higher state E' will go to the lower state E",

while in the second case the energy of thesscattered photon is  fiw' - AE
and the atom is brought to the higher state E' from the lower state

E" by the scattering. The frequencies of the scattered light

quantum are given by w' +4%§- and w' —'%E- (Raman effect).
Classically, the intensities of the Stokes lines (w' - wosc)
to the anti-Stokes lines (wo + wosc) should be simply the ratio
) 4
-
IStokes _ (w wosc)
- 4

. .
anti-Stokes (w' + wosc)

This is in contradiction to the experimental findings which show that
the Stokes lines are more intense than the anti-Stokes lines. Quantum

mechanically the ratio of the intensities is correctly given by

LI
IStokes - (w wn”n' 4 Nn” Ent

. . 1 +
Ianti-Stokes w wn”n' Nn' Epn

where n' is the upper state and n'" is the lower state, Nn” is
the number of molecules in the state described by the quantum number
n" and gy is the degeneracy. The population ration is given by

the Boltzmann factor

with Wn' > Wn“ where Wn, and Wn" are the energies of the upper
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and lower states respectively. Since the lower state is more densely
populated than the upper state, the Stokes lines are more intense
than the aﬁti—Stokes lines.
Just as changes in the internal vibrational and rotational
energy of the molecule lead to vibrational and rotational Raman effects,
the relative kinetic energy of a system of colliding molecules may
be altered in a scattering process giving rise to a translational
Raman effect. Collision-induced scattering, the subject of this
thesis, is such a translational Raman effect and is described in fhe

following chapter.



CHAPTER 2

COLLISION-INDUCED LIGHT SCATTERING

Collision-induced light scattering manifests itsclf as a
depolarized component to the Rayleigh wing in the light scattering
spectrum. Fig. 2 is a typical spectrum of liquid carbon:
tetrachloride which shows clearly this broad wing on the Rayleigh line.

It ] ; been shown in equations (1.19) and (1.20) that for free,
isotropic molecules the depolarization ratio is zero and therefore
light Rayleigh scattered from free, optically isotropic atoms or
molecules is polarized. However, when atoms interact with one another,
an induced anisotropy in the total polarizability of the system can
arise. Recent experiments (Levine et al. 1968; Thibeau et al. 1968;
McTague et al. 1969; Gornall et al. 1970) have shown that a broad,
depolarized wing occurs on the Rayleigh line in liquids or dense gases.
A quadratic density dependencc of the intensity at moderate gas
pressures and an exponential decrease in the intensity with increasing
frequency for a number of rare-gases and simple liquids was also
reported. For the far wing the depolarization ratio o is
approximately 3/4 implying an induced anisotropy.

Theoretical studies on collision-induced light scattering spectra
have been carried out (Buckingham et al. 1957; Levine et al. 1968;
Thibeau et al. 1968).  This phenomenon has been ascribed to an in-
cremental polarizability Ao, induced during molecular collisions. It
is often assumed in the binary model that Ao has a r-dependence of

the form

-1n
Ao« 1



(A)

(B)

)
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Figure 2

Light scattering spectrum of liquid carbon tetrachloride showing:-
the Rayleigh line,
the broad depolarized wing,

the Stokes lines.
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where 1T 1is the distance between the atoms or molecules and m  is
some integer. Three models have been used to account for the

anisotropic polarizability.

2.1. Dipole-Induced Dipole Model (Buckingham et al. 1957: Thibeau et

al. 1968; Gersten 1971) (DID)

In this model the interaction between the induced electric dipoles
causes the anisotropy. An induced dipole moment is created on an
atom by the incident field. A neighbouring atom also having an in-
duced moment, and being in the field of the first dipole, induces an
additional small moment. Starting with the expression for the field
of an electric dipole, Thibeau et al. (1968) and Lallemand (1970)
derived an expression for the dipole induced by a neighbouring dipole.
Having worked out the components of the polarizability tensoi using
the near field approximation , they arrived at the result that the

-induced anisotropy Aa is given by
Ao, = I (2.1)

where r is the interatomic aistance. The o in equation (2.1) is

a property of the individual molecule while the induced anisotropy,

Aa, is a property of the system of interacting molecules. To account
for the scattering o 1is replaced by Aa(r) in ecquations (1.16) to
(1.20). Note that in this model Aa(r) is completely anisotropic,

that is Go(r) =0, B(x) = 6a2/r3. llence this is a long-range inter-
action; the polarizubility varies as the inverse cube of the interaction
distance. The polarizability distortion for moderate separations of

the two atoms can be explained by this model. Gersten (1971) worked



lo6.

out a theory for the asymptotic line shape in collision-induced light
scattering in argon and krypton and showed that the wings of the
spectrum cannot be fitted by a singlc exponential curve. It was found
that when the intensity was plotted semilogarithmically there was a
steep slope at low frequencies and a less steep slope at higher
frequencies. Gersten's theoretical prediction was verified experimentally

by Slusher, Surko and Strautins.

2.2. Electron Overlap Model (Levine et al. 1968; McTague et al. 1971) (E0)

When two atoms collide, they deform because of overlap of
electron clouds and their polarizability is no longer spherically
symmetric causing depolarized scattering. Such a distortion is also

"responsible for an induced polarizability. Originaily, the variation
of the incremental polarizability with interatomic separation T was

assumed to be
2 2
Ao, e« 17 exp(-ar®) (2.2)

by Levine and Birnbaum {(1968). This expression exhibits the proper

asyﬁptotié behaviour, Aa(r) -0 as r > and Aa(xr) >0 as r - 0.
Recently the induced anisotropy was calculated to have a ro
dependence in the case of argon by Vukcevich (1971) using a deformable

shell model. This effect is related to the repulsive forces between

two molecules and hence is a strong function of r.

2.3. Frame Distortion Model (Gabelnick et al. 1968)

Frame distortion is the distortion of molecular structure by a

change in the bond length or the bond angle or both | With
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the assumption that it is proportional to gshort-range force and
using a Lennard-Jones potential, molecular frame distortion during
close collisions gives a pair polarizability varying as r_l3

Litovitz et al. (1971) assert that a cancellation of the DID
effects occurs at liquid densities and that the EO effect is
essentially a binary process because even in a multiple collision a
molecule has a low probability of strongoverlap with more than one
neighbor. Hence the EO effect will be additive in a pairwise sense.

Bucaro and Litovitz (1971), the first te apply low density -
models to liquids, met with considerable success. They assumed that
the angular dependence of the induced polarizability could be neglected;
that is, Ac is simply proportional to = . In addition, they
considered the interactions effective in producing the scattering to
be of short range i.e. m >> 1. The neglect of long-range contributions
to Ao may be good assumption for highly dense media a: theve is
experimental evidence (Thibean et al. 1968) that the scattercd
intensity due to the DID mechanism decreases as the medium becomes
ordered. With these assumptions, Bucaro and Litovitz were able to
arrive at a compact expression to describe the dependence of intensity,

I , on frequency, w, in the wing of the profile of the scattered

light,

1) «?® D7 o (- wiwo) (2.3)

Following their efforts, Shin (1972) has developed a more exact
analytical expression for the intensity within this so-called isolated

binary collision (IBC) model,
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6/19

Pa JEOD/T)  419) 1219

) (2.4

Both equations (2.4) and (2.5) are discussed further in chapter 5.
Preliminary reports (Tabisz et al. 1972) have shown that there

are difficulties in the interpretation when applying these calculated

line shapes to liquid spectra. As well, there have been recent

suggestions that the isolated binary collision model is not appropriate

in dense media and higher order interactions must be included (Pasmanter

et al. 1972; Gelbart 1972). Therefore, a study of the profiles of

the collision-induced scattering from several molecular liquids has

been carried out in order to assess the binary collision model.



CHAPTER 3

EXPERIMENTAL METHODS

The experimental set-up is typical of laser Raman scattering
stucies and can be conveniently separated into three systems:

(1) the source and illumination system,

(2) the spectral analyser or monochromator, and

(3) the radiation detection system.
Light from an argon-ion laser is passed through a half-wave plate and
prism polarizer and focussed in the sample cell. The light scattered
at 90° is collected and brought to a scanning double monochromator
before reaching the detector. The output of the detector is stored
in a multichannel analyser. A block diagram of the experimental set-

up is presented in Fig. 3.

3.1. The Source and Illumination System

An argon-ion laser (CRL #52) operating at about 3/4 watt at
48802 is used aslthe exciting illumination. The laser beam is passed
through a half—wave plate and prism polarizer before being focussed
into the sample cell. By focussing the laser beam, high power densities
can be obtained. Since the intensity of the scattered radiation depends
on the power densities, the increased radiance obtained by focussing
the laser beam will offset the disadvantage of having a small sample.

The laser has the following advantages as a source of exciting
radiation:

(1) The intensity of the laser becam is high.

(2) The polarization of the laser beam is well-defined.



Figure 3

A block diagram of the experimental set-up.

20.
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(3) A particular laser line is very sharp in frequency and
several exciting lines are available. For the argon ion
[<]

laser the radiations normally used are the 4880 A and

]

o
5145 A. The 4880 A line was chosen here because the

scattered intensity is proportional to w4

and the sensitivity
of the detector is higher than at 5145 Z.

