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ABSTRACT

The collision induced Rayleigh wing in the depolarized
light scattering spectrum of two molecular gases has been
studied in order to determine the functional form of the
pair polarizability anisotropy, B (r). Models used to describe
the induced polarizability are briefly discussed and then
experimentai techniques are described. The analysis involves
consideration of (i) the low 'frequenéy profiie alon.e,. (11) the
entire profile, and (111) the rﬁethod of _mvéments. Results of
the analysis for CF& and SF‘6 cast doubt on the existence of
short range contributions top(r) and indicate the breakdown

éf the point dipole,<Dipole.Induced Dipole model,
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CHAPTER 1

INTRODUCTION

1,1 History

The spectrum of light scattered from a gas of non-interacting
optically isotropic molecules, with linearly polarized iﬁcident |
,light,'is composed of lines and bands, shifted in frequency from
that of thé incident light - the Raman spectrum - and a cémpletely
polarized'line at7zefo‘frequencylshif% - the Rayleighvline (Figure 1),

In a liquid or dense gas, an additional depolarized component
at small frequency shifts is observed, which appeais as a broad
wing on the shérp Réyleigh 1in§.(Figure 2). Initially, observations

1-3

of the‘deoplarization ratio of the scattered light were made,

and later the spectral profile was studied as well.u_lz’L

; The fréquency |
shifted scattering has been ascribed to the énisotrppy indﬁced in |
the molecular Polarizability>during intermolecﬁlar collisidns. ‘
Hence, the effect is called Collision Induced Light Scafte:ing. '

Since the scatiefing is due entirely to intermdlecular coliisions,
in principle, the study of this scattering is a powerful mefhod for
obtaining inforﬁation on molecular interactions and dynamics in a
“1liquid or dense gas,

ThéAspectral distribution of this depolarized light is given by -
the Fourier transform of the anisotropic part of the time ﬁarying_ |
‘po.lariza.billi'by ﬂ(t): | _

1) oC |JA(5) expliot) at |?
The polarizability of a group of molecules depends on their

relative positions and orientations, since each molecule is distorted by
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interactions wifhvits,neighbours. The difference between fhe
polarizability of a collection of non-interacting molecules and
that of the molecules when each is distorted by.its neighbours is
the collision induced polarizability of the cluster, Its time
dependence arises from the change of thié distortion with éhanges'
of the intermoleéular positions. The time evolution of the inter-
molecular coordinates depends, however, on the intermolecular
potential; Thus, both the cluster polarizability coupling the

incident light to the moleculés and the many-body potential’

‘g0verniné the djnamics 6f the encounters éntervthe pfoblem. .

Unfortunately, both contribute to the observed scattering in such

a manner that their separate effects are very difficult to unianglé.
Some progress had épparently been made when it was suggested

thét the scattering from liquids could be accounted‘for.byvﬁhe

Isolated Einary Collision (IBG) model, which assumes that binary

collisions and a zero impact parameter are valid assumptions even

13

at liquid densities. | The observed spectrum could then be described

by a compact mathematical expression in which the roles of the

cluster polarizability and the intermolecular potential were clearly

displayed,13'15j However, subsequent experiments, 16,19,20 and
17,18,21,22 |

analytical and molecular dynamics calculations
shown that the IBC model does not satisfactorily reproduce the
- observations énd leads to ambiguous conclﬁsioné. In trying to account
for the observed scattering from liquids, it is not clear whether
the discrepencies between theoryband experiment resﬁlt from in-
adequacies in the model used for the induced polarizability, or

from the neglect of many-body encounters.18’21’22_




1.2' Models of the Polarizability Function

The mechanisms accounting for the induced polarizability may

be classified according to whether they are long range or short
range., While the distinction is not clear cut, it is useful.
The principal long range induction mechanisn is the Dipole

L% fe incident light field induces

Induced'Dipole interaction,
an electric dipole moment in the sample molecules, A molecuie,
which finds itself in the field of neighbouring dipoles, has induced
on it a small additional moment not in geﬁeral in the direction of
the field of the incident light, To lowest order.(assuming point
dipoles), the induced polarizaﬁility increﬁent for a pair is totally
anisotfbpic and p(r)=61xzr—3, where r is the intermolecular
separation and & is the polarizability of an isolated molecule. At
high densities the range of fhé iﬁteraction will extend several
intermolecular spacings and correlations between the motions of
several molecules must be faken into account in éalculating the.
scattering due to this mechanism;18

Short range induction mechanisms include Eledtron Overlap13.and
Frame Distortion13 where the electron clouds or the moiecular frame,
, respéctively, are distorted during collision with another molecule,
The range‘of the interaction is expected to be so short that even
at high densities; only few Body encounters need be considered,
In this limit, it is the trajectory near the»turning poiht in the
collision which determines the's?ectrum of scattered 1ight; and the
form of the induced polarizability is of lesser i.mpori:a,nce.13'11L
Indeed, very little is known about the form of ,é(r) due to Electron
Overlap and Frame Distortion. The polarizability distortion due £0-.
9

- Electron Overlap is believed to vary as r 7 on the basis of a




calculation involving colliding metallic spheres.23 The iﬁduced
polarizability due to Frame Distortion is thought to be determined
by the slope of the repulsive part of the intermoleculér potential,
For the 6-12 Lennard-Jones potential, this gives an effect varying
as r~13. Other interactions which are of relatively short range are
' seéond order DID, varying as r-é,'and higher multipolar interactions
One sees that very different informatioﬁ about the molecular
motion is involved in calculations of the light scattering Spectrum
depending upon whether the long range of the shortirangé induction
mechanisns are more important, Detailed knowledge of the multi-
particle distribution function is required.for calculations involving
the long range induction mechanisms, while scattering by short raﬂge.
interactions depends only on the trajectory while the moleéules are
in contact, In a liquid both long and short range meghanisms are
expeéted to contribute, .Furthérmore, the gualitative features of
the scattering spectrum may be feproduced by invoking éither meéﬁanism

alone, 118,21

which further complicates the interpretation of the
experimental results, |

In gases at low.density, the mélecﬁlar encounters are primafily
binary, and approximate pair potentials for simple molecules are
availiable, The more complete kﬁowledgé of moleéular dynamics in
a gas permits the role played by the induced polarizabilitybin the
scattering process to be studied in a consisteﬁt manner, It is only
when the form of the induced polarizability has been elucidated, that
it will be possible to assess the relative importance of -the cluster

polarizability and the many-body potential in the problem of light

scattering from dense fluids.




1,3 Present Investigzation

In the preéent work, an attempt has been made to deteimine'
the form of the polarizability anisotropy by using collision induced
~scattering data for compressed gaées. The rare gases have already
been intensively studied in several laboratories and the logical
‘extension is to study isotropic ﬁolecules. The molecules CF4 and
SF6 have therefore been chosen for this investigation, The scattering
adata have been analyzed in terms of_the speCtral-prOfilevand-the
- spectral moments in order to reach conclusions abbut'the form 6f'the,

lb polarizability anisotropy.




CHAPTER 2

EXPERIMENTAL METHOD

The apparatus used.is typical of laser Raman studies,

Linearly polarized light at 488 nm, from an argon—ioh laser illum~
inates the sample, which is containedvin a stainless steei pressure
cell, Thé light scattered at 90‘degrees is collected and.anélyzed
by a scanning doublé monochromator, Thellight is detected‘using
photon counting techniques‘and the results stored in the memory of

a multichamnel scaler. (Figure 3).

The laser is.a Coherent Radiation model 52 argon-ion laser with
an internal prism permitting single line operation., The output power
used during these experiments was about 500 m¥, as measured-by a
Coherent Radiatién model 212 power meter, The 488.0 nm, lasei liﬂe
was chosen over the equally bright 514,5 nm, line in order to opfimizg

the scattered inténsity, which increases as\fu.

2,1 Gas Handling System

The pressure cell and associated high pressure equipment was

constructed by the American Instrument Company (Aminco). The optical

cell is furnished with three fused silica windows and is désigned to
cdntain pressures up to 750 atmospheres. (Figure 4), In Qrdei to
reduce stray light within the cell, a blackened liner is used., Some
difficulty in making leak-free window seals was experienced initiallj,
since these experiments were conducted at pressures much lower than
for which the cell was designed - tbe maximum pressures ﬁsed were

about 70 atmospheres, It was found that gaskets cut from "Parafilm",
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with dimensions 14 mm.‘o.d. x 12 mm, i,d. x Q.OQS inch thick, made
very satisfactory seals,

The sample was introduced into the optical cell from another
vessel (Aminco &1—19230) which served as a thermal compressof and
permitted purification of the sample., In order to raise its pressure,
gas from the cylinder was iiquified in the cooled thermal compressor,
which was then sealed off and allowed to warm Uup. .The gases studied
were CFA and SF6. vThe CFh gas, as purchased from the Matheson
Company Inc, (99.9% purity) contained a troublesome air impurity.

- In order to eliminate this trace of air,vthe raw CF& was condensed in
the thermal compressor using liquid nitrogen as the coolant end the
air was removed with a vacuum pump, The purity was coﬁsidered
adequate when ﬂeither the rotational nor vibrationerotationel Raman:
spectrum of air was observable, The impurities in ﬁhe SF6 gas used
(Matheson, 99.8% purity) were not as troublesome as those in the C? ,
aahdwso the SF6 samples did not require further purification,

The volumes of the optical cellvand the thermal-compressor were
approximately 50 cc, and 100 cc, respectively. When'filled, the
system could be left for more than a week ﬁith‘no measurable leakage
or contamination ofithe sample, Thus,ithe sample would be left
undistﬁfbed overnight in order that its-temperature wouid stabilize
and any dust would settie out before experimental measurements begaﬁ.

The sample pressure was measured by a Heise, model CM-11170,
0-15000 psi, Bourdon tube gauge., The sample £i11 system is depicted
schematically in Figure 5, |

The density of the sample was calculated from its measured

temperature and pressure using PVT data for the gases and solving for




Optical Cell

I0000PSI raﬁng_

table top
3
o
o
O
e
E o &
S - 3
& valve valve )
52 23
o _
§ o _ or
20 ~ O e
- - O o
\_ o P
k-]
I o
om
cross
~valve tee valve
to gas supply to vent or
vacuum pump
FIGURE 5

SAMPLE FILL SYSTEM

Interconnecting Tubing — 1/16"id 304 S.S.
Valves and Fittings — 60000 PSI rating

100000 PSI rating




24,25,26

the roots of the Beattie-Bridgeman equation of state by an
interative procedurez7 v(eg. Appendix A3, Subroutine PVT). The
experiments were performed with samples at 293 - 295 K, Pressures
upito 70 atmosphere for CF& and 20 atmosphere for SF6, corresponding .
to 96 Amagat and 27 Amagat, respectively, were'used, which are with-
.in the range of densities where binary collisions predominate

( p(Amagat)= p(P,T)/ p(STP) ). The maximum densities of 96 and 27
Amagat correspond to 0,19 and 0,09 of liguid density at the normal

‘boiling point for CF;, and SFy respectively.zs

2,2 Optical System

The beam from the laser is weakly focussed By'a 30 cﬁ. f,l. ;ens
énd then directed vertically through the sample cell by é right
angle prism, so that the source region is parallel to»ﬁhe entranée
slit of the monochromator, Focuséing the beam ailows for the more
éfficient transfer of light from»the scaftering source ihrough-the

29,30

islit and aperture stop of the monochromator, Before fécussing,
the laser beam is passed through a combination of quartz half-ﬁave
plate and Nichol prism polarizer, Rotation of the half-wave plate
allows rotation of the-plane of polarization of the light beam,'
while the polarizer removes the slight depolarization introduced by
‘the half-wave plate,

Light scattered at 90 degrees to the direction:of propagation

of the incident beam is collected by an f/15 system, The speed of

the collection system is limited chiefiy_by the small clear aperture

of the pressure cell windows, An HN38>Polaroid in the collection arm

is used to analyze the polarization of the scattered light.

13
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Several polarization geometries mayvbe obtained by rotatihg
the half-wave plate or the Polaroid (Figure 6). Most experiments
were done with the VH geometry. Ideally, this configuration permits
observation of only the depolarized component of the scattered
light, but;such effects as incomplete extinction by the‘Polaroid,
stress-induced birefringence in the preséure cell windows and
depolarization by séattering from the rough walls of the sample
cell allow “leskage" of about 107 of the polarized Rayleigh light
within the aéceptance cone of thé collection system, This stray
1ight is*a proﬁlemvwhen observing the depolarized.spectrum neaxr
gero shift. | |
The spectral composition of the scattered 1ight is analyzed
by means of a Jarrell-Ash 25-106, one meter, £/8.7 double (subtractive
mode) CzérnyhTurnerrscanning monoéhromator.jl The grating advance
is controlled by a stepping motor actuating a cosecant arm, resulfing
in a drive which is linear in frequency and may be directly inter;
faced with digital electronics. Stepping the motor 20 times shifis
the spectrum by 0,999 cm".1 with Jarrell-Ash number 1308 gratings
| ihstalled.' These gratings have 1180 groo#es per mm, and are blazed
at 500>nm. In the spectral region near 488 rm, the efficiency of
the gratings varies slowly with frequency and is apprbximately equal
- for light polarizediboth parallel to and perpendicular to the rulings,
A double ménochromator is used by reéson of its superiof straj
1light rejection, In a single moﬁochromator, the mirrors and gratingi
scatter light through small angles with respect to the direction of
the reflected and.diffracted‘beams as a result of smali random

~ surface imperfections. When a sharp spectral line is scanned at
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high resolution this stray light appears as a broad tail about the
line and it is tens of wavenumbers before the intensity of this
tail falls below 10—5 of the intensity of the parent line, With
a tandem monochromator the relative intensity of the tails falls
below 10"5 of the parent 1line intensity within a few wavenumbers

19 within a few tens of wavenumbers.Bl’32 Such

and below 10
extreme stray light rejection is necessary for measurements of the
collision induced spectrum at small frequency shifts since the
intensity of'this scattering is several orders of magnitude less
than that of the Rayleigh light that "leaks" into the monochromator
past the analyzing polariger, ' |

The bandpass of the instrument, ﬁntil it reaches its resolution
- 1imit of 0,1 cmnl, ié determined by the width of the slits. The
attenuation of stray light begins only outside this bandpass. There-
fdre measurement of the Raman spectrum at small freQﬁency shifts
from the existing line demands narrow slits. However,vfbr a brqad
featureless bahd,'the fraction of light transmitted varies directly
with the bandpass, which for best efficiency should be chosen‘no |
smaller than is necéssary to prévent’distortion of the spectrum,
Since the collision induced spectrum is broad, featureless and very
faint, £his consideration demands wide slifs.’ One the one hand, it
is necessary to observe the shape of the depolarized spectrum to with-
in a few wavenumbers of zero frequency shift. On the.other hand, - |
dfifts and instabilities in the laser'output and in alignment of the
oﬁtics limits the duration of a scan to 3 hours., Noise resulting from
the statistical fluctuations in the number of photons counted can

only be reduced by increasing the flux of photons, The spectral slit




width of 2'cm-1 used for the measurements is a compromise between
the more efficient utilization of the availiable light afforded by
broader slits and the clearer separation of the Rayleigh and Raman

components of the spectrum possible with narrower slits.

2.3 Detection Systenm

The light transmitted by the monochromator is detected by a
cooled RCA 031034 photomultiplier tube factory selected for low

noise, This tube has a GaAs photocathode with a spectral response

curve almost flat from BOO‘to 900 nm, With this tube, the measured
éverall system response is smoothly Qarying ana'constant to within
a few percent over the 100 cm"1 region usually scanned in the
experiments, Since the collision induced spectrun varies much more
rapidly than the instrumental relative response, no sighificant
distortion of the shape of the spectrum is introduced by omitting
this correction, | o

The usefulness of the‘spectral ﬁeasurements depends ultimately
on whether the signal to noise ratiov of the data is sufficienf for

the analysis to‘which it will be subjected. For relatively.in£ense

sources, the signal to noise ratio is determined by the statistical
Fluctuations in the signal, For very weak sources, the limiting
factor becomes the noise introduced by the detector itself., Measure-

ments of the profile of collision induced light scattering requires

operation, to a large extent, in the weak signal regime, For this
reason the noise performance of the detector assumes critical
importance,

The noise from a phototube operating in the photon counting node




apbears as pulses at the anode which are not correlated to‘pﬁotohs
incident on the photocathode, At high temperatures, the principal
noise source for the phototube used is thermionic emission of

. electrons from the photocathode, The dark count rate due to this
source follows Richardson's 1aﬁ and is conveniently reduced by

cooling the tube to -30 degrees C., in a Peltier effect cooler
(Products For Research 83-055, which also incorpérates electromagnetic
shielding and biasing arrangements for thevtube). -The distribution

of pulse amplitudes, with the tube operating in the dark at this
temperature; contains a small peaked component;dueatbwelectrohs
émitted from the photocathode, and an overlapping component due to
other noise sc)urces.BB’BLL o . o .
Since the pulse height spectra of thé noise pulses and the

- Photo-electron pulses are different,-theAsignal to noise ratio

may be enhanced by discriminating against pulses of certain ampiitudes.
After recording pulse height spectra ﬁith and without Iight incidenf

on the photocathode, the method due to Young34

is used to determine
the portion of the pulse height spectrm which should bebrétained
for optimum signal to nbise at low light 1evels.(Appendix A1), .

Then the window of the SCA is set so as to permit‘only puises having
the desired ampliﬁudes to be counted., With optimum discriminator
levels, the dark coﬁnt rate is about 2 counts per second.

The arrangement of the electronics used to process the photo-
multiplier pulses during an experiment and duriﬁg setting of dis-
criminator levels is shown in Figures 7a and 7b, respecfively. The
preamplifier is a FET-input chérge seﬁsitiﬁe type designed so that the

additional noise introduced by the preamplifier is negligible
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compared to that of the phototube (Figure 8), The remaining
components are standard nuclear instrumentation modules,
The ND-1200 Analyzer system consists of an analog to digital

converter (BE£560), data handling unit with 1024 channel memory,

display oscilliscope and paper tape output interface., The system
may be operated in a pulse height analysis mode while setting
discriminator levels, or in a multichannel scaling mode when re-
cording a scattered light spectrum, | |

To record a spectrum, the gratings of the monochromator and

the channel advance of the MCS are‘stepped sychronously by clock
signals derived frdmva 1 MHz crystal oScillator,‘while the

- photo~electron pulses are applied to ihe»count input of ihe MCS,
The dispersion of the spectrum recorded in thé MCS is then simply
determined from the number of grating steps takén during one
channel advance, The dispersion used when collecting collision
induced spectra was 10 channels/dm-1 (for con&enience, not_all.

the points have been plotted in the spectra of Figures 2,‘9iand 12),
The origin of the frequency scale ié determined from the channel

in which the peak of the Rayleigh line occurs, During aquisition

of the spectrum, the count rate is displayed on a General Radio
1192B counter-timer. The background count rate is determined with

the same instrument and used later as a correction to the scattering

spectrum when computations are performed,
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CHAPTER 3
LINE SHAPE ANALYSIS

The collision induced spectrum has been analyzed in terms
of its line shape for two reasons, Firstly, when an appropriate
representation has been found,‘the line shape function provides a
concise summary of the data, Secondly, thé discription in terms
of a frequency spectrum allows many'genéralifeatures of the
scattering mechanism to be oBtained b& inspection. Thus, the_
lliheshape analyéis is useful for providing the starting point for

more detailed considerations of the scattering spectrum,

3:1 Method

The spectra from CF& and SF6 have a shape which is typical
of the profile of collision induced scattering obtained from atoms .
and isotropie molecules, ‘At low densitiés, the>intensity falls off
nearly exponentiélly with frequency shift from the'exciting line,
At higher den31t1es a second exponentlal component appears, At
the highest den51t1es the break point between the flrst and second
component becomes less distinct and a 1ogar1thmlc plot of the .
intensity profile shows a continuous curve raﬁher than two separafe.
slopes (Figuré 9). Becaﬁse of their shape; We'have,chosen to
analyze the spectra in terms of functions e#ponential in frequency.

The simplest function of this type is T(w )-A exp(~w/ )
where A and Weare the parameters, descrlblng the shape of the
spectrum, which are to be determined, This expre351on varies non-

linearly with the parameter (s so that thé ﬁonlinear least squares




S

5 RELATIVE INTENSITY

1k

SPECTRAL
SLITWIDTH
' FIGURE 9

. COLLISION INDUCED SCATTERING

> : FROM CF‘"_ AT THREE DENSITIES

° .
%
oe
*%
LX)
:‘\o ‘....0
oo, o,
'.'o .'...
B <
"'.:.-. ”:
.:.. ‘o‘.o
. ® oo
o ® o
. ‘5‘5 :o L “..:..:
*3 o o‘. o
Oo‘o °% . “0.’. .
(] * ® o
e, |8Amagat® . 37 Amagatt«-,, . 57 Amagat
- .. :.:. . .....
oo.o: N ’0:'.. P .. ....o ‘e o
0..0 *® ° :‘. o...
o'..o e @ ry .' .
[ 3L .
A i e
o.’::o . : ....o. .
¢ o e e ®eo &
®s % o o o° oo
. ., ® % . 4 @0
. .
° .
> .

20 w(cm-1) 30 40 k




procedure has been adopted.BS'36 An ihitial guess of the paraﬁefer'
values is made and the Taylor expansion of the test function is
evaluated about this point, Only terms up to first order in the
parameters are retained and the resulting linearized test function
is fitted to the data by the usual linear least squares teehnique.

"~ The :evised paramefer estimates are substituﬁed for the initial

| guesses and the whole process repeated untii some convergence
criterion is satisfied, The weights for the data are obtained by
assuming Gaussian counting statistics, Thus, if e point represente
‘N counts, its weight is simply 1/N. The quality of the fit.is judged
be the 'Y?—test.

- The chief difficulty in extending this procedure to more
complicated test functions is in arriving at iniﬁial parameter
estimatee wvhich result in convergence, The program in Appendix AZ,
is designedvto fit functions' of tﬁe-form: | |

P(x;A,a,B,b)=A exp ax + B exp bx
or |
F(x;A,a)=A exp ax

to the data,

3.2 . CF) - Iow Frequencies

Since the collision induced spectra obtained from isotropic
molecules resemble those from the rare gases, except that the
appearance of the second exponential component in the high frequency
' tail oceurs at much lower densities, it seems that analysis of the
low frequency scattering due to CF 4 in the same manﬁer as for the

rare gases might be profitable,




Fleury has studied collision inducéd light sca.tﬁering from
the rare gases (Ar, Ne, Kr, Xe) over a wide range of density and

37,38

temperature, Assuming an exponential representation for the
spectrum,

I(w) = C exp(—w/wo)

and determining w,directly from the slope of the spectrum, he finds

that in all cases W),can be represented by an expressiont

W, = zfrc(.rié) %('RET') % [1 ¥ (B'%TBL) 2] o

where M is the mass of the 'a.t'om,‘)o is the density and G and € are fhe_ }
parameters in the Lennard-Jones potential, With values of 3‘0 -i_; 0.1,
and 2,0 + 0,1,respectively, for the dimensi'onléssv paraneters A and B,
this expression was found to produce exce_lient agreement with |
observations vcovex;ing 0.7<kT/e {4 and O.O5<’Do‘3/M <1 in Ar, Kr, and
Xe.38 This represents-an extention to high frequency dynamics of the
corresponding states principle (CSP), which asserts that the
thermodynamic and transpoﬂz coefficients for systems ﬁith the same

form of intermolecular potential scale directly with the parameters

of the potential. (The present experiments cover the range 1.5 <kT/e(l.9_

and 0.03<p03/M <0.3 in CFl& and SF,,)
Fleury's expression carrys additional weight since Mahan has
been able to show that the parameter A should be exactly equal to

3 in fhe case of a hard sphere ga.s.39 The Pz term, however, has not

been‘ explained and appears to be purely empirical in nature,
We have analyzed our data in a similar fé,shion by fitting an
exponential function of the form I(W) = C exp(-w/w,) over the

frequency range 5 - 20 cm"1 using the non-linear least squares technique,




The lower limit of 5 cm"1 is chosen to minimize interférence by
the Rayleigh line, while the upper limit of 20 et is dictated by
the appearance of the second exponential component at about 20 cmul.