(4) The laser produces its radiation in a well collimated beam
of very small cross-section. As a result the flux density
in a small sample can be extremely high. The illumination
geometry can be designed to take advantage of this
concentration.

The geometry used is such that if the incident light is considered
to travel in the Y-direction, polarized in the X-direction, then
observations are made in the X-direction. This geometry is‘used
because the Rayleigh line, which is caused predominately by isotropic
scattering, can be decreased if the scattered radiation is observed
in a direction that coincides with the direction of vibration of the
electric vector of the éxciting radiation. Here use is made of the
well-defined polarization of the laser beam. Hence the scattered
radiation is observed at 90 degrees to the laser beam and the beam is
polarized parallel to the observation direction. The half-wave plate
is used to turn the direction of polarization by 90° and the prism
polarizer ensures that all the light going into the sample cell is
linearly polarized and also corrects for the depolarization
caused by the half-wave plate. The degree of depolarization of the

incident beam is now less than 1%. The liquid sample is passed



23.

through a membrane filter of diameter 0.2 microns before being introduced
into the fused quartz cell of dimensions 1 x 1 x 5 cm. Since fused quartz
has no definite crystal structure, the light passing through the

walls of this cell will not be depolarized. This filtering
process is necessary to remove the dust particles which may cause

Tyndall scattering.

3.2. The Spectral Analyzer or Monochromator

The scattered radiation coming out from the sample cell is
collected by a f£/2 system and then brought into a double scanning
monochromator (Jarrell-Ash #25-100) which is composed of an entrance
slit, a system of gratings and an exit slit. The light after passing
through the first lens is parallel and is then focussed by the second
lens onto the entrance slit of the monochromator in such a way that
the entrance cone matches with the acceptance cone of the monochromator.
Since Raman radiations are weak relative to the radiation at the
exciting frequency, Raman spectrometers must be free of stray light.
which may arise from a few sources such as leakage of light from the
instrument housing, leakage of light through the slits which does not
come from the sample, etc. The double monochromator, which is one
monochromator followed by and coupled to a second, is used in the
experiment because it has the advantage of reducing the stray exciting
radiafion over the single monochromator. Even in a carefully designed
single monochromator there is always a large amount of stray light
present inside the monochromator arising from the reflection off the
gratings. The unwanted radiation which escapes through the exit slit

of the first monochromator along with the Raman radiation is redispersed
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and rejected in the seccond part of the double monochromator. After
passing through the system the amount of stray licht is reduced to
10—10 of the original amount at 42 cm—l from the exciting frequency
(from JACO manual). However, our data was found to be sufficiently
free of stray light and suitable for fitting at 6 c:m_l from the exciting
frequency. The major, stray light is at the laser frequency.

A slit width of 1 cm_l has been used. The stepping drive for
the monochromator gratings controls the channel advance of the multi-
channel analyzer. This drive is linear in wavenumber and is so designed
that 20 steps of the grating produce a change of 1 cm—l in the frequency
of the light appearing at the exit slit. The pulses generated in the
‘drive circuit to perform the grating step are counted and after a pre-
determined number of steps have occurred, the multichannel analyzer
is advanced by one channel. In the present experiments, the mono-
chromator is driven at a speed of 1 cm_l/sec and the channel of the
multichannel analyzer is advanced every 10 steps. Each sample is
scanned through a range of 200 wavenumbers and the scan repeated 10
times so that the counts from each scan are summed up for the 10 scans.
This method of repetitive scanning is used to average out any change in
physical conditions during the process of the experiment especially

the fluctuation in laser intensity.

3.3. Radiation Detection

The Raman scattered radiation is then directed to a photosensitive
dctector (EMI 6256B) which is usually composed of a photomultiplier
with a photocmissive cathode. The photomultiplier tube is cooled (-20°C) and

used in the photon-counting mode. ILlectron pulses, which are
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correlated to the photons striking the photocathode, occuring at the
anode of the photomultiplier tube are'individually amplified and
counted. The photon counting mode is preferred to the other counting
schemes because Raman signals are at a low level light intensity

and the photon counting detection is: the most sensitive (Young 1969). Photon
counting detection yields a higher signal to noise ratio than the
other counting schemes. The output from the amplifier includes both

the photoelectron pulses and the noise pulses. The noise pulses are
then reduced by the pulse height analyzer with the discriminator levels
set for an optimum signal-to-noise ratio at low light intensities.

The optimum signal-to-noise ratio was determined according to the method
given by Young (1969). The output is stored in the multichannel
analyzer (Victoreen #ST400M) and the data can be printed out. The
photomultiplier tube is cooled to reduce thermal emission from the

photocathode.

3.4, Frequency Calibration of the Spectrometer

To calibrate the spectrometer a neon lamp with lines of known
frequency is used. The spectrometer is then scanned over a range in
which observations are also made. The wavenumber and the corresponding
channel number are marked down when a line occurs. This process is
then repeated for a number of different lines of neon. Hence the
dispersion can be calculated by dividing the wavenumber difference
between two lines by the corresponding channel difference, Avalue of
0.496 cm_l/ch is obtained for the dispersion under experimental conditians.

No non-linearities in the drive were noted in the region of interest
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(20500 cm™ ! to 20250 em ).

The liquids used in the experiment are chloroform (CHCIS), benzene
(C6H6), toluene (C7H8), cyclohexane (C6H12) and carbon tetrachloride
(CC14). All experiments were perfofmed at 295°K. The liquids are
chosen to represent a range of molecular properties: isotropic, non-
isotropic, polar, non-polar, symmetric and asymmet;ic. The sensitivity
of the line shape of collision-induced scattering to these properties
was examined. A summary of the molecular properties of the liquids

is given in table 1.



Table 1. Summary.of Molecular Propertigs

Potential Parameters - Po1arizab11ity° Dipo]eq
) - . Moment
€ o Oy B U
(oK) - (R (cm? x 10%%) {(cm® x 70%%) (Dedbye)
cCl,  Sph. top 327°  5.88 105.0 0 0
CHC1s  Sym. top  327% 5.43 82.3 23.3 1.1
CsHiz  Sym. top - 3248 6.09 108,7 © 24,3 0
CeHe Sym. top 440° 5,27 . 1103.2 59.6 - 0
C,Hs  Asym. top 4440 5.79 122.6 73.6 0.4

%4irschfelder, J.0., Curtiss, C. F and Bird, R. B. 1954. Molecular Theory of Gases
and Liquids (Wiley, New York).

bestimated from data éppearing in Reid, R. C. and Sherwood, T. K. 1966. The Properties
of Gases and Liquids (McGraw-Hi11, New York).
9Fabe11nskii, I. L. 1968. Molecular Light Scattering (Plenum, New York).

ndCle]]an, A. L. 1863. Tables of Experimental’DipOTe Moments (W. H . Freeman).
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CHAPTER 4

METHOD OF ANALYSIS

Examples of depolarized spectra for the five liquids studied are
shown in Figs. 4, 5, 6, 7 and 8. These spectra are plotted with the
estimated average noise subtracted and data points are shown every
2 cm_l. Fig. 9 contains spectra of all the liquids.

Fig. 10 is a plot of I(w)/wq versus frequency for CCl4 (Tabisz
et al. 1972). q can take on the values of 4/7 and 12/7 for electron
overlap and frame distortion respectively. The slope of the graph is
given by l/wo. Bucaro and Litovitz obtained values of w, which
agree with their theory by assuming a frame distortion origin for the
induced polarizability, i.e. q = 12/7. However, from Fig. 10, the
q = 4/7 (implying electron overlap) line obviously gives an.improved
relationship over the q = 12/7 line because the quality of the fit
is better and the linearity extends over a wider range. This result
motivated the present analysis, a fitting procedure with all the para-

meters varying. This method is described in the following paragraphs.

4.1. Method of Least Squares (Moore and Ziegler 1960; Bevington 1969)

Suppose that a function

X 5 0,0, vau. O) (4.1)

y = f(xl,xz ceee X 1°% o

a sc f servatio cs Xoay Xous o we. X ive T
and set o n obse tions (yl, 150 X010 ml) arc given where
i=1,2 ... n and n > p, the problem is to determine estimates of
the p paramcters O such that the sct of numbers will minimize the

sum of the squares of the deviations of the obscrved Y5 from the



Figure 4

Collision-induced scattering spectrum of CCl

Points are shown every 2 em L
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at 295°K.

29,



10

I(w)

LOG

CCL,

i

20

40

'FREQUENCY (cm™' ).

60

80

100

"0¢



Figure 5

Collision-induced scattering spectrum of C

. -1
Points are shown every 2 cm .
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at 295°K.
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Figure 6

Collision-induced scattering spectrum of C6H12 at 295°K.
1

Points are shown every 2 cm .
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Figure 7

Collision~induced scattering spectrum of CHC1

. -1
Points are shown every 2 cm .

3

at 295°K.-

35,



LOG I(w)

10

@

: CHCia
- 0.00 )

8¢
oeo‘
Oe"
. Oiﬁ‘eée
S 900
- ® "
®o Q
! i l 1 [
- 20 40 60 - 80 100

FREQUENCY (cm™')

‘9¢



Figure 8

Collision-induced scattering spectrum of C

Points are shown every 2 an L,

¢g

at 295°K.
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Figure 9

Typical observed spectra of the liquids at 295°K.

shown every 1 em L.
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is

I

I(w)/wq for the observed spectrum of CCl1

12/7 and 4/7

respectively.