The single exponential function is not a very good representation

of the spectrun and the reduced X° for the Fits was in the range

- 2-7, The results of this analysis are shown in Figure 10 where Weo
is plotted against density for a number of spectra,
For CF,, eq. (3.1) predicts that |

Wo= 5.65 (1 + 3,14 x 10‘5,02), em™t - (3.2)

with P expressed in Amagat units, and where &/k = 152,5 K (Kelvin) and

o'= 4,70 R have beeﬁ substituted; When an éxpression of the form of
é’qf. (3.1) is fitted to the data of Figure 10, the result is: -

Wo= (h,92 + 0,03) (1+ (3.24 % 0,26) x 1070 p%) en™l  (3.3)
vhich is in good agreement with the piediction of eq. (3.2). .The
quadratic cuive,’however, does not fit the‘data very well, the
standard deviation being 0,15 cn *, Particularily at low densities,
the data is better represented by an expression 1inéar in density:

Wo= (4,63 £ 0,04) (1 + (3.32 £ 0,20) x 1070p) er™*  (3.4)

1

with a lower standard deviation of 0,11 cm .

Nevertheless, the good agreement between'eq. (3.2) and eq. (3.3)

leads one to conclude that the extended CSP links GFﬁ and the rare
gases, and that the Lennard~Jones potential is a good approximation

to the true intermolecular potential for CF . Mac Cormack and Schneider

reached the same conclusion based on their compressibility data for
5 _
oF,,. % | -
The agreement of the analysis for-CFh with Fleury's scaling law

also suggests that the same scattering mechanism is dperating in CFL .
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as in the rare gases, For the rere gases at low freQuehcies and
at low densities, the DID interaction is believed to be the most
important scattering mecha,n:'Lsm.]"18’41 Thus it is to be also expected

that the DID interaction is the predominant scattering mechanism

for CFh at low frequency and low density,

3.3 CF4.~,Tota1 Profile

Since a second slope appears at high frequencies as the dens1ty

is 1ncreased an expression which is the sum of two exponentlal

functions, I(w) = A exp (-_w/wl ) + B exp (- “/Wz) was also fitted
| to the spectra, The fits extend over the rangev5-45 cm"lo The lower.

limit is again chosen to minimize interfereﬁce bj the Rayleigh line,
‘and the upper limit is selected to allow the fitsdto be mede over a
reasohable density range, At‘lower densities the fail disappears
completely by‘45 cm—l and this determines the upper 1imitbfor all
the fits, even though the tail extends up to 70‘cm-} 3t the highest
den31t1es. The values of w, and wj, depend upon the range chosen,»

but their variation wlth density does not change greatly. The quallty

of the flts is excellent with reduced'x. in the range 1.,0-1,1,

- Figure 11 shows the varlatlon of oj.and ak,w1th den51ty.
If the exponentlals are extrapolated to zero frequency and

integrated from zero to -infinity, then the contribution of each to

the total integrated inténsity is obtained. - The ratio of the o - - £
intensities I, /I, is also plotted in Figure 11. The ratio is about |
2,5 and decreases slowly with increasing»density, demonstrating that

the second exponential is becoming more important. |

Since Wy is larger than ), the time duration of the interaction
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giving rise to @J,must bé shorter than for W, ’Ihére are severé.l
possible mechanisms for explaining the second exponential corﬁponent.
However, even rough calculations show that two of the possibilities,
second order DID and octupolar effects, are several orders of
magnitude too weak to account for the observed high frequency
sca.ttering.uo This leaves only models based on close encountefs.
Bucaro and Litovitz, in their treatment of collision induced
s‘c-a.ttering from liquids, develbped the IBC model in which the
scattering is due entirely to close er_xcounte:es.13 - They calcula.teci |

a collision time, usiing a method due to I\Iiki{;:’m,#2 which 'is detéminéd
solely by the dynamics and is independent of the nature bf the
interaction inducing 'B(r»). The characteristic frequency, Wb, is
found to be approximated by:

- 6 2kT
o i ()
2. ¢(Y

i
2

. . 1
. 59 -1 » : ‘ )
1- %—- arctan(’%%-) 2] ' cm_l. (3.5)

~ This expression gives a value of Wo= 10..3'. for C-FL; which compares
very favorably with the value of (Jy determined from our dé,ta. - the
value of (), increases sharply a,'{', low densities ahd then levels off
at a value of 10,5-cn T (Figure 11), The initial increase is
believed to be spurious and arisés because the higﬁ freqliency tail
at low densities is too weak for reliable‘measﬁrerlnents to be made,
- In this case, the fitting program is not able to determine the
correct parameters for the second éxpon_ential and tends to return
values which make it merely a scalar mul'tiplé of the more intense .
low frequency component, |

A conclusion that the shape of the high frequency tail in cF,,

is determined prineipally by the intermolecular potential would agree

with the results of analytical t::a.lcu]_a,tions]‘L‘P and computer ex_'peJ:':‘Lmentsl"3
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on the rare gases, These investigations have used only the DID
induction mechanism, which also indicates that it is not necessarj
to introduce additional interactions to account for the high frequency

tail,

3.4 SF,
The spectra obtained from SF, (eg, Figure 12) are similar to

those obtained from CF), and the analysis proceeds in a fashion

completely'analogoﬁs to that déscribed for CF, .

The SFB spectra were first‘fitted with a single exponential
over the range 2,5 ~ 9.0 cm-l. Again, the lower bound is hecessary
to exelude contributions from the strong Rayleigh scattering, and
the-upper limit is set aﬁ the place where the second exponential -
component becomes important, The #alue afah=v3.03‘i'0.14 cm"1 is
obtainéd and no systematic variation with density is‘apparent.. The
fits are generally poor because of the strong curvature of the
profile, with reduced X° in the range 1.5 ~ 3.0,

Substitution gfv €/k = 200.9 K and o= 5,51 & into eq. (3.1)

yields the prediction that:

W= 3.73 (1+3.02 x 100 p%) en™ls (3.6)

The value of w,predicted by eq. (3.6) varies only about 5% over
the densitj range studied, which is smaller than the scatter of

the experimentally determined values of @),, The agreement between

eqd. (3c6) and the experimental results suggests that the scattering
at low frequencies is predominantly through the DID mechanism,

Next the SF6 spectra were fitted by a sum of exponentials over

the range 2,5 - 27.5 cm_l. These fits'aré,much better, with a
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‘reduced 7(2 of about 1,2, The result of this procedure is v

W= 2,42 £ 0,13 cn " and w, = 6,76 + 0,33 ecn™L, The ratio of
integrated intensities I;/I, is 3,75 + 0,43, The first exponential -
component is larger for SF6 than GF4 (I /1, is about 2,5 for CFb)
but otherwise the discription of the profiles is very similar, The
ratio of the frequencies w,/w, is 2,80 for SF, and 2,64 for CF,,
and the frequencies themselves, W), and Wy, scale with (M 0’2’)%
between the two cases,

Intensity considerations again exclude all models but'that of
close collisioné for explaining the high frequency tail, Equatién
(3.5), in the case of SF,, predicts Wo= 7,45 em™t which a,greves‘ well
with the experimental value Wp = 6,76 cm‘l. This indiqateé that the
high frequency scattering for SFE is determined by the shépe of the
intermolecular potential alone; as also seems to be the case for‘the

rare gases and CF .




CHAPTER &

MOMENT ANALYSIS

Analysis of collision induced spectra in terms of momeﬁts
is attractive for two reasons, Firstly, the.experimental quantities
to be measured are clearly specified, Secondly, theoretical cal-
culations of the moments of the speétral distribution afe more
conveniently formulated and performed than the'corresponding direct
calcula%ibns of the line éhape. The_ﬁnment analysié&u’uB follows

the method of McTague, Levine and Birnbaun, 2+ 40

4,1 Method

If one considers only pairwise interactions and correlations
in a fluid composed of optically isotropig molecules,vthe,scattered

intensity due to the induced polarizabiiity becomes simply:

(w) = @M [T a) epawt) et (D)
= VPIEE ey (4.2)
2 (4R, ) - |

R = (RO &) B P> |
+ <A0) A1) Poloos D [5)™ 3+ (8 + 8, D))
Here V is the volume of the scattering source, Pis “the nuﬁbér

density of molecules in the source, ki is the magnitude of the

* .

~ propagation vector of the incident light, I is the incident intensity,

- R, is the distance from the source t6 the observation point and, fﬁ'

aﬁd ﬁg are the unit polarization vectors of the incident and scattered

light, The ensemble averages involve the spherical and anisotropic




parts of the induced polarizability, &(r) and A(r) respectively,
Which.be¢ome functions of time through the variation of the
intermolecular separation, r(t). They are defined by

X(x) = 1/3 (O + 208,) - 20 ()

Alx) = Oy - Ry | (4.5)
where {; and 0, are the polarizabilities of the pair of colliding
molecules parallel and perpendicular to the intermolecular axis,
and X is the scalar polarizability of an isolated molecule, P, is
the second Legendre‘polynomial and B is the angle'Betﬁeen the
directions of the intermolecular axis at times 0 and +.

The scattering due to ¥(xr) is expected fo be much weaker than
that due'mnﬂ(r);lz and by performing experimentsswith the VH
polarization geometry, F(t) is reduced to: |

F(t) = (15)™ </3<o),5<t> Py <cose> > (4.6)
Consideration of ®(r) will therefore be omitted in the following -
‘discﬁssion. The proportionality constant, deteimined by the

experimental parameters in the expression for I({ ), will also be

suppressed by working with the épectral distribution function D(a’),

Thus, the observed spectral distribution for the depolarlzed
scatterlng is related to the anisotropic part of the palr
polarlzabllity through the Fourier transform:

Dp(w) = [ at em(-wwgg(t) (D)
Balt) = V</3(0)/3(t) Pz(cose)> (4.8)
where D(a)) is the normalized spectral dlstrlbutlon function and
;g(t) is the classical correlatlon functlon.
Taking the inverse Fourler transform of eq. (4 ?) we obtain

the follow1ng expression for ﬁ%(t) in terms of D (u))

RES 1




1 e o ‘ o o
Bo(t) = )™ [T Dg(w) explimt) aw . (4.9)
'~ 00
Expanding both sides of this expression in a Taylor series about
t=0, one has:

sl ¢! n had (n)
Ba(t) = E—,[i—;;yﬁﬂ(t)] = 2% 5 (0)

h:=o Bro

e 2wyt zl_:zc_)_ f w Dp(:w) aw . (4.10)

Nneo

Comparing coefficients of corresponding térms-andwusing the fact.

that the correlation function is even in time, one obtains the

following relations between derivatives of the corrélation funetion

at t=0 and the moments of the spectral distribution:

L -]

Qgp (0) = (2m)™% (41)’] o D,g (w) dow . (#.11)

-~TR
Now the expression (4.8) may be used to evaluate the moments
ﬁ&g (O) in terms of/g(r) The results for the first three

12, 41, y47,48
aret

(0) 3
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In the above, ) is the reduced mass of the‘coliiding fair énd glx)
is the radial distribution functioﬁ defined by

g(z) = exp(-v(z)/kT) | (4.15)
vhere ¥(r) is the intermolecular pair potential, By use of the
above expressions, one may evaluate parameters in a model of the
pair polarizability anisotropy,/?(r). |

Several forms for ,B(r) have been suggested.zz’nl’hs‘ I

clear from the analysis performed in Chapter 3, of the collision
‘inducéd spectra in terms of the line ghape, that the DID mechanism
is‘of importance for CFM’ SFZ and the rare gases, However, on the
basis of the same anélysis, no definite‘conclusioﬁs could be drawn

about the importance or the form of any additional contributions to

A(r). The induction mechanisms, other than DID, mentioned in the

introductory chapter were of short range. For this reason we have

chosen a model for/g(r)‘of the form:

) =

I‘

where 6(X r -3 is the contrlbutlon due to the DID mechanism and the
Br P tern is an empirical approximation representing all other :
interactions, B and p are the parameters to be determined in the
analysis and it is expected that the second contribution to A(x)
will be of much shorter range than the DID term,

Having chosen the form of the model farf?Cr) one may evaluate

% LB | S .4.6
3 - (1)‘
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the expressions for the moments, Upon representing the intermolecular

potential by the Lennard-Jonés 6-12 potential, and substituting
eq. (4,16) into eq. (4,12) and (4,13), one arrives at the following

xelatlons.




;é(,f)(o) = 4T {36 "o f g‘* o) ax
+ 12 6% Bc‘“Pfa ) o) ax
+ B° &3‘21’[, T 2000 ax} (4.17)
| ,céf (o) - ~um(5E) {15<6m2>2 Sare ax
+ 36X B(pi2) o=(27) fx~<3+1°> 2(x) dx
+ B2 (pP46) g1 2P [ wx“ZP e(x) dx} (%.18)

ﬁhere X = r/o | | A o ' (4.19).

8(x) = exo( & 12 _ 6 )y (120)

and O and € are the parameters in the Lennard-Jones potential,
Equation (4,16) may also be rewritten so that the parameters to be

solved for, p and y, are both dimensionless:
Bx) = 60c3 (x2 + (y/6) xP) (8,21)

vhere y/6=Bo<"2ch'P., o o (4,22)

(0) (2)

The moments 9%9 (0) ang gig (0) are computed from the data by
using eq, (4,11), In order to determinela(r), one must now find

“the values of B and p which satisfy eq. (4.17) and eq. (4,18)

simultaneously,
If we specify p, the integrals occurring in eq, (4,17) and
eq. (4,18) may be evaluated numerically (or from tables).u9 Whén‘

this is done, each equation becomes a simple quadratic in B, The

roots of eq. (4,17) and eq. (4,18) will not in general be the same.
Therefore, the RHS's are evaluated for discrete values of p over the
“range 2{p<{16 and a search is made for pairs of equations, with the

same p value, which are solved by approximately the same values of B,




Then, in the neighboﬁrhood of the corresponding‘p values, the
method of inverse interpolation with a fourth order polynomial was
used to find the values of B and p exactly solv1ng the system of
equations, The computations were performed using the program of

Appendix A3, The system of eq, (4,17) and eq. (4,18) generally

vields two solutions and to distinguish between thém either com-
parison of calculated and measured values of fhe higher moments or

a resort to physical considerations must be employed.

4.2 Application to the Present Data

In applying the method of moments to the present.data, two
difficulties arise, Firstly, relative rather than absolute
intensities have been measured, Féllowing the procedure of Levine
and Birnbaum,hl we have used the relatioﬁ between the intégrated |

intensity of the scattered light and the second virial Kerr coefficient,
BK12,41,5O,51 ' '

- St f AR s L

where No is Av‘oga.dro's nunber, and /80(1') and /gw(r) are the induced

polarizability anisotropies at frequencies 0 and a)n- The integral

is almost the same as the one that appears in eq, (4,12) for the
zeroth moment so that By measurememts can be used to normalize the _

data, .Unfortunately, this procedure is not without its problems,

Recently, it has been found that the discrepencies between thebry and
experiment do not behave cdnsistently for depolarized light
scattering and the Kerr effect, even in the casé of the rare gases.52’53

The relative difference between calculations of Bk based on the DID




model and experimental measuremehts of By increases linearly with
increasing atomic number for Ar, Kr, and Xe, The corresponding
relative differences between theory and experiment for the total
Rayleigh depolarization ratio decrease linearly with atomic number, .
One reason may be that By depends on /%ﬂr)/%ﬁr) while light scattefing
depends on ﬂﬁ(r), For the rare gases the values of ﬁ,(r) and ﬁw(r)
are almost equal, In thevcase of a large molecule such as CF4 and SFB,
they may differ signifiéantly, Consequently,.the normalizetion
procedure we have adopted must be consideied'approximate. |
The‘secondidifficulty is that measurements were not mede over
the whole range of W from zero to infinity.. The.high frequency
part of the spectrum could not be reliably measured because the 1ight>:
signal there is too small compared to the noise, That part of the |
spectrum is increasingiy more importanf as higﬁer moments are
considered, At the other endvef the range,-the spectrum near zero
shift is not accessible because of the strong Rayleigh ecattering
.ﬁhich overlaps the depolarized spectrum in this regiomn., . Beceuse of
the exponential—like nature of the spectrum, this portion of fhe
spectrum makes a large contribution to the integrated intensity,
ihough_not to any of the higher moments, However, because of the way
in which the intensity has Been normalized, an error in the relative
integrated intensity is effectivelj carried over, in equal measure,
to the other‘moments. In order to account for the low frequency ahdv
high freéuency ends of theISPectrum we have extrapolated the observed
profile to zero and infinity ﬁsing the two-exponential fits obtained
in the lineshape analjsis. Appendix A4 contains the program used

for computing the experimental values of the moments, using data from




the observed profilevdirectly and incorporating the e#traﬁolations
where necessary, Since the sum of exponentials model used in
fitting to the spectra does not accurately represent the daté over
the whole observed frequency range, it is clear that systematic
errors can be expected in the extrapolation, In fact, it has been
suggésted that a completely different fﬁnctional form, the squared
Lorentzian, I(w)oc( 1 + CC&»Q)Z )—2, is appropriate for
discribing the collision induced profile;5u_.Deépite these
problems, it has been confirmed that the extrapolation does not lead

55

to gross errors.

4.3 CF,

In solving for the parameters in ﬂ(x) of eq, (4.21) for CF,,
the data of Table 1 were used, When the moment ana1y51s was carried
out two sets of parameters p and vy were obtained at all dens1t1es.
For the set with the smaller value of p, in the range 3-5, y was
always negative; for the oﬁher set, p was in the rahge 7-9 and y
. was always positive. Over the range of 50-100 Amagat in densify,
the solutions obtained were essentially indepeﬁ&ent of density;
Below 50 Amagat however, the_avérége values of p énd ¥y returned by
the analysis decreaséd sharply and the results of experimenté at
any given density became totally irreproduceable, .At low densities,
the frequency range over which‘theASPectrum was observable was so
/restricted'that it no longer adequately represeﬁﬁed the compléte
profile and the moment-analySis failed, The average values of the
paraméters, for densities above 50 Amagat wheré fhe moment analysis

was successful, are (i) p = 4,05 + 0,1 and y/6 = -2,85 + 0,03 and
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(i1) p = 8,51 + 0,2 ama ¥/6 = 0,757 + 0,02, Thus, the two possible

forms of the polarizability function are:

B(x) = 60(2-0‘“3 ( x72 - 2,85 x™%05 ) | (4.24)

Bx) = 6 0% =3 ( x3 - 0,757 x~8+51 ). (4.25)

In order to distinguish between these two forms, the obv1ous
test is to see if both give reasonable values for the hlgher moments,

When the RHS's of ;2. (4,12) and eq, (4 14) are evaluated with p~4 05,

L)
one obtalns ﬂf

@ fo o
result is @ / = 4,36 x 10 « In order to estimate the

= 3.38 x 1050 sec™¥, With p = 8,51 the

- fourth moment from our data, we elected to work with the function

fitted to the profile in the lineshape analysis, rather than to use

dlrectly the measured 1ntens1t1es which are not precisely known for

large frequency shifts, Slnce the fitted function 11es below the

- experimental points at high frequenc1es the value of 55 / Q§

1 1x 1050 ~4 obtained upon integration is expected to be a lower

bound. This value is compatible with both poss1b1e forms of g(x).

While the forms of eq. (4.24) ang eq. (4 25) appear to be qulte

dlfferent Flgure 13 demonstrates that over the phys1cally access1b1e

range of x>x° the co:cre3pond1ng curves for /g’ (x) are almost in- -

distinguishable (x is the distance of closest approach at the

specified temperature),

The difficulty in discerning between the two forms arises
because light scattering measurements are sens1t1ve tolg (x) rather
thanfg(x) Without knowledge of the sign of,?(x)g only measurements
of greater precision w111 enable one to separate the two curves of
Figure 13, |

It is useful to compare the results for CF By with the results




FIGURE 13

PLOT OF B¥X)/36a% 6 VERSUS X
FOR THE DID TERM X~3 ALONE AND FOR

THE TWO FORMS OF B(X) DETERMINED
BY THE MOMENT ANALYSIS FOR CFy |

4.0}—

(X3 - 2,85 x~4.05)2

(X~3+0.757x-8:5!)2

20}




_ summarized in Table 2, obtained in the analysis of the rare gases..'
Tbe tabulated-values were obtained using a Lennard-Jones potential
and a model for,B(x) with a tefm (y/6) x P, Inall cases a long
range and a short range solution appears, For the rare gases, the
correction to the polarizability function is always negative and
always decreases the magnitude of ﬁ(x) in the region x¥x,. Th:Ls
is in agreement with the Kerr effect data, where the experimental
vaiue of Bg is‘always smaller than fhe value calculated using the
DID mbdel; For dF y the additional term may be posifive or
negative, but in either casé the corfection increases the‘magnitude
ofjﬂ(x), again in aéreement with the Kerr effect data, Levine and |
Birnbaunm b1 in their aﬁalysis of Ar, Kr, and Xé,‘anticipatéd that
" the correction to the polarizability would be of short range, and
accoidingly dismiséed thé long rangé solution$ as phyéically
uhreasohablé. Hdwever, La,llemand48 ﬁas-performed an exfensive
analysis for argon in which he has considered the Kihara, Barker-
Pompe, Dymohd—Alder and Lennard-Jones 6-16 potentials as well as
treating both (y/6) x P and exp(-x/d) aé possibie forms for the
second term of'B(x). ‘In all cases, the short range solﬁtion gave
fourth and sixth homents which were too large and; in éontradiction '
té the reasoning of Levine and Birnbaum,vit‘ﬁas discarded in favor
of the long range term,

Recenﬁly, calcﬁlations,of increasing sophisticafibn have been

56157, ko, 5815960

done to determine the polarizability of triplet H2 e

61
and Arz

. Iallemand's conclusion seems to be supported by the
results of these detailed calculations, The SCF Hartree-Fock

calculation of O'Brien et a.159' for He2 returhs values of ﬁ(x) which

v




Ap

TABLE 2 - MOMENT ANALYSIS RESULTS

Gas P | _ y/é

Ar B 6.5 | - 0,223
11,1 : - 0,330
Kr 2 9-2 - 0081"'7
3.5 v ) i . . -
Xe 2 9.6 - 0,957
3.5 -
b 4,15 - 0,23
10.75 - 0,51 -
oF,, ko5 - 2,85
| | 8,51 o+ 0,757
SF, . 2.88 23,0

2.82 - +0,91

a) Levine and Birnbaum, reference 41

b) Iallemand, reference 48
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may be represented by a DID term and.an exponential iﬁ x, In
the region nearlr'==tr, the exponential varies approximately as r-é.
For the rare gases, the evidence points towards the long range
solution as the correct one,

There is evidence in favor of the short range contribution as
well, A short range solution is consistent with previous.work on

liquids with the IBC mode1 012082  por isotropic molecules an

9

induced polarizability varying as r ’ seems to produce best
agreement with the data, though there are ambiguities in the |
interpretation of the results, » _
I+ is not clear that;?(r) for CF4 shouldvbehave just as g(x) |
for the rare gases, The decrease of/?(r) with decreasing r in the
rare gases seems to be.associated with the strong repuléive inter-
action due to overlapping closed shells. For CF,, A(r) increases
err the DID contribution indicating that the induction mechanism
is not the same or thét additional, more important mechanisms are
operating, It is clear, however, that the long rénge solutions
obtained in the moment analysis of CF4 must not be casﬁ‘lightly

aside in favor of the short range solutions which are identified with

the Electron Overlap and Frame Distortion induction mechanisns,

by S

The SFB moment analysis was carried o%t)in %hi same-wayﬂas'
0 2
the CF& moment analysis., The value of = gﬁ /';5 obtained from

the spectra decreases slightly with increasing density and the
average value of 98,4 + 6,4 x 10-26 sec2 was used, Table 1 contains

(0) (0)  (2)
/&

the other data used in the SF6 analysis, Both 525 and - ¢




are much larger for SFB than for'CFh or any of the rare gases,
Carrying out the analysis, we get two solutions but.neimher has a
term of short range:

AGx) = 607 e (57 - 3,0 x288) (+,26)

or

-2,82 )

B(x) = 68203 (x73 + 0,91 x . (4.27)

There is no need to calculate the higher moments in an effbrt
to distinguish between the-two -~ except for the sign, eq. (4;26)
and eq. (4.27) are essentially identicallfor all x. The second term
amounts to approximateiy doubiing the value of the coefficient in
the DID model, This agrees with the Kerr offect data, where the
experimental By is almost twice as large as the one calcuiated from
the DID model, |
| Triki et a163‘and Watson and Row91164 have féund the point dipole
approximation inappropriate in their studies of SF ,‘and the present
result must be taken a$ further evidencé for‘the-bréakdown‘of‘the'
point dipole approximation. For alldrge molecule sﬁch as SF% the
polarizability dis?ribution within the molecule may have io be con-
sidered, Theimer and'Pau165 have treated,depolarized light scattering
using a polarizability.density function and Triki63 has found good
agreement between depqlarization ratio measurements and«the¢ry ﬁith

this model,




CHAPTER 5
CONCIUSIONS

5,1 Results

The method of moments is shown to be a powerful techniqué;
allowing dire_ct evaluation of the form ﬂ(r) from séattering data,
Thus far, the methbd has some prominent drawbagks. Firstly, it is
sensitive only to pz(r) so that information about the sign of B(r)
cannot be obtained, Secondly, two solutions are>obtained. In order
to distinguish between them more precise data, which‘wili permit
the aécurate meaéurément of higher moments, are necessary., .Thirdly,
systematic errors are introduced by the use of Kerr effect data,to'
normalize the measured intensity and by'the need to ektrapolate the
measured profile, Absolute intensity measurements and measurements
over a larger ffeQuency range must be made to eliminate these
troubles,