Figure 10

at 293°K where

4
corresponding to Aa(r) varying as r-l3 and

Data points are shown only every 4 cm_le

q
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function. Mathematically one wishes to minimize

L
i
[N -

. 2
1 WDy, - £0xp; oo x50 . ap)] , (4.2)

i
where Wi are the weights associated with each of the Ys- The
estimates of the & SO obtained are denoted by a - The sum of the
squares, Q, can be minimized by differentiating Q with respect to

each o setting the derivatives equal to zero, and solving the

resulting set of p simultaneous equations. Hence the set of equations,

3Q - 3Q
~—=-2 X W 9. Iy, - fxy.s oo X .3 07y .. 0 )] =0
Bak 51 1 Bak i*i 1i mi’ 71 P
is obtained for k =1, 2, ... p and C%gg i denotes the kth partial
derivative for the ith data point. Transposing and setting
fi = f(xli, cees Xoas ee Oy oo ap) the following normal equations

are obtained,

n n
ZWf(g—fT—=ZWy(—g—§—.,
jep i ! AP U] ¢!

n n
oW f B = 3 oWy, By,
i=1 ot Tt e oot
n n

row, £ &y - oWy, &5y,
. i 7i e ‘i i 71 "9 ‘i
i=1 i=1

When the parameters oy appear as linear coefficients of the independent
variables, the normal equations can be summarized by the matrix equation

AX = Y whose solution is A = YX—l. However, if the problem is non-
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linear, the test function must be linearized.

4.2. The Gauss Method of Solving the Nonlinear Problem (Moore and
| Ziegler 1960)
Since the parameters to be varied to achieve the best fit appear
| non-linearly in both the BL and Shin expressions, the Gauss method
has been used to solve the resulting non-linear set of normal quations.
The Gauss method consists essentially of linearizing the required test
function with respect to each of the parameters by means of a truncated
Taylor's series. Using initial estimates of the parameters to evaluate
the coefficients of the expansion, new estimates are obtained. The
process is repeated until some convergence criterion is satisfied.
Suppose, now, the problem is of the form in equation (4.1) and one
wants to minimize Q in (4.2). Some initial estimates of the para-
meters ak;o are made, ak’0 being the kth parameter. If (4.1) is

expanded in a Taylor's series, the following equations are obtained:

) Ayi o= Y - foli, Xoss .. X .3 a , a s .. @ )

N mi 1,0 2,0 PO
of of of
= Gogf, )t Gaf, VAt 5o |, ) %1
i,o 2|i,o Pi1,0
p
- & ) bay for i=1,2, ... n
k=1 i,0 »
of . . . . .
where (5—— ) is the partial derivative of (4.1) with respect to

i,o

0y and is evaluated at ( ). The non-linear problem

a a e.. @
1,0° 2,0° p;o

has been reduced to a linear problem with Ayi o as the dependent variables,
2
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af
o

parameters to be estimated. The normal equations are

the ) as the independent variables, and the Aak | are the

i,o

n n
of 2 of of
bag L2 W GGgm) D71+ woowda L2 W G| DG )]
=1 lii,o i=1 1{i,o pli,o
n
of
= L W by, (]
j=1 T ds0 001,
n n
of of of 2
hay JLZ W G| | I+ oo +ba (I W GGl )7
i=1 pii;o 1ii,o i=1 pli,o
n
_ 3f
=z wi Ayl,o 90, |. )
i=1 pl|i,o

The above is a set of p linear equations in p wunknowns and can be

summarized in matrix notations as BX = Z whose solution is B = zx‘l.
The elements of B are Aal,l’ Aaz’l, cee Aap,l and those of X
are
n
aof of
X, =X .= Z W, (= ) & )
i T 7% =1 180505 0 TR0 s

and those of Z are

)

n
Z, = ¥ W. Ay. of
= i,o

k 421 T i,o Bak

A set of values Aak 1 is obtained with which to modify each of the

ak o’ i.e.
3

41 % 3,0 Ay
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where h is a constant. The process is repeated with the improved

estimates of the & until it has converged after ¢ iterations and

is then taken to be

the Aak,q arc all sufficiently small. ak,q

the least squares estimate of 0y -

4.3. Details of the Computer Programme

The attached computer program (Appendix 1) was used to analyze
the data obtained from the experiment. The number of data points, N,
‘the estimated dark noise, BACK, the dispersion, DSIG, and the position
of the laser line iﬁ channel number, CHO, were first read into the
computer. The intensity, Y(I), from each channel was then read in.
The estimated dark noise was subtracted from the recorded signal.
Then some initial estimates of the parameters were also entcred with
NPA specifying the number of parameters to be varied and IP(I)
specifying which parameter is to be varied with the I running 1 to 5.
Following this a correction was wade for the intensity response of the
monochromator-detector system. The intensity response of the system
has been measured using a black body source of radiation; the correction
was probably insignificant being less :than 3% over the range of ZOOcmhl,
After the initialization of the program a rough estimate of the
parameter C(1), was made by finding the area under the curve of the
intensity plotted against the frequency and then dividing this area
by the calculated value of the intensity using all the initial estimate
of the paramcters. Then the X and Z matrices werc formed after
having calculated the derivatives of the intensity with respect to the

various parameters. The inversion of the X matrix was performed and
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the B matrix was constructed. A control on the maximum change was
applied to ecach clement of the B matrix until all the eclements con-
verged toa certain desired value. Then the new parameters were computed.
This was followed by the computation of the difference between the
experimental and the computed intensity, the 'X? value, and the error
in the parameters.

The experimental data was weighted by a factor W, equal to the
reciprocal of the variance, which assuming Gaussian counting statistics
is simply 1/n, where n is the number of counts.

The quality of the fit was judged by calculating the estimated

variance,

s? - L

1 2
N_p i Wi IYi = f(al’ 3'2 as)]

L e o

1

where f is the test function, N is the number of data points and
p 1is the number of parameters varied. As the numerator has a X2
distribution on N-p degrees of freedom, 82 should lie near unity.

In order to test the computer program the intensity was calculated

from the formula

n = AwB exp (- 8—)

0

for each channel of the required range using known parameters of A,
B and Wy - With the square root of the intensity, vn, as the input
parameter, random numbers were then generated with the subroutine Gauss
(from IBM scientific subroutine package) which gives a normally distri-
buted random number which ranges from -~vn to +/n and with a mean of

zero and a certain standard deviation. This random number is then
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added onto the éalculated intensity to simulate experimental data and
the curve is fitted with the new intensity for the required range. It
was found that the values of the parameters obtained from the fit

ggreed with the ones used to calculate the intensity. An example of the

parameters obtained from the BL curve fitting is

B = -0.26316 + 0.05863 , and

L= 0.04789 + 0.00095

[}

which agree with the ones used to calculate the intensity,

B = - 0.31060 , and

1 0.04762
wo

Similar results were obtained for the Shin fit when the same procedure

is applied.



CHAPTER 5

ANALYSIS AND DISCUSSION

In this chapter some details concerning the calculations of the
~line profile by Bucaro and Litovitz (BL) and by Shin are discussed and

each compared with our observations.

5.1. Bucaroand Litovitz Formulation for the Intensity of the Scattered

Radiation

It was reported by Gornall, Howard-Lock and Stoicheff (1970) and
also by McTague, Fleury and DuPre (1969) that the intensity of the liquid
spectrum decreases approximately exponentially with increasing frequency
shift. Gersten (1971) pointed out the importance of the attractive
forces which act between the colliding pair and showed that the
intensity does not follow a simple exponential form. He then proposed
a theory for the asymptotic line shape of the scattered light. How-
ever, because of the comﬁlexity of the expression which involves an
integral of the modified Bessel function, others have made simplifying
assumptions in order to compare theory with experiment.

Bucaro and Litovitz made an extensive study of collision-induced
light scattering in some atomic and molecular liquids and concluded
that the essential details of the phenomenon Cafry over from the gas
to the liquid state. Taking a binary interaction picture with a
Lennard-Jones potential and assuming zero impact parameter, they
expressed the dipole moment induced during a collision. Then the
energy spectrum of scattered light from such a dipole was obtained.

The contribution from all the collisions follows upon multiplication



by the collision ratc. Then assuming short-range interactions, i.c.

Ao(r) e« 1 " (5.1)

where m >> 1, Bucaro and Litovitz arrived at the following expression

for the intensity of the scattered spectrum as a function of frequency,

2
2(m-7)/7 v [AYile] 2
(71 dv v exp(- gy - g [ - 7

o} wv

I(w) =w

arctan(gééJ%]})

In the above expression v is the relative velocity of the colliding
atoms, k the Boltzmann constant, W the reduced mass, T the
temperature, and € and O  are the standard force constants in the
Lennard-Jones potential. This expression was then evaluated by a
numerical integration for each of the liquids studied. In each case

the integral at high frequencies was found to be of the following form

I(w) « w2(m—7)/7 exp (- %}J (5.2)
0

where
w1 ® (1/6) 10 (WATY? [1 - (2/7) arctan Z57) (5.3)

with W, different for different systems. The constant wy is
inversely proportional to a characteristic time associated with the
duration of the interaction giving rise to Aa. The assumption of
zero impact parameter is not unrcasonable because large impact
parameters are unlikecly in the close-packed structure of the liquid
molecules.