Thé analysis of CFA and SF,, on the basis of the line profile
and through the method of moments, indicateS'that the shoit.iange
' ihduction mechanisms do not ?lay the role originally assumed for -
thém. The mechanisms of Electron Overlap and Frame Distortionvweré :
postulated in conjunction with the IBC model of liquids and were
thought to be chiefly responsible for the scattering in the high
frequency wings. It has been foﬁnd that‘alshort range interaction
is not ﬁecessary to account for this s¢a£tering,’which éeems'to be a
governed by the repulsive part of the intermoiecular potential, The
importance, and even the existence, of the short rénge induction

mechanisms must be reassessed in this light,
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The work on SFé has produced evidence for the breakdown of
the péint dipole DID model in the case of large ﬁoiecules. The
DID model has always been accepted as the stérting point in any
discussion of collision induced light scattering. The present
results indicate that even for this most simple model the details
of the size, shape, and structure of the interacting moleculés
must be taken into account,

The importance of the method of moments is enhanced by the
failure of the present models of the polarizability. Momerits seem
to be one éf the few techniqués which allow one to'analyze the data '
without assuming the fofm of /QCr) at the outset, As has been
emphasized previously, it is only when reliable models of the
polarizabiltiy anisotropy are  avai1able, that,oné will be able to

obtain useful results on molecular dynamics in dense media,

5.2 Recommendations

Three extensions of the present wérk are fecommended; The
first is in the way of instrumental improvemén#s.’ Absolute
intensities may be measured by observing the.intensitybof the
collision induced scattering relative to}the'intensity_of»a rotational
Raman line of H2 for which fhe absolute scatfering cross section .
is known.66 The extrapolation at low frequencies may be eliminated
by reducing the intensity of the stray Rayleigh scattered light,
This reduction may be achieved by attenuvating thé‘stray light with
an I2 absorption cell67 or a Fabry-Perot interferometerés or by re-
designing the optics so that the stray light is‘not collécted to

begin with, ExtrapolationAat high frequencies may be eliminated,




and the everall noise injthe spectra may be re&ueed ty impreved
efficiency in the use of the scattered light. In this respect,
the poseibility of multiplexing,by means of an imaging detector
is being investigated,

The second extension is to make measuremente which provide
indepeudent or additional informatiou. One may observe the density
dependence of the total depolarization ratio and of the depolarization -
ratio as e function of frequency, With a larger range of densitj,
the relative importance of many-body effects at low and inter-.
medlate densities may be determined, By measuring the polarized
and depolarized scattering, the observation ofﬂu(r) may be-poseible.-
Performing experiments over a wider range of temperatures.permits
one to vary the intermolecular eollision paraueters. Performingv
the moment analysis at different temperatures will provide a self-
consistency check on the anaiysis and will allow more precise
 determination of the form of Alr). The additional information may
also be used to assess the accuracy of the empirical potentials used
to deseribe the true 1ntermolecular potential, Besides physically
altering the temperature, one may effectlvely vary the temperature
by studying other molecules, Changing the molecule under study has
the same effect ae changing the temperature at which the ekperimeﬁt
is performed, since different molecules will be'at different
reduced temperatures,

The third extension of the present work will be improved
calculations. Three body correlations may be accounted for’and will

18,66

allow more accurate comparlson of theory and experlment New

methods for_calculatlng the induced polarlzablllty in the collison




of complicated nolecules are appearing. 0 Tt i1l be useful

in two respects to attempt these calculations of the polarizability.
They will allow detailed comparison of theory and experiment for
specific molecules, and they will yield an increased insight into

the general behavior of the induced polarizabiiity.

o




7

10,
11,
12,
13.
14,
15,
16.

17-

18,

53

REFERENCES

M, Thibeau, B, Oksengorn and B, Vodar, J, Phys, (Paris) gg,. 287 (1968)
M, Thibeau and B, Oksengorn, J. Phys. (Paris) 30, 47 (1969)

M, Thibeau, G, C, Tabisz, B, Oksengorn and B, Vodar, J. Quant.
Spectrosc. Radiat, Transfer 10, 839 (1970) |

H, B, Levine and G, Birnbaum, FPhys, Rev, Lett, 20, 439 (1968)

J, P, McTague and G, Birnbaum, Phys, Rev. Lett. 21, 661 (1968)
J. P, McTague, P, A, Fleury and D, B. DuPr§, Phys, Rev., 188,

303 (1969) |

J. I. Bersten, R, E, Slusher and C, M, Surko, Phys, Rev, Lett.
25, 1739 (1970) | | o
W, S, Germall, H, E, Howard-Lock and B, P, Stoicheff, Phys, Rev. A
1, 1288 (1970) | |

V., Volterra, J, A, Bucaroland T. A, Litovitsz, Phyé._Rev. Lett,

26, 55 (1970) e |

P, M, Iallemand, Phys, Rev, Lett, 25, 1079 (1970)

P, Tallemand, J, Phys. (Paris) 32, 119 (1971)

J. P, McTague and G. Birnbauﬁ, Phys; Rev. A 3, 1376 (1971)

J. A, Bucaro and T, A, Litovitz, J, Chem, Phys. 54, 3846 (1971)
J. I. Gersten, Phys) Rev. A &, 98 (1971)

H., K, Shin, J, Chem, Phys, 56, 2617 (1972)

G, C, Tabisz,»W. R, Wall and D, P, Shelton, Chem, Phys, Lett,

15, 387 (1972) |

R, A; Pasmanter, R, Sampson and A, Ben-Reuven, Chem, Phys, Lett,
16, 470 (1972) | |

W, M, Gelbart, J, Chem. Phys. 57, 699 (1972)




1.

20,

21,
22,

23,
2k,

25,
26,
27,

28,

29,

30,

3 1.’
32.

33.
3k,
35,

36-

.37.

G, C, Tabisz, W, R, Wall, D, P, Shelton and J, H, K, Ho,

Advances in Raman Spectroscopy, ‘Vol, 1, Heyden and Son, London (1973)

J. H, X, Ho and G, G, Tabisz, Can, J, Phys, 51, 2025 (1973)

W, M, Gelbart, Depolarized Light Scattering by Simple Fluids,

(unpublished) _

B, J, Berne, M, Bishop and A, Rahman, J, Chem, Phys. 58, 2696 (1973)
M, R, Vukcevich, 1971, private communication quoted in reference 13 |
XK. E, MacCormack and W, G, Schneider; J, Chem., Phys, 19, 845 (1951)
K, B, MacCormack and W, G, Schneider, J, Chem, Phys, 19, 849 (1951) -
D, R, Douslin, R, H, Harrison, R, T, Moore and J. P, MoCullough,
J, chem._Phys, 35, 1375 (1961)

R, G, Stanton, Numerical Methods for Science and Engineering,

Prentice-Hall, Englewood Cliffs, New Jersey (1961)

C, D, Hodgman, Handbook of Chemistry and Physics, 44th Edition,

Chemical Rubber Publishing Company, Cleveland, Ohio (1963)

J, J, Barrett and N, I. Adams,‘J; Opt. Soc., Am, 58, 311‘(1968) '
R, L, Schwiesow, J, opﬁ. Soc, Am, 59, 1285 (1949)

C. D, Allemand, Applied Optics,9, 1304 (1970) ‘

D, 0, Iandon and A, J, Mitteldorf,JSpéx>Spéake¥ (Spek Indusfries;

Metuchen, N. J,) 17, 1 (1972)

A, H, Sommer, Photoemissive Matefials, Wiley, New York, N, Y, (1968) -
A, T, Young, Applied Optics 8, 2431 (1969)

E, M, Pugh and G, H, Yinslow, The Analysis of Physical Measurements,

Addison-Wesley, Reading, Mass, (1966)

J. H, Wilkinson, The Algebraic Eigenvalue Problem, Carendon Press,

Oxford (1965)
P, A._Fleury, W, B, Daniels and J, M, Worlock, Phys, Rev, Lett,’

27, 1493 (1971) -




38, P, A, Fleuiy, J. M, W103:'1ock énd H, L, Carter, Phys. Rev.'Lett;
30, 591 (1973) |

39. G, D, Mahan, Phys, Lett, 4hA, 287 (1973)

40, D, P, Shelton, M, S, Mathur and G, G, Tabisz, Phys, Rev, A 11,
834 (1975) |

41, H, B, Levine and G, Birnbaum, J, Chem. Phys. 55, 2914 (1971)

42, B, E, Nikitin, Opt, Spectrosc, 6, 93 (1959) |

43, B, J, Alder, H, L, Strauss and J, J, Weis, J, Chen, PhyS.Aﬁﬁ,
1002 (1973) | | |

L, D, P, Shelton énd C. C., Tabisz, Phys, Rev, A 11, 1571 (1975)

45, D, P, Shelton and G, G, Tabisz (to be published)
B, Levine, J.’Chem. Pays. 56, 2455 (1972)
47, P, Iallemand, C, R, Acad., Sc, Paris, 273, 89 (1971)

L}9.

H,
P,
48, P, Iallemand, J, Phys, (Paris) 33, Colloque 1, 257 (1972)
A, D, Buckingham and J, A; Pople, Trans., Faraday Soc. 51, 1173 (1955)
A,

50, D, Buckingham and D, A, Dunmur, Trans, Faraday Soc, 64,
1776 (1968) |
51, A, D, Buckingham and B, J, Orr, Trans, Faraday. Soc., 65, 673,(1969)
52. A, Triki, B, Okéégorn and B, Vodar, C, R; Acad, Se, Paris; 277,
411 (1973) | .
53, B.kaséngorn, C. R, Acad, Sc. Paris..279, 275 (197%4)

54, B, Simic-Glavaski, D, A, Jackson and J, G, Powles, Phys. Lett.
344, 255 (1971) |
55. D, J, G, Trwin and A, D, May, Can, J, Phys. 50, 2174 (1972)

56, D, B, DuPré and J, P, McTague, J, Chem, Phys., 50, 2024 (1969)
57. A. D, Buckingham, P, H, Martin and R, S, Watts, Chem, Phys, Lett,

21, 186 (1973)

58. A, D, Buckingham and R, S, Watts, Mol, Phys. 26, 7 (1973):



59'

60,
61,
62,
63.

6l

65.
66,
67,

- 68,

69’
70.

kE, F, O'Brien, V, P, Gutschick, V., McKoy and J, P, McTague,

Phys, Rev, A 8, 690 (1973)

P, J, Fortune and P, R, Certain, J. Chem., Phys. 61, 2620 (1974)
P, Lallemand, D, David and B, Bigot, Mol, Phys, 27, 1029 (1974)
H, E, Howard-Lock and R, S, Taylor, Can, J, Phys, 52, 2436 (1974)
A, Triki, B. Oksengofn and B, Vodas, C, R, Acad, Sc, Paris,
274, 783 (1972)

R, C, Watson and R, L, Rowell, J, Chem, Phys. 61, 2666 (1974)
0, Theimer and R, Paul, J, Chem. Phys. 42, 2508 (1965)

F; Barocchi and J+ P, McTague (to be published in Phys.‘Lett; A)
G, Hibler; J, Lippert and W, L, Peticolas, Spex'speaker»(spex
Industries, Metuchen, N. J,) 16,. 10 {1971) . .

W, Proffitt, L, M, Fraas,}P. Cervenka and S, P, S, Port6,¥ -
Applied Optics 10, 531 (1971) |

H, I, Ralph and C, G. Gray, Mol, Phys, 27, 1683 (1974)

D, F. Heller, R, A, Harris and W, M, Geltart, J. Chem, Pnys,

éa; 1947 (1975)




* APPENDIX A

COMPUTER PROGRAMS

APPENDIX Al

SET DISCRIMINATOR .

LEVELS




MAIN

GeLot COMMON/AFZ AYI/PLOT(128)s NPTS

[s 23T -4 COMPLEX%*1A DECKI1
Gno3 REAL%4 X(1026)20(512)+5(512)+F(512)40(512),SMTH(5)
cnng EQUIVALENCI (X({1)4S)o(X(513),D)
C .
. C ®EAD IN DATA
. C - et T
cnNOs 102 FORMAT (AR, A3)
GCu6 RFAD(5,132)DSCK1
cCo7 100 FOPMAT(F6.0,9F7403)
cngs . READ (5,17 ) {(X(1)s1=1,1024)
C , '
C PRINT OUT DATA
C
00Go : pC 105 1=1,512
C010 S(1)=S{1)=-D(I1)/1C.
0611 105 CONTINUS '
ce12 DO 115 I=1,10C
0013 FLOT(I)=D,
cL14 DO 127 J=1.5
o015 PLOT(I)=PLOT(I)+S(J+5%(I~1))
~ QD16 : 120 CONTINUE
GC17 115 CONT INUE
S eD18 . NPTS=190
0t19 CALL GRAPH . o
co20 WRITE(6,125)
cn21 125 FORMAT("1¢ /707 ,10X, : e
'C.'SINGLF PHOTOELECTON PULSE HEIGHT DISTR IBUTIUONS f¢3¢)
6u22 WRITF{S6,132)(PLOT(I)I=1,100)
6e23 130 FORMAT(! ' ,10X.5518,6
o624 ‘ DO 135 1=1,169 : "‘ T T
0625 T PLOT(1)=9.
0226 DC 140 J=1,5
o227 PLOT(I)=PLOT(II+D(J+5%({ I~1))
co28 140 CONTINUE
. 0629 135 CONT INUE
556 A CRABT O VY
n631 WRITE(6,145) A
¢032 145 FOPMAT( 1%/ 99 ,10X,*DARK PULSE HEIGHT DISTRIBUTICNt/ /1)
cO33 : WRITE(6,132)1(PLOT(1),I=1,15¢) ) :
c034 D0 150 I=1,1%0
0e3s IF(PLOT(I) «L.T.1.3GD T 148
0336 . PLOT (1) =ALIG(PLAT(IN) o B
0037 GO TO 130
Qo038 148 PLOT(I)=",
0039 15¢ CONTINUE
00450 : CALL GRAPH
- 0041 WRITE(6,155)DECK] -
Teos2 155 FORMAT('1Y/*¥3¢,10X,'L0G PLOT--DARK PULSE HEIGHT DISTRIBUTIONYYZ
C 'G_';lox.'DATA FROM * ,AB.A8/'01)
C : :
C COMPUTE R(I)
c
0043 : DO 11) I=1,512
G044 F(TY=u,.
ccas IF(D(I)eF2e"a)GO TO 110
0046 R(IY=2.%5(1)/D(1) '
coazv 110 CONTINUS
: c
C MOVING FIVE POINT LEAST SQUARES SMOOTH
C
oG48 K=1+2

Q049 DO 163 1=1,508




MAIN

cose T DN 1A% J=1,.5

051 SMTH(JI=R(T+J)
oCes2 165 CONTTNUFR )
0053 F(KIZ(12.%{SUTH(2)+SMTH{4) )41 7 %SMTH{3) =3 *{ SMTH(1)+SMTH(S) } ) /35,
GOS4 168 CONTINUE
e C - e, e
C COMPUTE Q(I) AND FIND INTFRSECTICN OF QCI) AND R(1l)
C
0055 SN=0.
CUS6 DN=0,
o057 N=S12
Loss DO 152 1=1,512
06059 Q(1)="%,
COB0 IF(N«LTL(5313~1))GD TO 152
0661 SN=SN+S(51 3~1)
6062 DN=DN+D(51 3-1)
CC6H3 IF(DNWEQe2 «)GN TO 152
Co6a ' Q{51 3-1)=SN/DN
CC6Ss 152 CONT INUE
Case 1=2060
coe7 , 176 I=1-1
©enes CIF{QETI)eLTWR(I))}IGO TO 170
S C069 : J=240
_EO7¢ : 175 J=J+1
o711 IF(R(J)eGTLR(1))IGO TO 175
0a72 , N=J :
0n73 - SN=0,
cn7a DN=C .
6o75 DO 13 [=1,512
GO76 . 0(1)="4, _
en77 IF(N..Ta(S13-1))GC TO 18C -
ro7a SN=SN+S(513-1)
ce79 DN=DN+D (31 3~-1)
ouse IF(DNGEQ" o230 TO 186
cesl Q(513-1)=SN/DN
0N82 _ 185 CONTINUE
T FEE] 1=260
684 19¢ I1=1-1 ]
c08s IF(QA(I) L ToR(I))IGC TO 199
0986 J=2014 '
@087 195 J=J+1
“nu8ss . IF(R(J)eGTLRII)IGE TO 195
¢c089 ILWR=] )
¢uoc TUPR=Y
cn91 N=IUPR~-ILWR
0092 ' TO=N, o
. D93 TS=D,
, Cnos : DO 2% I=1,.N
. 0095 TO=TD+D(I+ILWR)
‘0096 TS=TS+S(I+IL%WR)
coav . 200 CONTINUE
co9s FS=0., _
0699 , PO 2n2 I1=1,512
016¢C FS=FS+S{1)
0101 202 CONTINUE
c1o02 FS=TS/FS .
0103 TO=TD/1997 ). : _ .
C
C OUTPUT OF RESULTS
o :
0104 " DD 265 I1=1,100
0105 - PLOT(TI)=N, »

Q106 : DO 213 J=1,.5




MAIN

- 0107 PLOT(I ) =PLOT (I )+R{J+5%(1I~1))
o108 216 COMTINUE
c109 . 205 CONT INNE
©110 CALL GRADH
0111 WRITF(6,215)
0112 215 FORMAT(*1°' /%G ,1CX, R /00%)
¢113 T T WRITE (B 130 (PLOTAI Y v I= 1 1 ay 777 7T T s s e s mm e e e
0114 DO 225 1=1+159
0115 PLOT (1) =9,
0116 DO 23 J=1,5
0117 PLOT(1)=DLOT(I)+Q(J+S%{ I~1))
pi1e 237 CONTIMYS
Cerre T T TR T onF TGS T R et St e e e et e e
n12¢ CALL GRAPH
0121 C WRITE(€4235)
0122 235 FURMAT($19/v97 10X, Qt/¢07)
0123  MRITE(64130)(FLOT(I)»1I=1,110)
_0124 _WRITE(6,250) ILWR 4 IUPR :
c125 250 FORMAT("19/9%9,15X, "CHANNEL NUMBER OF UOWER DISCATMINATAR LEVEL VS
. C 14/7%5% 410X+ *CHANNEL NUMBFR OF UPPFR DISCRIMINATOUR LEVEL ', 1as/¢5%)
0126 WRITE(64250)TDN,FS ‘ : . »
0127 | 260 FURMAT(10',10Xs "CRTIMUM DARK COUNT RATE=1,F 8,64, *HERTZ® /
C '3',102X,*FRACTION OF SIGNAL USED AT OPTIMUM=®,E8,5/001)
c12s8 , . WEITE(6,27%)DECKI _
TE13977 . 270 FORMAT(S0T 317X 32A8) - T T T s s e
130 STQP
0131 END




GFAPRH

060l SUBPOUT INS GRAPH
C
C INPUT 15 A RFAL%G VECTOR FLOT(128)
C NFTS MAY HEL 100 OR 128 POINTS
d
e CUMMON/ARS AL /PLOT(123) 4 NPTS .
B IS S e e e e
C:Cﬁa INTFGEDRx4 1£PLDT(128,2) .
¢205 LUGICALL*]1 LINE(128)/128%¢ v/
CCO6 . L RGICAILLXY BLANK/Z' v/ ,STAR/vY %t/
C .
i e ELFIND MAX AND MIN
. o 1AX AND MIN ———. - ——
CoC7 MAX=PLIT (1)
coes MIN=PLOT{1)
cnue DG 162 1=1.NPTS _
CUl¢ . TE(PLOT(I) e GT s MAXIMAX=PLOT(1)
0Cc11 16C IF(PLIT(I) LT ¥MIN)MIN=PLOT(I) o
: C
C SCALE AND ROUND TO NEAREST INTEGER
, C : o
Qn12 . IF(MAXLEQ MINIGO TO 121
€213 SCALE=S5%e/ ( MAX=-MIN)
014 . GU TO 122 , .
OQ 1 s . 1 2 1 SCALE =1 .A " o e
Qr16 122 IBSLN=-SCALE=*=MIN
0017 DD 127 1=1,.NPTS
¢c18 PLOT(1)=>, DT(I)**CALE+IHSLN
cC19 IPLOT(I»1)=PLOT(])
R 151(33997(..1)+1.—pLPT(1)).LT. WSIIPLOT(141)=1I0L0T(I41)+1
0CG21 120 1PL HT (1 .é )_:I T T e S
' C
C SORT
C .
no22 142 ISCRT=w
23 N=NPT 3—1
i B Ta T YDy LR T T T e e e+ e e
cr2s : Ir(rplnT(1.1).LT.ranT(I+1,1))Gr TN 141
Gh2e GO TO 140 .
Cu27 C el ITEMPI=IPLOT(I,.1)
po2s . TTEMPZ=IOLAT(],,2)
onze , IPLOT(T,1)=IPLOT(T+1,1) _
[T % T - W N I A B T =T e B N 0 T S S T
£031 IPLOT(I+1 ,1)=ITEMP]
coz2 IPLOT(141,2)=ITEMP2
0533 ISORT=1
0034 140 CONTINUE
¢c35 CIF{ISTBRT.S2.1)G60 TO 142
—m22 = ~
C PLOT
C
0036 WRITE(5,200)
0037 IFINPTS.EQ«1DOIWRITE (6, 205)
038 IF(NPTSFO«128)WRITE(64206)
0039 L=1
004 ) DO 180 K=1,52
cnal M=
coa2 DO 181 I=L,NBTS
€043 IF{I «GTNPTS)IGO TO 182
0c44 ' IF(IPLOT(IZ1)eEQe(52-K))GO TO 183
TC04a5 182 GO TO 184
0046 183 JU=IPLOT(1,2)

0caz7 . v LINZ(J)=STAR




GRAPH

ceag 181 M=M+1 )
coa9 184 IF(NPTS.F 0190 ) 9WRITF (6,210 )L INF(J)4J=1,10C)
COs¢ [F(MNPTSeT0e128)WRITE (6421 1) (LINF(J),J=1 4128)
5051 IF(NPTSeE2 o100 e ANDeIRSLN.LGa {52 -K)IWRITE(6+215)
¢ns2 IF(NPTSeZ0e 128 ANG. IASLNF Qe (S2-K)IIWPITE(H,216)
L0053 DD_ARS NSILNPTS
cnsa 185 LINE(N)=3L ANK 4 T T
L D0uS5 C180 L=L+M ﬁ
ruse IF(NPTS 5 Qe 10N )IWRITE (6, 268)
cu57 IE(NPTSeS0.123)WRITE(E, 206)
0us8 VRITE(5.220) MAX s MIN
Loese o 2Us FURMAT('10/'9°) e - ; .
056 T2086 FORMAT(! ?418X 100 (tdmmmmmmm e 1), € 4t ) T
0e6l 2106 FORMAT(Y ¢ ,2Xe13(t4mmmmemmme ')
2662 210 FORMAT(SY 7 4 18X%{ 7, 12081, ")
6063 211 FORMAT(Y *,2X+*|'412R8A1,%]")
chea 215 FORMAT( '+ 9 (18X 410 (0 dmmmmmmm e 8 ) 5, 0 4 0 )
0065 216 FORMAT( 4% 42X 313 ( 1 4mmmm e 1)) ,
C166 220 FORMAT( 770 330X, "MAXIMUM VALUF=® ,E1447+5X, "MINIMUM VALUE=',
C El4e7/001) : :
GO6T RETURN
END

cN68




APPENDIX A2

FIT EXPONENTIAL

TO_DATA




T MATIN

¢301 COMAONZAREAL/PLOT(128),NPTS
LG02 REAL%4% XY(B00,+4).V(1024)+C(40)
503 READ(5,200)(V(J).J=1.,1024)
CL04a - READ(S5,200)(C(J)+J=1,40)
ros READ(3,205 )VCENT
GURe 200 FORMAT(10FB.1)
807 205 FORMAT(F8, 3)
a008 IPEAK=VCENT
0t09 M=800
o010 DO 110 I=1,M
651 J=I+IPEAK+25 -
1412 XYl 41)=(J-IRPEAK) /10
4713 XY (142)=V(J)
D014 110 XY{I+3)=1e/7UXY{(1+42)+Fa)’
ci1s AR=2442299E 3
0016 LL=-D 239456
nc17 BB=3.04670=3
©e18 fl=—0.0935379
to19 L PL=0.
o020 QL=0. '
ar21 CALL TWOEXF(ABWALWBB+BL+PLS QL XY, M, ITER)
Gr.22 DO 130 1=1,100 ’
co23 PLOT(I)=D.
Cu2a DO 135 J=14+8
6325 135 PLOTCI)=PLOTA{I)+XY (I +(J=1)%8,4)
CU26 130 CONTINUE ’
- gne7 NPTS =100
o028 CALL GRAPH
Lrz9 STOP
fo30 END