Thibcau ct al. (1968, 1970) have shown that the simple DID

model cannot account for the intensity of the argon spectrum at
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moderate gas densities although the same model is successful at lower
densities. This is because the DID,meéhanism suffers from cancellation
effects at moderate or high gas densities. They explained that, at low
density, the field that a given atom experiences is produced by inter-
action with only one other atom. At high density, since the neighboring
atoms are more spherically distributed, the field seen by a given atom
becomes more symmetrical and a decrease in the depolarized iight—
scattering intensity occurs. Such a cancellation does not occur for the
overlap type of interaction. Hence there may be a relative change of
importance in the dipole-induced dipole and the electron overlap
models. By assuming electron overlap effects in monatomic liquids and
molecular frame distortions in molecular liquids, i.e. m=9 for
argon and xenon and m = 13 in the case of carbon tetrachloride,
Bucaro and Litovitz obtained values of w, in excellent agreement
with their calculations. Basically they have stated that collision-
induced scattered light exists in both monatomic and polyatomic liquids
and that binary interaction remains important even in the liquid phase.
Collision-induced light scattering is not restricted to isotropic atoms
or molecules but is also present with anisotropic molecules as well.

In the present analysis of the experimental data, two fitting
procedures were tried: ' :

(i) W, and m varied,

(ii) m fixed at 13 and only w, Vvaried.
Fits were made over several frequency intervals. The results are
given in Table 2. The values shown represent averages over several

spectra and the errors quoted are the 99% confidence intervals.



- 2(m-7)/7

Table 2. Parameter obtained using the expression I = A exp(w/wo)
Frequency 2 m = 13(fixed)
Range m Wo S Wy 2
(em-1) {em-1) (em~1)
CCl4 calc. 9.2(10.3)*
16+100 8.3 # 0.2 18.0 % 0.5 2.16 11.0 £ 0.2 28.1
30+ 80 9.6 0.5 15.2 £ 0.8 1.55 11.9 £ 0,1 2.4
40100 7.3 1.1 18.2 £ 1.9 1.50 12.6 £ 0,2 2.3
CHCl:5 calc. 10.1(12.3)*%
40100 11.8 1.0 13.7 £ 0.9 0.83 12.7 £ 0.2 0.85
CeHy o calcet 10.6(13.3)*
16100 8.0 x 0.28 23,1 £ 1.3 3.06 13.0 £ 0.3 26.3
30+ 80 9.5 £ 0.7 20.32 = 2.1 1.17 14.4 * 0.2 2.3
40100 13.0 £ 0.9 15,0 £ 1.2 1.10 15.0 z 0.1 1.12
40120 12.9 % 0.9 15.3 £ 0.9 1.08 15,1 £ 0.1 1.14
CGH6 calc. 14.4
40100 9.3 £ 0.96 31.3 % 4,18 1.20 20.8 £ 0.3 2.28
40150 14.2 £ 0.74 18.5 +* 0.98 2.69 20.1 £ 0.2 2.93
C7H8 calc. 12.1 ,
40-+100 10.1 £ 1.7 26.8 £ 5.4 1.67 19.8 £ 0.4 1.27
50-115 17.5 = 3.2 14.8 + 2.5 1.09 19,9 £ 0.6 1.26

* YValues in brackets are those

T Calculated using equation (5.

calculated numerically, Bucaro and
3).

Litovitz (1971a)

Zs



53.

There are two factors which limit the frequency range to which
fits are appropriate. First, the expression (5.2) is derived under
the assumption of short-range collisions, that is, of short collision
times. Since short collision times would imply higher frequencies
because w ¢-%~ where w 1is the frequency and T the collision time,
this expression (5.2) is only applicable to the high frequency portion
of the spectrum. Specifically, it is valid in the region where
w >> w_ - From Table 1 which summarizes the characteristics of the five
liquids studied one can see that the molecules of four of them have a
permanent anisotropy in the polarizability which gives rise to a depolarized
component at low frequencies due to interrupted molecular libration
and which is usually described by a Lorentzian or squared Lorentzian
profile (see, for example, Simic-Glavaski and Jackson 1972). These
aspects of the problem are illustrated by the results for the isotropic
molecule CCl4 and the anisotropic C6H12' The test function does
not provide a good description when the st.rting point is taken at
low frequencies (16 cm—l) with 82 values of 2.16 for CCl4 and
3,06 for C6H12'

The values of the parameters giving the best fit do depend upon
the frequency range. For the anisotropic molecules when the m
indicates a very short-range interaction, that is, m > 12, the values

of w, are reasonably close to those predicted by (5.3). The CHCl

3
and C6H12 results are 'in excellent agreement with the observations
of BL (1971) (13.1 and 14.8 cmnl, respectively). For CC14, the
parameters vary over the profile beyond 20 cm_l. If m 1is set equal

1

to 13, w, agrees with the observation of BL, (1971), 11.9 cm —,

but the quality of the fit is considerubly poorer with an S2 value of
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2.4 compared to 1.5.
These results are open to several possible interpretations. A

plot of l/w0 versus

1 1
W2 o1 - (2/m) arctan (%%—6]

is shown in figuré 11

According to equation (5.3), these quantities are proportional to one
another. Indeed, the data do follow two distinct straight lines. The
one corresponds to values of l/w0 obtained in fits where m>13

and the other to instances where m is found to be approximately 9.
For the anisotropic liquids as the fit includes more of the high
frequency tail, the effective value of m increases suggesting that
shorter range interactions are responsible for the scattering. On the
contrary, for CC14, the high frequency tail is best fitted by a low
m, 7.3. In the range 30 <to éO cm—l, that is for the major
portion of the CCl4 profile, the m ~ 9 agrees with Gornal et al.
(1968). The conclusion could be that there are several contributions
to the scattering each arising from a different r-dependent term in
the total expression for Aca. However, in all cases the higher m
corresponds to a lower Wy and, hence, a longer collision time; this
is the inverse of the behaviour expected from simple collision dynamics.

Hence, the interpretation is somewhat unsatisfactory.

5.2. Shin Formulation of the Scattered Intensity

Bucaro and Litovitz carried out the calculation numerically to
compare the theory with experimental data. They did not explicitly

derive equation (5.2). Starting from the expression for the intensity



Figure 11

A plot of l/wO versus

/2

X = w? 6 [1- (2/m arctan (26/x1)Y/?]

1/2

(gm™ " - cm).

W, is obtained by fitting equation (5.2) to the

~experimental data.
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of the spectrum written as a statistical average, i.e.

0O W00 0

2

I(w,T) = C N(b,v) x uind[r(t)J exp(iwt)dt| db dv

2

(5.4)

and using the isolated binary collisions model of light scattering in
liquids, Shin has developed a more exact and analytical expression for
the intensity. In equation (5.4) N(b,v) is the number of collisions
per unit volume per unit time with impact parameter b and relative
velocity v, uind is the induced dipole moment function and C2 is
the coefficient of the expression of the energy spectrum of scattered
light. In order to evaluate the Fourier transform in equation (5.4),

the trajectory r(t) was determined using a short-range interaction

and a Lennard-Jones potential. The Fourier transform wes then found

to be
" ina ey w7 Ty /7
()] exp(iwt) dt = 5 579 Gp 21w exp (-wT)
~oo o] Fffm

(5.5)
The thermal average of expression (5.5) is then taken and finally Shin,

using the Laplace integration technique, arrived at the result

I « w(2(m—7)/7) + (4/19) 12/19 6/19

+ Dw

exp (-Cuw ) (5.6)

where

C= 2.714 —== (5.7)
kT7/19
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1/2
(eB)
D = 1.346 —Z—— (5.8)
kT13/19
, 1/12
_ I(19/12) (42) (0] 1/2.,12/19

In the exponent of equation (5.6) the first term is the leading term
and is due to the repulsive energy of the Lennard-Jones potential and
the second term is due to the attractive emergy. It should be pointed
out that in both equations (5.2) and (5.4) the exponential term is
independent of the form Aa.

Equation (5.6) was fitted to our data by the Gauss method in the
following ways: |

(i) m fixed at 13 and C and D varidd,

(ii1) m varied and C and D fixed at the values given by

(5.7), (5.8) and (5.9).
The results are presented in table 3.

As with the BL formulation, fits close to the laser frequency
are poor and the parameters giving the best fit can vary across the
profile of a given liquid. With m set at 13 for three of the aniso-
tropic molecules, the values of C and D are much greater than the
predictions of (5.7) and (5.8). Therefore, if r—l3 is the correct
form of Ac, then the intermolecular potential or molecular dynamics
used in the calculation do not accurately describe the physical situation.