TwOEXP

WRITE(6,200) ITER

ol SUPZOUTING TWOEXP (A3, AL s Biis L o PL QL ¢ XY oM, ITER)
oL PEALREB A(246) 3T(4448)48(4),Y(4),X(a)sR{a),XSOLN(4)
03 RELZLLA22 XY{M,4) . :
C THE MUDEL IS AB®XY(I,1)x*PLAEXP(ALAXY(T+1))4BEIXY (T4 1) %5QU AT XP{S_%*XY(Ie1))
C THF PARAMTTIRS TO BE QPTIMIZED AKE *ABY 1AL, '35 AND *3L ¢
C XY(1,1) CONTAINS THE VALUES OF THE INDEPENNENT VARTARLF
C XY{1,2) CONTAINS THE MEASURED VALUEL CORRESPAONDING TO XY(I.1)
C XY(143) CONTAINS THY WEIGHT OF THE MEASURSMENT XY(1s2) ‘
C XY(1,4) CONTAINS THE RESIDUALS XY(I,2)-(FITTED FUNCTION AT XY{I14+1))
C THF SUPRDOUTINE SLVEQN(AT»BsYaXsReyXSOLNYNY IS REQUIRED
o4 N=4 .
05 DO 100 ITER=1,20
’ C INITIALTIZE A(I,J) AND B(I) TO ZERQD
ot DO 115 I=1,N
o1 DO 120 J=1,N
08 120 A{I1,J)=0.D0
03 11S B(I)=0.D0
C CCMPUTE A(T,J) AND B(I)
10 DN 125 I=1,M
H FI=ABXXY(1,1 yEEPLSEXP(ALEXY(141))
12 F2=B3%XY{1,1 )*xQLXFXP(BLEXY(I,1)) .
13 FLIsFL1#%25XY(1,43) ‘
14 F12=F1%F2%XY(I+3)
15 FR2=F2%%2% XY (1,3)
16 BM=(XY(I42)=F1~F2)%XY(I,3) -
7 A(1,1)=A0141)4F 11 '
8 AC1,2)=A0142)+F11%XY(I,1)
19 AC1+3)=A{14+3)+F12
- 20 A(1+4)=A0Y2)+F12%XY(1,1)
24 A(2+2)FA(242 ) +F1LEXYLI,1) %%2
& n A{2:2)=A(2,3)+F12%XY(1,1)
23 A(244)SA(2,4)+F125XY (T, 1)2%2
24 Al 343)=A(2,3)+F22
25 A{244)TA{ 3,4 )+F22%XY(1s1)
26 A(G,4)=2(8 48)+T22%XY (1, 1) %x2
21 B(1)=B(1)+DMxF1}
28 Bl2)=B(2)+BM*F1%XY(I,1)
29 B(3)=B(3)+RM=r2
3o Bl4)=B(a)+BM*F 22XY(I,1)
3 125 COMTINUE
52 AC1+1)=4{1,1)/A3%%2
13 A{1.2)=2(1,2)/7A0
34 A(153)=A(1,3)7(AB%DH)
35 A(1+4)=A01 ,4) /A8
36 A(2:3)=A02,3)/8B3
37 . A(343)=A(2,3)/7B38x%%x2
38 A(B,4)=A(3,4) /38
._139 Al2,13=A1+2)
40 A(3.1)=A01,3)
| Alay1)=A(144)
H, A(3,2)=4(2,3)
#3 A(4,2)=A2,4)
Hy AlGy3)=A{3,2)
45 R(1)=1(1) /AR
4b B(3)=B(3)/Bk
: C SCLVE A(I.J)AXSOLN{J)I=R(I)
47 CALL SLVEQN{AsTsP Y s Xy Ry XSOLNWN)
C COMPUTE THE CURFENT ESTIMATES OF THE PAFAMETERS
48 S ABEAB+XSILN(1) '
49 AL=AL+XSOLN(2)
50 BA=BA+XSOLN(3)
5 PL=RL+XSOLN(4)
52




TwOEXP

ars53

2C0 FORMAT('Q',1CX,11C)
CcuSa WERITO (64205 (XSCLN(I)I=1 44)
CLSs 205 FORMAT{'0?' , 10X ,44D1846A)
[n56 WRITE(6.210)A3, ALWEB, 2L
G0s7 210 FCRMAT('0' 310X +4E18.6)
TEST FOR EXIT .
NUE8 TESTZ(XSOLMNC1)ZABIX%24( XSOLN(2) /AL ) #%x2+ { XSOLN(3) /30) %2
C +(XSOLLN(4)/BL)*%2 ” '
0089 TEST=SQRT(TEST)
0160 IF(TESTWLT+5.0E~06)1G0 TO 150 -
Cubl 100 CONTINUE
62 150 CONTINUE .
COMPUTE THE RESIDUALS
nO63 DD 130 I=1.M
SU64 130 XY{1,4)=XY({T142)—£8%XY (1 s1)x*PLxEXP(AL¥XY(I,1))
C ~BBXXY(1,1)*%QL*EXP{BL*XY(1,1))
ca65 CHISQ=0e :
66 PO 135 1=1,M
CrET 135 CHISQ=CHISQ+XY{I14+4)%x2%XY{(1,3)
wle8 VRITE(6,215)CHISQ
Li69 215 FORMAT('0',10X+E18e6)
2670 . RFTURN
cerl END




SLVEQGN

SUBRDUJTINT SLVEON(ALT BaY s XsR«XSOLNLIN)

ol
oL IMPLICIT REAL®S(A-H,N=2)
o0 REALYA ACNSNY o TONsN) «BIN) 3 Y (NI o XIN) s RIND « XSOLN(N)
c N
C SOLVE A(IWJIRX (J)=B(1)
C
C A{T,J) MUST B7 A RFEAL s SYMMOTRIC MATRIX, .
C CHOLESKY DECOMPQSITION IS WSED TO FACTOR ACIL.J)INTD TCLJY*T(JeI),
C WHFRE T(T,J) 15 A REAL LOWER TRIANGUL AR MATR IX. '
C THE MNLCESSARY AMD SUFFICIENT CONDITION FOKRK THIS TO &E POSSIBLE IS THAT
C DET(A(ILWI)) 1S POSITIVE LDEFINITE. AFTER TRIANGULATINN, RBACK SUBSTITUTION IS
C DSED _TO N8TAIM THE SOLUTIGON, AN ITEQATIVE LOORP 1S PROVIDED TO ALLOwW THIS
C SCLUTION TQ OF IMPROVED IF NECESSARY. '
C THE ARRAY AREA IS 4%NA*2+10%N SYTES
C
C COMPUTE T(1,J)s THE LOWER TRIAMGULAR FACTOR OF A(1,4)
o PD 100 K=1,N
C _CUMPUTE THE KTHM DIAGONAL ELEMENT
Y4 JSTART =K+1
06 1STOP=K~1
07 _ . SUM=0.,D0 _
05 IF(K.EQR1IGO TO 110
09 DO 10§ I=1,ISTQOP
10 105 SUM=SUMIT(K I ) %%2
1 110 TUKK)I=D3QRT (A(K+K)=SUM ) -
1 TF(K.EQeN) GO TO 100
C COMPUTE THE KTH COLUMN AND SET THE ELEMENTS ABOVE THE DIAGONAL TO ZERQ
i3 DO 115 J=USTART WN : :
I SUM=0,D0 .
5 IF(K.EQ.2)60 TO 125
16 DG 1285 1=1,1STOP
17 120 SUMSSUM+T(J T Y#*T(K,1}
I8 125 T(JsKIS(A(IsKI=SUM)/T(K +K)
19 T (Ks JY=0eDD i
20 115 CONTINUE
ya 100 COMNTINUE
: C THIS ENTRY POINT IS USED TO CGMPUTE INVERSE(A(I+J)) WITHOUT RECOMPUTING T(1sJ)
a2 ENTRY SDLVEB(B) . g o '
C INITIALIZE THE LODP
22 DO 130 I=1,N
a4 R(I)=RC(I)
25 130 XSOULN{I)=d .00 .
! C START QF THE LQODP
YA NO 195 ITER=1.41)
C SOLVE THE FOUATIONS T(I.4)%Y(J3)1=8(1)
iy 135 DO 140 K=1,.N
28 Y{K)=R(K) :
29 IF(K.ER.1)GO TQ 15
30 ISTDP=K-1
3l DO 145 1=1,1STOP
3y 145 Y(KI=Y(K)=T(K I)xY (1)
23 150 Y(KI=Y(K)I/T(K+K)
34 140 CONTINUE
C_SOLVE THE EQUATIONS T(J,T1)%X(J)=Y(])
3% DD 160 L=1,N
36 K=N—-1_+1
37 X(K)=Y(K) _
3 CTFUKLEQN)GO TO 170
3 ISTART =K+1
4o DN 165 I=ISTARTWN
4 165 X(K)=XAK)I=-TC(L K)*¥X(I)
§i, 170 X(K)=X(K)/ZT(K, K}

160 CONT INUE




SLVEQN

C COMPUTE THE CURRENT APPROXIMATICON TO XSCULN
0ON4sy 0DQ 180 T=1.N
neys 180 XSOUN(II=XSOLNC(II+X(TI)
C COMPUTE THE RESIDUAL VECTOR R(I)
tn46 DB 185 I=1.N
o547 SuM=0.D0
(ua8 DO 190 J=1l N
29 180 SUM=SUMHA( T s J)XXSGULN(J)
cUSe 185 R{1)=B(1)-SuM
. C RETURN TO STHMT 135 TO PERFORM THE MEXT ITERATION
o el-$1 195 CONTIWNVE
(B2 RETURN
¢C53 END




GHAPH

0047

0”01 SURRNDJTINT GRAPH
C
C INPUT IS A REAL*4 VECTCOR FLOT(128)
C NFTS MAY 3E 100 OR 128 POINTS
C
oopng COMMON/AREAL/PLOT(128). NPTS
L02 REAL #4 MAX  MIN
t;04 INTEGER*4 IPLOT(128,2)
v0S LOGICAL*] L INE(L2B)/128B% v/
{uge LOGICAL*1 BLANK/S '/ ,STAR/Y¥*/
C
C FIND MAX AND MIN
C
¢uo7 MAXSPLDT(1)
308 MIN=PLOT (1)
5509 0O 100 I=1.NPTS
Co1D IF(PLIT(I) « GT o MAX)IMAX=PLOT(]I)
w011 100 1 (PLAOT(I) #LTSNINIMIN=OLOTL(T)
C
C SCALE AND ROUND TOD NFAREST INTEGER
d : :
cey2 IF{MAX.EQ.MIN)IGO TO 121
Cul3 SCALE=50,/( ¥AX~MIN)
ot14 GO TQ 122
0015 121 SCALE=0. )
Sel16 122 IBSLN==SCALF*MIN
£v17 DO 120 I=1,NPTS
0318 PLOT(1)=2LOT(1)*SCALE+IBSLN
219 IPLOT(T»1)=PLOT(])
ro2g IFC((IPLOT (I 1) 41 a—PLOTCI)) ol T 00 5)1PL0T(I,1)—1PLDT(I.1)+1
8021 120 IPLOTI(I2) =1
C
C SORT
cR22 142 1SORT=0
G233 N=NPTS -1
o4 DO 140 I=1.N
5r2s IF(IDlﬂT(I,T)-LT-IPLDT(I+1.1))GD TQ 141
T2€ GO TD 140
HO27 141 ITEMPI=IPLOT(I.1)
nez8 ITEMPZ2=IPLDT(I+2)
Ly29 IPLOT(TL1)=IPLOT(I+1,1)
¢330 IPFLDT(14+2)=IRPLOT(I+1,2)
C031 IPLAT(I+1,1)=ITEMPL
G532 IPLOT(I+1,2)=ITEVMP2
¢33 ISORT=1 ‘
934 140 CONTINUE
0135 IF(ISUORT.EQR«1)1GT TD 142
C
C PLOT
C
t036 WRITE(6,200) i
CH37 IF(NPTS+EQe100)IWRITE(6,205)
£n3s8 IF(NPTSEQe128)WRITE(64+206)
Gn39 L=1
cea DG 180 K=1.52
€o41 ‘M=0
(naz DO 181 I=L+NPTS
0043 , IF(I «GT«NPTS)IGO TC 182
G04ay IF(IPLOT(] +1)eEQ(52~K))GO TO 183
0045 182 GO TO 184
CO46 183 J=1PLAT(1,2)