For CC1 the Shin expression fits with essentially one set of

4°
parameters and the value of C obtained agrees with the predicted C
value. For anisotropic molecules the observed C values are some-

what higher than the predicted ones and also tend to increase with



Table 3. Parameters cbtained using the expression
- T4/ ) 1
I = Aw2(m 7)Y/ 7+4/19 exp(—Cw*Z/‘Q N D(»6/19)
Frequency 2 (C,D fixed)
Range C D S 2
(em-1) (Cm12/19) (emb/19) - S

CCl4 calc.* 0,771 0.756

16+100 0.50 £ 0.03 0.59 =*x4¢.2 2.85

30~ 8Q. 0.76 % 0.07 1.15 -2 0.46 1.56

40+100 0.76 = 0,07 0.10 *x 1.22 1.44
CHCI3 calc.* 0.679 0.709

40100 1.07 £ 0.17 3.44 % 1.2 0,832 12.6 £ 0.2 1.01
C6H12 “calc.* 0.656 0.693

16100 0.366_ 1.24 6.67

30+ 80 0.56 # 0.2 0.42 2 1.3 1.34 i4.6 2 0.4 1.10

40100 1.04 %= 0.16 3.61 % 1.16 1,07 14.4 £ 0.5 1.02

40~120 0.99 % 0.12 3.35 % 0.87 0.98 14.3 £ 0.5 0.964
C6H6 calc.* 0.591 0.765

40100 16.2 £ 0.2 2.11

40~150 0.94 * 0,08 4.11 % 0.6 3,13 15.7 £ 0.2 4.67
C7H8 calc.* 0.661 0.811

40-100 0.48 * 0,2 0.65 1.3 1.18 17.6 £+ 0.3 1.34

50+115(m=17.5) 0.991% 0.6 3.45 x 4,72 17.7 * 0.4 1.30

* Calculated using equations [5.7], [5.8] and [5.9].

‘69
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incrcasing high frequency tail. The D values are higher than
predicted and fluctuate. For C7“8 in the range 50 =+ 115 cm—1 con-
vergence cannot be achicved at m = 13. However, with m fixed at
17.5 the values obtained for C and D are 0.991 + 0.6 and 3.45 + 4.72
respectively. The errors in the values of C and D are relatively
large.

The values found for C and D are plotted against

Ie1/19 O12/19 U6/19 1/2181/19 O12/19 u6/19]1/2

in Fig. 12. Again reasonable straight line fits are obtained showing

1l and ¢ respectively

that the functional dependence of C and D on o , € and u 1is
consistent with the model. For CCl4 uncertainty in D is large

especially at high frequencies where it encompasses zero. In the

o, t2/19

exponential in the Shin expression the term is due to

repulsive forces while the Dwé/lg term describes the effects of long-

range forces. Hence at higher frequencies, i.e. in the far wing of

the tail the Dw6/19 term would be negligible compared with the Cw12/19

term. The statistics are not good enough to allow a precise deter-
mination of D.

When C and D are set at the values calculated from (5.7,
(5.8) and (5.9), the m giving the best fit stays constant over the

high frequency profile and in the case of C6H12 gives a better fit

than by any other expression. This situation is very appcaling as (5.6)
now holds beyond about 30 cm_l with a single set of parameters. How-

ever, the m required is near 13 for CCl4 and CHCls, about 14.5

for and cven higher for These values of m  are close

L6H12 L6”16'

to those found with the BL function in the fat tail but the r-dependence
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of Ao is now a strong function of the molecule.
That C and D are sensitive to temperature and local heating
of the fluid by the laser beam might be a possible cause of error.

However, they would be expected to decrease as T increases since

(@]
i

B
2.714 —=55— ,
kT7/19

(eg) /2

kT13/19

el
il

1.346

and

1
726719

- 2.714 (L g-

dc 19

ar

]

and

1/2
_ 13, (eB) 1
- 1.346 (19) k T32/19

&

dT

Hence the large values obtained with the anisotropic molecules cannot

be attributed to this effect.



CHAPTER 6

SUMMARY

Several schemes have been tried in order to reproduce the obsefved
collision-induced scattering from five molecular liquids. A xz
criterion has been used to assess the quality of the fits. In first
applications of the isolated binary collision model an induced aniso-
tropy having an r L3 dependence could be used with a number of the
molecular liquids. However, in the present work, to achieve the best
fit using the BL equation, the induced anisotropy was found to range
from r“7 to r"l7 and varies not only between molecules but also over
the high frequency profile of a given liquid. The Shin expression,
being a more exact analytical formulation of.the IBC model, should be
more sensitive to the assumptions of the model. When applied with
m = 13, the coefficients of the terms within the exponent are higher
than calculated. If the predicted coefficients are used, then the
required m varies between molecules but the major portion of the tail
of the spectrum may be fitted with a single set of parameters. An
interaction Qhere Ao’ varies as r—17‘ would be inconsistent since
the C and D coefficients were obtained with a Lennard-Jones (6-12)
potential. In fact, Gersten (1971) has clearly shown that the high
frequency tail of collision-induced scattering due to the dipole-induced
dipole mechanism in compressed rare gases should be quite seﬁsitive
to the nature of the short range part of the interaction potential.
Thus, while the success of these fits is intriguing, their interpretation

is ambiguous.

" Hence different expression implying different physical processes
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can adequately describe the observed spectra. The Shin expression is
found to be successful with the isotropic molecule, CCly, with the

m consistent with the suggested value for frame distortion and it
becomes less successful as the anisotropy increases. The BL. expression
is the better for the more anisotropic molecules C6H6 and C7H8. It
should be pointed out that these latter two molecules are much more
anisotropic than the others and hence, some contribution from the rather
intense scattering due to the permanent anisotropy may extend into the
far tail.

Finally, in the IBC model, the form of Aa and the molecular
dynamics explicitly contribute to different factors in the expression
for the intensity, Wt exp(....). Nevertheless, as the above fits
show, a change in the power of w can significantly affect the terms
within the exponential. Therefore, before a positive distinction
between models can be made or before any reliable information on mole-
cular dynamics in liquids can be extracted from the experimental results,
a good theoretical estimate of the functional form of Ao for close
collisions is necessary.

Very recently there has been suggestions from computer experiments
in molecular dynamics that the isolated binary collision model is in-
adequate for liquid spectra. Berne, Bishbp and Rahman (1973) evaluated
the depolarized spectrum of scattered light and found that certain
features of the spectrum can be associated with the dynamics of atomic
motions in the fluid. Assuming that the argon atoms interact with a
Lennard-Jones potential and with the B(R) models suggested by Levine

and Birnbaum (1971) and by O'Brien (1973), they calculated the correlation
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functions involving B(R) molecular-dynamically and found that the
major time dependence in the variation‘of the polarizability of the
system comes from the correlated reorientation of pairs. Hence they
conclude that the uncorrelated binary collision is inadequate and in
dense systems the collision-induced polarizability may contain three,
four and many atom contributions and cannot be ascribed entirely to two
body interactions. They reaffirm that the collision-induced spectrum
seems to be related to the density fluctuations in a fluid that destroy
spherical symmetry around given atoms.

In another computer experiment the value of the polarizability
anisotropy of a fluid was found by Alder, Weié and Strauss (1973) to
be an increasingly smaller fraction of the dipole-induced dipole
anisotropy as the density increases. They explained that at low
density, since the field a given atom experiences is that produced by
interaction with only one other atom, the light scattering per atom
varies linearly with density. At high density, since the neighbouring
atoms are more spherically distributed, the asymmetry is smaller and
one expects a decrease in the light-scattering intensity. The light

scattering per atom was then evaluated by calculating the dimensionless

quantity
6 N
Y9 cx T2,
N s ij
i#j

that is, the statistical average of the square of the value of one of
the elements of the dipolar density fluctuation tensor for a system of
N spheres of diameter o. The total value of S was found to have a

maximum value as expected at about the density which corresponds to
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the critical density of a real fluid. At higher densities, S decreases
due to the large cancellation between the pairwise, triplet and quad-
ruplet terms. Hence they concluded that the distortion of the polariz-
ability of an individual atom from spherical symmetry produces an
anisotropy which opposes and dominates the dipolar density anisotropy

in determining the intensity of the depolarized light scattering.

The present status of collision-induced scattering is reminiscent
of the history of collision-induced absorption in highly symmetric
molecules. The effect has been known for over twenty yéars (Welsh
et al. 1949) but only after the interaction mechanism has been studied
and elucidated under many conditions have accurate line shape calculations
(Levine and Birnbaum 1967; Sears 1969) and applications to molecular
dynamics been made (Mactaggart and Welsh 1973).

"Further experimental studies of collision-induced scattering are
required. It would seem, however, continued investigation of liquids
would not be very profitable at this stage. The use of the isolated
binary collision modei and its associated simplifications, even if
applicable, leads to ambiguous conclusions. The dual problems of the
interaction mechanism and the molecular dynamics must be separated.

The density change over a liquid temperature range is too small to

result in significant variations in the observed spectra. In the gas
phase, it is uncertain whether the eventual decrease in the depolarization
ratio as the density increases is due to a change in the relative
importance of long and short range interactions or due to the occurrence
of multiple collisions. Careful studiés of I{w) and pz(w) at a low

densities (50 amagats) with isotropic gases would be helpful. If the
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interaction mechanism can be clarified in the low density case where
the dynamics are simple, then the results from more dense media would
be more amenable to interpretation. A pressure cell is currently under

construction in order to make such studies in this laboratory.
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? AL*R uABS CHISQp ybU“A DET 423D+ OSQRT 4 FIGDEXP, LG, X?,0MTGA, B
NIMENIION V(S Q),L(IO)oIPllo)yZ{10)yX(b,5)yM(ﬂ0)),PC(50) —
OIMEINSTON LM'N(IO).”%’h(IO)'E(IOI')(10),01?(»03),T(»00)

1 FIxMaT ('41,4X115 uX,FS...éX,FlO 4'10X Fl0.4}
2 FDQWAT(IHO.'TEH“IV&TIFI DF ANALYSIS')
3 FORMAT{10FT.1)

* FORMAT(1H,15F8.0) .

5 FORMAT(515)
FORMATISF10.53) .. ..

0011 T FIRMAT(1IHO;5E12.5)
. 20012 -8 .FORMATU1HO, *MATRIX IS ST'IGULAR. ANALYSIS TERMINATZD< ) oo
0013 I FOSMATLIH_, *COMPLETE CONVERGENCE: REL. CHANGE LSSS THAN®,F8.5)
sem 0012 o 1O FORMAT(1H_,* INCOMPLETE CCMVERGINCEZ.NUMBER CONVERGENT. 1S9,13) .
0018 L1 FORMAT(IH_,'PARAMITLC ‘R 3 1345X43F12.5) .
______ 0016 12 _F2RMAT{1HO DATA WITH BACKGRIUMO _SUBTRACTED! /)
0017 13 FORMAT(IHO,'COMPUTID CATA POINTS'/)
. 0018. . .14 FURMAT(1HO,'EXPE? IMENTAL MINUS CCMPUTED'/) e e
0019 15 FORMAT (140, *CHISQUARED 1S',F12.3/) .
... 0020 . _____ S 16 FORMAT(1H_,20X,5F12.3).. o e e et
0021 17 FDQM»T(lH s15F8,1)
0022 50 READ{L41) _PRyNBACKsDSIG,CHO_
¢ CH) IS THE POSITId% NF THE LASER LINE IN CHANNEL NUMBER
e 0023 WRITE(3,1) . PRyM,BACK,DSIG,CHA e e -
0024 I1F{N-30) 52,52,51
0025. ,“_»51~IF(4OO=N)D52353y53 e e e -
0026 52 WRITE(3,2)
0027 GC.T0.300 .
0023 53 READ{1,3) {(Y{I)yI=1,N)}"
e 0029 .54 DU ST. I=1.N. — e e e e
0030 Y(I)=Y(I)-BACK
0331 . . _. e IFIYLI) aLTo0e) Y(I)=0.. . e il —
0032 57 CONTIHUZ
— _0D33_ READ(1,20)_ IR
0034 20 FORMAT(I2)
0035 e IRBSO e -
0035 330 READ(1,6) (C{I)sI=1,5) _
o R C CLl) ARE THZ SUSSSED VALUES OF Ay34CyD¢E IN T(OMEGAsAsBeCyDyE) o
0037 58 REAG(1,5) INIT,IFIN
CINIT IFIN ARE THE FIRST. AMO. LAST.. CHANNZLS. USED_IN.THE ANALYSIS.
0033 IF{INIT.LZ.0) G2 TO 50
— 0039 . L READ{L,5) HPALLIP(I),I=1,NPA)_ e -
0040 ARITE(3,111) (C{1),I=1,5)
e 0021 _ 111 FNRMAT(5F12.5). .. . R e e
C CIRRECT Y{(J) FIR SYSTEM RESPCNSE
0042 __.DEL=0.0 }
0043 BB=-C.00045
v . D044 N D0 350 USINITGIFIN . o _
0045 Y{II=Y(J)/(].04(BB%DSIG=DEL))
e D046 ... .. 350 DEL=DEL+1.0 .. __ S e
c ARER NJRN\LIZC 10 OBTAIN ESTIMATE OF C(1)
0047 e .__ABSUM=
0048 e 310 J=1N1T,XFIN
________ 0049, ___. . .310 ARSUM=ARSUM+(Y{J)*DSIG}. e - _—
€050 FISUM=0.0
——. 0051 . CSEINIT-CHO o -
0052 DN 311 J=INIT,LIFIN

CMIGA=S*DSIG
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— - Q082 ..
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0084
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- Dt1l=ET_ I
D(Z)‘”(l)*FI*DLOG(CM GA)

0035
L0086 .

C F1n41NG THE MATRICES X AND Z.'
—_— 0087 L 200 X{KsLY=XUKsLI+DCIPIK)IED(IPLL )29 () ..
0032 €5 Z(K)-Z(K)+(Y(J)—(C(l)*FI))*D(IP(K))*W(J)
QQ3e 55..5=S%1,0__ . .
C FILLING T+ OTRER HALF OF TH- MATRIX SINCETHE
v e COABOUT THE DIAGONAL
0020 WRITE(3,13) S
e 009X - DD.68. I=2,NPA_ e e
0092 JJ=I-1
0093 D068 __J=1,440
. 0094 53 X{Is4)=X{Jy1)
e 0QS95. .19 FORMAT(1H_,3F20.5})..

— - 0095
0097

C{3}=—-C{1)%=FI=0M]

0054 CV1=CMEGA*SC(4)
e Q0S5 CM2=SQRT(CZH] ) :
0056 XP==(C(3)%0ML) ¢(C(5)+CNM2)
0057 ~ELE(CHEGARHCI2)IXDIXPAXP)
0058 S=541.,0
0059 311 FISUM=FISUM+(FI*DSIG)
0050 CLLY=ARSUM/FISUM
S NPA IS THEZ AUMBER OF . CONSTANTS. INVALVED
0051 1TZR=0
0062 50.ITES=ITER+L__
0963 WRITZ(3,7) (C(I),e1=1,5)
e Q084 ... .00 61 I=1,NPA.. .
0065 Z(1)=0.0 :
T 0056 . . D3 61 J=1,NPA. ——
. 0067 51 X(1,J1=0,0
———— 0088 e SEINIT=CHO
0069 WRITE(3,13) s
s 007018 FURMATUIH_,F6.1)  _ ..
a 0071 D0 66 J=INIT,IFIN
e L0072 . WL =1.0/(Y(J)+2.0%BACK)
0073 " OMEGA=S%DSIG
0074 22 _FORMATIF10.3)
0075 CM1=0OMZGAS$%C (4]
e 200TAH_ .. ... O¥2=SQRT(CML) _ __ s
co77 - XP==(C{3)=0M1 )+{C(5)%CNM2)
~0078__  _  IF(CABS(X?).GT.70.0) XP=-70.0
0079 . FIS(CVIGAX%{C(2)) )=DEXP(XP)

DL1)s002)5D03),D44) 0 (5)_ARS THE DERIVA
AITH RESPZCT TO AsB,CyDyE RESPSCTIVELY
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(4} ‘u\ll*rl“rMZPULJb(LM&GA))*((‘Ci3’*0”2’+(C(5)/2 0))

DASY=CLL1IXELI%0M2

CO 65 K=1,NPA
02 200 L=KyANPA.

“AT%IX IS SYMM TRICAL

¢ CONVERT FROM MATRIX TO VE CTOR ARRAY
JF (5-4PAY 50,7C,69. .

59 CALL ARRAY(1,NPA,5,X)

0098

e 0089

0100

RUNUEBIS 11 N+ } BUU—
0102
Q103

o IFOLDET)
71
.60 10 99 . .

72

L .EIND INVEXSE_ OF_MATRIX
70 CALL MINVD(XyNPADET(LMIN,MMIN)
T2e71572

WRITE(3,8)

CO 73 1I=1,4NPA
B(1)=0.0
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73 CONTI‘\JUc

L COHVERT FROM VECTOR ARRAY TO MATRIX ARRAY . oo

IF (5="IPA) 50,75,74
74 CALL.ARRAY (2 4NPA, 54X }or.

73.

0105
0106
0107
. ~0108. . ...

olio
0111

75 0D 76  1=1,NPA
00.76 J=1,NPA
€ FOR4ING “MATRIX B BY WULTIPLYING MATIC S l AND X

S0109 L BULISBLINHZOJIEX(ILLY . — e e s e

75 CONTINUZ _
LIMIT=D SR U

~01y2

0113

0014

0115
0116

0N 3C I= quPA

0117

Lolre

8119

0121
0122

73 C{IP(1})= ’(¢P(I))+5(I)

T3 LIMIT=LIMIT+1

Bl WRITZ(3,9)._TEST |

0123

20124

0125

0126

0127
0128

GO TO 100

e 33 WRITE(3,10). LIMIT ... - : S

139 ICHO=CHI .
~CCRI=1CHA . —

€ CHICK FOR MAXIMUM CHANGES ALLCWED.COMPUTE NEW PARA4ITERS
- . ..TEST=0,001.. : e e e
e CRATIOSDABSUBCIN/CUIPCTI) )
‘ IF (0.5-RATIO) 77,78,78
77.801)=0u5%30IV/RATID . . -
IF (TZST=RATIO) . 8080279 . o e
SO120 L8O CONTINUE .
IF (LIMIT-NPA) 82,81,81 v
B2 NITER=20.  _ e
IFINITSR-ITER) 83,60,60

0129

IF{CHN.GT.CCHO} ICHO=ICHO+1

0130 D3 101._ I=1sN. .. .. _ , , . . e

0131

L0132

0133
D134

DIF(I)=0.0

L TOI¥=0.00
$=0.0 : , _ :
SUM=0,0

0136_

0135

0137

0138, _ .

0139
01420

DI 102 J=ICHO.N .
- OMEGA=S*0SIG . _ ___ ___. S : e
CML=0MZGA=%C (4} -
L OM2=SQRT{aM1)Y e e
XP——(F(B)T ”1)+(C(5)*CM2)
IE{DASS{XP).6T.70.0). XP==70.0

0141
0142

FI—(D“EGA**L(Z))*DcXP(XP)

0143

0145
0144

DIF(JI=Y (J}=T(J)

Ol44 . S=S5+1.0 __ . e et

102 suM= SUW+DIF(J)*DIF(J)*W(J)

TOJY=FI=C(1) . e e i et e e

—-SUNMA=D.0

0147

. ola8_

0149
0150

S0 104 J=INIT,IFIN

104 SUMA=SUMA+DIFCII*DIFLIY*NOIY

0151
0152

e OV54_

0153

0155

e 0156

0157
0158

CHISC=SUMA/(IFIN-INIT+1-NPA)
e DDACH A=LGNPA
DI)=CHISQ*X (1,1} .
- DLI)=DSQAT(CABS(O(IIIL .
1056 PC(I)=100.0%D(1)/C(IP(I})
D0 103 . I=1,NPA_.. .. I S
108 WRITE(3,11) IP(1), C(IP(I)).D(I).PC(I)
e WRITE(34130 ... ... . S ;
WRITE(3,4) (T(1),1=1,N)
HRITE(3514) _
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0159 hRITE(3.17) (')IF(I).I l.N) .

wrrmeim QUOQ e e WRITE(3,15) CHISO - - -
0l61 DO 109 I=1,NPA
0162 e == D009 =Y NPA I
0l63 107 X(I,J)—’JSJRT(CWS(X(I'J)*CHISO))

—.. 0164 DO 110 Jd=1,HPA [, . e e e

" 0165 11D WRITE(3,156) (X(IyJ)pI IqNPA)

e e e CORITURN Y(J)Y T OBSEQVED VALUE oo e e o et
Olb‘w 937 DEL=0.0
0157 B88=-0.00045.
0163 B0 351 J=INIT,IFIN

e O O3 e YU EY UYL OR O BBEDSTIGHEDE LYY o
0170 351 DEL=DZIL+1.0

e OV L TRASIRARY L e

0172

S ¢ § B Ac SN

1F(IR-IRA) 50,50, 58

L IN. 3RDER_TD _STOR_sTHO .PLANK_DATA _CARDS.MAVE_TO.RE PUT. AETER.THE LAST_ .

CCJ:'\{TI NUE_.

0174 sSTOP R T T ST T ) )
e OLTS o END e e e S
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0001 SUBRCUTINE ARRAY (MIDE, [,J,X)
e QQO2— . . —e.. DIMENSICN X(25) e e - e - R
0093 BCULLE PRECISION X
e 000G NIsJ-Tl -
0005 IF{MIDE=1) 40,10:40 .
— L0006 n e 10 14=0 o — _ - e e e e ettt e e s+ e
0007 N4=0
.. 0008 ... _. 20 15 K=1,1. - — e e e e e
0007 DD 12 L=1,1
0010 RN ED SUES S ——
0011 NM=NM+]
e e 0012 w12 XUTIY=XUNMY e e - S
0013 15 NM=NM+NI
S 001l% - RETURN. o oo o e e e } I —— -
0015 40 TJ=Ix1+1"
0014 N N S
0017 DO 50 K=1,1
N o 1o ¥ ISR NM=NM=NI .. . ... _ ; — . . — e e
0019 DO 50 L=1,1I
L0020 .. . 10=1J-Y . - ol e et o
0021 NM=NM-]
0022 3.0. X {NMI=X(1.1)
© 0023 . RETURN -
0024 ... _END e e
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S VS

DIVID: COLUMN BY MINUS PIVOT (VALUE OF PI
CONTAINED IF BIGA) . . .

C

c

. .45 IF(BIGA) 48,45,48 ..

V3T ELEMENT IS

0040 46 D=0,0
0041 RETURN
0042 43 DN 55 I=1,N
... 00e3 . _ o IFRUI-KY . 50455950 . e e e -
Co44 50 IK=NK+]
L0045 ACIKY=ALIKIZ(-BIGAY ... e e
0046 55 CCNTINUE '
o B

c
im0 Q00 L e e SUBROUTTNE MINVE LA N Dol M) 0 oo
0032 DIMENSION A(25) 4L (5)¢M(5)
e e090B e DUUBL . PRECISION. Ay Dy BIGAHOLDy DASS oo — — .
0004 0=1.0
- ... 0005 .. S UNK=-N e e e e -
0006 DO 80 K=1,N
— 0007 _ NKENKHN oo ol e —— e e
0008 LK) =K
0609 MUK)=K — —
0010 KK=NK+K
e DOML BIGAZAUKKY oo o e e -~
0012 50 20 J=K.N :
e 0013 U XZENF(ISL) - e e et e e
001% DO 20 F=K4N
0015 SO % 5 023 S - —
0015 10 IF(DABS(BIGAI-DABSIA(IJI)}) 15420,20
e 00YT . 15 BIGASALLI) e e e e
. 0018 LIK)=]
e 20019 L Ll L MUKYES e e BN
0020 20 CONTINYE
C"—'“N - b
c INTERCHANGE RONWS
{0 - B -
0021 J=L(K)
e D022 L TFLI=KY 35935025 e e e
0023 25 KI=K=-N
. 0024 D030 _1=1,N —— el
0025 KI=KI+N
w0020 e BOUD == AL Y e e e e e e
0027 Ji=KI~K+J
e 20028 AIRI=ACIIN . e e et e e e o e e e e e -
027 30 ACJII=HOLD
c -
c INTERCHANGS CCLUMNS
e e G et e e e e e e+ oo e e = . N —
0030 35 I=M({K]}
e 0031 U TFUI=KY 45945938 L o e e e e e
0032 35 JP=N=(1-1)
0033 ~D0..40_J=1,N _ -
0034 JK=NK+J ,
O L0 5 O N o o O SO OO
0036 HCLD==A (JK)
e 0037 ACJKIZALIT) o e 2
0038 40 A(JI)=HGCLD
c -
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0060
0061 0

IF{J-K) 70,75,70
T3 MKI=A(KIV/BIGA .

KIZKSN

c RLDUC: MATRIX
S SR (A . B, - - —
0047 DD 6‘3 I l'N
0048 IK=NK+] ——
0049 o Bd=1-N
- Q050 DO 65 J=1,N . e e e _ e = -
0051 [J=TJ+N
e --Q052 e TFUE=K) 60465,4,50 . 0 e e e ¢t e e e e e e e e
0053 60 1F{J-K) €2:65462 :
0054 62 . Kd=1J-1+K.. : - -
0055 A(IJ)"A(IK)*A('\J)H\(IJ)
e 0086 o A5 CONTINUE. . .. e e e e e @ e e e e s e e 1 ¢ -
c )
SO e Q00 U DIVIDE ROW 8Y PIVOT o e -
c
0057 Kd=K=A .
0058 00 75 J=1,N
0059 L et et e et 1o @ —rean

0062 75 CONTINUE
C
£ PRIDUCT OF PIVOTS
e L e R T
0053 D=D*BIGA
N R S e e
c REPLACE PIVOT BY RECIPROCAL
C . ——
_ 0034 5(KK)=1.0/81GA
0005 L JBOCONTINUS . e
¢ ;
e e e G FINAL ROW AND COLUMN INTERCHANGE | e
c _
0055 K=N
0057 100 K={K-1)
e 0058 TFUK) 15000500005 e
0069 105 1=L(K} _ '
. 0070 ... . IF(I-K) 120,120,1C8 . . .. .. _ ... ;
0071 108 JQ=tix(K-1) )
0072 SJRENE(ISLL . ——
0073 DO 110 J=1,N
e L 00TH JK=JQ+ J L. e
0075 HOLD=A(JK)
0076 . JI=JR+J.. e ot e L e
0077 ACIKI ==ALIT)
0078 110..A(JI)=HOLD .
0079 120 J=M(K)
L0080 CIF(J-K) 100,100,125 . . - S
0031 125 KI=X-N :
2082 . DD 130 IsleNo ..o . et e
0083 KI=KI+N
0084 HOLD=ALKI) -
0085 JI=KI-K+J
0036 __ . ACKID==AQII) . S
0087 ‘ 130 A(J1}=HCLD A
20088 . GC TO.100 - e
0039 150 RETURN
0030 NN
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'Deparnm'm of Physics, University of Manitoka,
Winnipeg, Manitoba, Caneda '

INTPOD«JCT!ON -
Collision-induced light scittering (CIS) is a newlv id cmif'-"" vhenomenon which

has increased the scope of the information obtainzbhle about dense media by scatteiing

methods.'™ While free, optically isotopic atems or molecules do not depotarize light, an

anisotropy cun be induced in the tota] polarizsbility of a system of interacting atems which

produces a broad depolurized wing centred about the pol.xn/ed Ravleich linc. Three
“models for the induction mechanism have bean proposed based on siadics of Higuids wiid

compressed gases.

(i) Dipole-induced dipole (Dil). »*® The anisotropy results from the interaction between

eleciric dipoles induced in the atoms by the incident light. The total field acting on a given

atom is the sum of this external Jizht fizld and the internz! field due to the induced dipoles

in its neighbours. Orientationa) fluctuations in the net induced moment due to the atomic

motion yield the depolarized scattering. This is 2 long-range intersction giving an effective

pair polarizability which varies as ™ where #is the distance between the atomsina

collision pair.

(i) Electron Overlap (E0).>** The distortion of the electron clouds during close encounters

is responsible {or the induced po‘m/dblhl) Originally, the form 12 exp (—ar® ) was

proposed but recenily,® an ™ dependence has been derived in the case of argon.

(iii) Frame Distortion.” Bucaro and Litovitz®® have made an extensive study of CIS in
atomic and moleculur liquids and have concliided that fr;xmc distortion during close
collisions which gives a pair polarizability varying is 7™ is the piincipal ifduction mech-
anism in liquids composed of isotropic and non-isotropic molecules,

With the use of several simplifying assumiptions, principally binary collisions with
zero impact parameter, Bucaro and Litovitz were able 1o derive an expression for the
intensity 7 in the wings as a function of frequency w

J(w) @ w?ltm =101 exp (— wfwy) M
where the induced incremental polarizability is given by
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The constant wy is inversely proportional to a characteristic time associated with the
duration of the interaction giving rise to Aa.

In the analysis of their spectra, they assumed a value for m and determined the
corresponding w, from their data. As there is evidence from experiments on compressed
gases’? that the DID contribution diminishes at high densities, they assumed that, in the
case of atomic liquids, the electron overlap effect predominates. They found thatm = 9
in the case of argon and xenon and 1 = 13 in the case of molecular liquids gave values of
we in agreement with their calculations. This work is an excellent attempt to categorize
CIS in liquids while providing insight into the interaction mechanisms responsible for the
scattering. Primarily, it shows that binary interactions remain important even in the
liquid phase. '

Gersten'®!! has pointed out that in the spectra of compressed rare gases, different
parts of the profile are affected by different details of the interaction.

Encouraged by the success of Bucaro and Litovitz but mindful that the compli-
cations envisaged by Gersten should apply to liquids as well as gases, we have repeated
observations of the CIS spectra in pure CCl; and C4H,, with the goal of further investigating
the form of spectral profile.

EXPERIMENTAL METHOD o

The experimental set-up is typical of laser Raman scattering studies. Light from an
argon-ion laser (CRL No. 52) operating at about 3/4 W at 4880 A is pasced through a half-
wave plate and prism polarizer before being focused in the sample cell. The light scattered
at 90° is collected by an f/2 system and brought to a double scanning monochromator
(Jarrell-Ash No. 25-100) having a spectral slit width of 1 cni’?. The detector is a cooled
EMI 6256B photomultiplier tube used in the photon counting mode. With the discriminator
levels set for an optimum signal-to-noise ratio at low light intensities, the dark count is
1/3 c.p.s. The output is stored in a multichannel analyser (Victoreen No. ST400M) whose
channel advance is controlled by the stepping drive for the monochromator gratings. The
geometry used is such that if the incident light is considered to travel in the x-direction,
polarized in the z-direction, then observations are made in the z-direction. All exper-
iments are performed at 295 K.

ANALYSIS OF RESULTS _ :

If a frame distortion origin for the induced polarizability is assumed, Eqn. (1) leads
to a linear relationship between In (/ (w){/w'?7) and w with a slope (—1/w,). When this
test is applied to the data, it is found that w, =11.9 ¢m™ for CCl; and 15.0 cm™ for
CsHj, in excellent agreement with Bucaro and Litovitz (11.9 and 14.8 cm™ respectively).
The frequency range over which this linear relation holds is 30 to 80 cm™ for CCl, and
3010 120 cm™ for CH,y, (Fig. 1).

Frame distortion may not, however, be the only interaction mechanism contributing
to the scattering. It was noted that much of the high frequency tail of the CCly could not
be accounted for by the above method. When s = 9 was tried, a value consistent with an
clectron overlap intcraction (at least for rare gas atoms), Eqn. (1) held over an increased
frequericy range, 20 em™ to 100 em™ . Moreover the quality of the fit was much improved
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Table 1. Parameters obtained from the least squares fit with Eqn. (4).

Range q Effective AN §?
(em™) m (em™)
16— 100 0.36 £0.05 83+£0.2 18.0+ 046 2.16
ccl, 30~ 80 074005 9605 152075 155
40 - 100 0.11 03 73+1.1 192+19 1.50
16 -~ 100 0.28 £0.08 79 %0.28 23.1+1.0 3.06
30> 80 0.71 £0.20 94 +0.68 203+1.7 | 1.17
Ce¢Hy, 40 - 100 1.73 £ 0.27 13.0 £0.98 15.0+£0.97 1.10
40 - 120 1.68+0.24 129 £0.84 152£091 1.08

_ over that with m = 13. This result led us to perform the analysis based on the following
considerations.

Most authors who have proposed mechanisms for collision-induced scattering conclude
that the high frequency profile is described by an expression

{(©w) = flw) exp (— w/eo) : €))

In the original model of Levine and Bimbaum, flw) is approximated by w?; the
more general function@? ™= )/ 7Ighgus clearly that the power of w is a function of the
induction process. Gersten'! has emphasized that the exponential factor in Eqn.(3)is
model independent (alihough the value of wg is not). The accurate determination of
Aw) should lead to meaningful information not available through the exponential.
Because of the presence of this strong exponential factor, the exact form of flw) is
difficult to extract from the experimental data.

In an effort to acquire some estimate of f{cw) directly from the observed spectra, we
have assumed that the high frequency profile can be represented by

I(w) &= w? €XP (— w[wo) )

where both q and w, were taken as variable parameters and made a least squares fit to the
spectra. The results given in Table 1 are averages aver several spectra, The errors quoted
represent a 99% confidence interval. For CgH,,, the fits in the range 40 cm™ to 120cm™
are the more significant as they are over a region sufficiently removed from the laser line
to be frec of contributions due to the permanent anisotropy of the molecule. The
‘effective m’ is determined by setting .

q=QMNm-7) )

S? is x? divided by the number of degrees of freedom.

DISCUSSION

The most striking result in Tuble 1 is the fact that for both liquids, the values of ¢
and wy depend on the frequency region over which the fit is made. For CgH,, the result
in the range 40 to 120 cm™" agrees with that of Bucaro and Litovitz, On the other hand,
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for CCly, as more of the tail is included in the fit, the effective m decreases and Wy
increases, nowhere approximatingm = 13 o0rwy = 11.9cm™t.

The failure of Eqn. (1) to hold over the entire tail with one set of values for q and
wy indicates that more than one type of interaction is operative in the scattering. For
CeH,,, short-range effects seem to be important with frame distortion especially
dominant beyond 40 ™!, The theory of Bucaro and Litovitz holds well in this case;
basically a single short-runge interaction. For CCls, both short- and long-range
interactions contribute. Here the theory of Bucaro and Litovitz is not entirely applicable
as their calculations of w, are valid only near the turning point. Judging from the
effective m values, the short-range part includes both electron overlap and frame
distortion. The long-range interaction could be of the dipole-induced dipole type. _

It should be recalled that because of symmetry effects, the intensity of the scatter-
ing through DID at liquid densities is much less than that predicted from an extrapolation
of the gas results using a quadratic dependence on density; however it should not necessarily
vanish. In liquids the DID interaction would be effective through rapid local fluctuations
in the positions of molecules, not describable by the trajectory dynamics used to derive
Eqn. (1). Thus the spectral profile due to DID would broaden as the density increases
and it would be expected to contribute to the far wings of spectrum.

The ¢, found for 40 < w < 100 corresponds 1o a time of 2.8 X 1075 which is of
the order of magnitude of the time between collisions in a cell mode] for liquid CCl, ;'?
the time between collisions would be the time characterizing these fluctuations in
positions.

Table 2. Parameters obtained from the least squares fit with Equ. {(6).

Range )
(cn.l—l) B C S
16~ 100 0.50 £0.03 —-0.59+0.20 2.85
CCl, 30> 80 0.76 £ 0.07 1.15+£046 1.56
40 - 100 0.76 £ 0.07 0.10x1.22 1.44
16> 100 0.37 ~1.24 6.67
CsH,, 30> 80 0.56 +0.20 042¢13 1.34
40 - 100 1.04 £0.16 361%12 1.07
40 - 120 099 +0.12 3.33+£0.87 0.98
Further analysis
The expression developed by Shin!3
I(w) = exp (=B + Cwo9) )

was also fitted to the data with A fixed for 1 = 13. The results are given in Table 2.

For CCl; beyond 30 cm™ | the B is in excellent agreement with predictions (0.77)
and while Cis uncertain, the expected value (0.76) is bracketed. With Coll},, Bund C
are much larger than the model suggests (0.66 and 0.69). The quality of the fit for both
liquids is comparable to that nsing Lan. (4).

This result leads to the conelusion that frame distortion is important for CCl, in
the far tail. Since Eqn. (6) is a more exact formulation within the binary collision model
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than is Eqn. (1), it is more sensitive to the assumptions made. The neglect of the angular
dependence of intermolecular forees in defermining the collision trajectory may account
for the discrepancy in the case of the non-spherical iolecule Coly,.

While both the Bucaro and Litovitz and the Shin expressions can mathematically

deseribe the observed spectia, the parameters requited are not always in agreement with
calculations and conflicting conclusions concerning the inieraction atise. The question of
the line shape in collisioi-induced scattering is still a problem.
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