LINE(J)I=STAR




GRAPH

o048 181 M=Med
a9 184 IF(NPTSEQe100IWRITE(E,210)(LINE(J) ¢J=1,100)
Cas0 IF(NPTSEQ128)WRITE(HA,211)(LINEC(S)sJI=1,128)
GeS5E IF(NPTSEQe 100 s ANDGIBSLNLER(B2~KIIWRITE(6,215)
casp IE(NPTSEQel 28, ANDoIBSLNEQa(B2—-K)IWHRITE(6,216)
NN53 DO 185 N=1,NPTS
CN 54 185 LINE (N)=BLANK

0055 180 L=L+M

56 . IF (HPTS»EQ.)00)\VPITE(6.205)

Ci.57 IF(NPTS.EQ.128)WPITE(6,206)

6058 WRITE(S4,220)MAXMIN

(1S9 200 FORPMAT('1' /20"

(60 205 FOQMAT (Y ¢, 18Xy10( ' +=mmmem e ) V4~-1)

2061 206 FORMAT(! 42X 413(t4———memmee ')

(62 L 210 FOFMAT(Y * ,18X,%|*,100A1,%}¢*)

eI 211 FORMAT(Y *,2X,'|v,128A1,%}")

864 215 FORMAT( '+ 18X ,410(? 4+~=rom—m e )ttt

Co65S 216 FORMAT( '+ 42X 4 13(*4——mcewmeeem 1 ) ) .
CO6E 220 FORMAT ("0 3 30X s *MAXIHMUM. VALUE =" sE18a7 45Xy *MINIMUM VAILLUE="*,
: , C E14.7/10%) ' _ : : : : '
0367 . e ... .. RETURN -

168 o END




bal

ONEXP
0001 SURROQUTINE ONEXP (AB,ALsPLs XY, M, ITER)
0002 RE AL *8 A(Z;Z),T(Z:L)nB(Zl;Y(Z),X(Z):R(c)»XSOLN(Z)
0003 REAL*4 XY(M,4)
C THE MODEL 1S AB*XY{I,1 )¥&PL*EXP(AL*XY(I,1))
C THE PARAMETERS TO BE OPTIMIZED ARE 'AB' AND *AL®
C XY(I,1) CONTAINS THE VALUES OF THE [NCEPENDENT VARIABLE
C XY(I,2) CONTAINS THE MEASUFED VALUE CORRESPONDING TO XY(I,1)
C XY(I,3) COMTAINS THE WEIGHT OF THE MEASUREMENT XY (1,2}
C XY(I,4) CONTAINS THE RESIDUALS XY(I,2)~=(FITTED FUNCTIC: AT XY(I,11])
C THE SUBROUTINE SLVEQN(A»T»B5YsXsR,XSOLMsN) IS REQUIRED
0004 N=2
0005 DO 100 ITER=1,20
C INITIALIZE A(I,J) AND B(I) TO ZERD
0006 DO 115 1=1,N
0007 DO 12C J=1,N
0008 12¢ A(1,4)=0.D0
0009 115 8(11=0.0%
C_COMPUTE A(I,J) AND B(I)
0010 DO 125 I=1,M
0011 F=AB¥XY(1,1) *#PLAEXPIAL#XY (1, 1))
co12 FSQ=F%*2¢XY(1,3)
0013 BH=FR{XY(I,2)-F)#XY(I,3)
0014 A(151)=A{1,1)+FSQ
0015 AL1,2)=A(1,2)+XY(1s1)%FSQ
0016 A(2,2)=A12,2)+XY {1, 1) *#2%FSQ
co17 BE1)=B(1)+BMN
0018 BE2)=B{2)+BM*XY(1,1) -
0019 125 CONTINUE
€020 AC1,1)=A015,1)743%%2
co21 £01,2)=A01,2)/48
0022 A2, 10 =401,2)
€023 BI1)=K(1)/AB v
_ C SOLVE A(I, J)EXSOLNCJI=B(I)
0024 , CALL SLVEQN(A»T»8,YsXsRsXSOLNsN)
C COMPUTE THE CURRSNT ESTIMATES OF THE PARAMETERS
0025 AB=AB+XSOLN(1)
0026 AL=AL+XSTOLN(2)
6027 WRITEL652C0) ITER
0028 200G FORMAT('0',10X,110)
0029 WRITE(6,205) (XSOLM(T]»1=152)
co30 2C5 FORMAT('C',1CX,2018.6)
0031 WRITE(6,210) AB,AL '
0032 210 FORMAT('C',10Xs2E18.6)
C TEST FOR E£XIT ’
0033 TEST=(XSOLNCL)/AB) #%2+ {XSOLN(2 )/ AL ) #%2
0034 TEST=SGRT(TEST)
00135 TF(TEST.LT.5.06-061G0 T0 150
0036 160 CONTINUE
0037 150 CONTINUE
C COMPUTE THE RESIDUALS
0038 DD 13C I=1,M
0039 13G XY(I,4)=XY(I,2)- AB*XY(I,l)**PL*EXP(AL*XY(I:l)3
0040 ~ CHISO=C.. :
0041 DO 135 I=1,M ‘
0042 135 CHIS0-CHISA+XY( 1,41 #%2#XY( 1,31
€043 WRITE(6,215)CHISO
0044 215 FORMAT('C*519X,E18.6)
0045 RE TURN
0046 END
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APPENDIX A3
MOMENT ANALYSIS




MAIN

0001 COMMON/ARSE AG/NRTSP(4),RBP(4)
0002 COMMON/ARSEAS/STG2FPS 4 ALPHA, RMASS, TEMP
0003 COMMON/ARIA6/PRES,PMIXs ATM, RHOs AMAG
0004 INTEGFER*4 RUN,COUNT
d .
C $SIGT AND %3St ARE _THE | ENNARD—JONES PARAMEISZRS. .
C *SIG* IS IN JUNITS OF (ANGSTROM)
C 'EPS' [S IN JUNITS DF (DEGREE K)
C *ALPHA' IS THE POLARIZABILITY OF A SINGLE MOLIZULZ
C  *ALPHA' IS IN UNITS OF (ANGSTROM*%3) i
C 'RMASS' IS THZ REDUCED MASS OF THE COLLIDING PAIR OF VMOLECULES
C *RMASSY 1S IV UNI‘I_‘Q OF (AMt1}Y :
C *TEMP* IS IN UNITS OF {DEGREE K)
C  ¢SMALLK® IS 30LTZMANN'S CONSTANT
C  YSMALLK®*=1,38054 (ANGSTROMX%2%SEC*%—2/DEGREE <)
C .
0005 SIG=4.70
.0004H EPS=152.5
oco7 ALPHA=2.84907
0008 RMASS=44,2055
0009 TEMP=293,
0010 SMALLK=1,38054
c
0011 CALL ARRAY
0012 999 READ{S5,900sEND=1000)RUN,RATIOs IPRES,RMIX,ZIJUNT
013 900 FORMAT(14,F12.3,18,FB.1,18)
CRUN RATI] IPRES RMIX COUNT
0014 WRITE(6,951)
0015 WRITE(6,932) ,
0016 WRITELG6.933IRUN _ —
0017 901 FORMAT (1H1) '
0018 902 FORMAT(1H), 10X+ *RUN NUMBER® )
0019 903 FORMAT(1H+s10X,10X,14)
coz20 PRES=1PR=S ’ N
0021 CF4=RMIX :
0022 HE=100,0=-3M1X : B S R
0023 CALL PVT , ) ,
0024 PHI0=21,5753 . v ’ .
0025 PHIZ2=0.,25562E-03%RATID*PHIO - !
0026 CALL SOLVE(PHIO,PHI2)
onz27 CALL ROOTS
0028 VRTTE(6.4922) .
0029 WRITE(6,903)RUN’
0030 WRITE(6,924) , ,
0031 ‘904 FORMAT (1H0,1CX,*THE TOTAL NUMBER OF COUNTS IN THE OBSERVED *,
C 'SPECTRUM AFTER SUBTRACTING THE BACKGROUND ISt)
0032 RCOUNT=COJNT » ‘ o
0033 WT=RCOUNT/SQORT.(RCOUNT)
0034 WRITE(6+9)5)COUNTWT :
0035 905 FORMAT(IHD+10X,18s% COUNTS® 10X, *WEIGHT=N/SARTIN)=Z® FB.2)
0036 WRITE(64936)1PRES,ATM _ ,
0037 906 FORMAT(1HD 410X, TOTAL PRESSURE="3F6.0+'(PSIGI=* 456,14, (ATM) ¥}
0038 WRITE(E,907)RHOs AMAG , ' o o
0039 907 FOPMAT(I-{O,IOX.‘DENSITY oF CF4'='.F8.‘3.'(MD' ZALITZ)I=0 yF10 .64
C ' (AMAGAT) ') '
0040 WRITE(6,908)
0041 YRITE(6,939)CF4 HE
0042 908 FORMAT(1H) 410X, *THE MIXTURE CONTAINED?')
0043 909 FORMAT(IHD 310X+ 'CF4 =% yF6als* (MOLE PERCENT) Y 4SX 3¢ +4Z . ~¢ sF 6ol
C _*(MOLE PIRCENT)®) : e
0044 WRITE(6,910)PHI0.PHI 2 . .
004S 910 FORMAT(1HD 310X+ 'PHIO=" 4 FBe4 25Xe 'PHIZ=1,F8.4%)
0046 WRITE(64911)




MAIN

0047

911 FORMAT(1HD+10X,*THE SOLUTIONS ARE AT?Y)
0048 DO 940 1I=1,.NRTS .
0049 Y=BP(I)*SIGH%(3e~P(1))/ALPHARX2
0050 WRITE(6,912)P(1)+8P(1),Y :
0051 912 FORMAT(IHI s 10X+ ?P=1,F6.2,5X+*B=1,E15+7+5X,
C 'Y=BASIGUMAXX (3 ~P)/AL PHA%%X2=* . F15.7)
0052 940 CONT INUE i :
0053 GO TO 999
0054 1000 sTOP
0055 END




PVT

0001 SUBROUTINZ PVT
0002 COMMON/ARZIAG /PRES,RMIXs ATM, RHO. AMAG
C CALCULATES THSE DENSITY OF CF4 IN CF4~HF MIXTJZS AT 293 DFGREES K

0Cco03 EPSL=1.,03-04 ' '
0004 R=(100.0~-RMIX)/RMIX

0cos AIM=({PRES+14.6959)/14.6959

0006 A=24,04194%(R+14)

o007 B=~2.286258+3,136725%R+0.535674%R%*%2

0008 C=0.16970)

0009 D==0.976956E-03
0010 RHO=ATM/A

0011 150 _RHONSATM/Z({A+BARHO4C*RHOX %2+ D& RHO%**3)

0012 IF(ABS(RHON=RHO} .LT.EPSL)GO TO 151

0013 RHO=RHON

0014 GO TO 150

0015 151 AMAG=23.94676%RHO

0016 RETURN

0017 END




ROOTS

0001 SUBROUTINZ RONOTS
0002 COMMON/ARZ A3/FUNC(30+4) s SOLN(30,2)
0003 COMMON/ARZA4/NRTS Pl 4),8P(4}
0004 EPSLL=0.15~-02
0Cc0S K=0

0008 D0 _8]00 1=1 .4
0007 M=2
onos8 IF(J.EO-I.OR.J-EO.Z)M=1
0009 1=0 '

0010 801 I=1+1

0011 IF{I+1.GZ.30)G0 TO 800
0012 SGNA=SIGN(1 . s FUNC(I. d))
0013 SGNR=SIGN(1e+sFUNC(I+1,J))
0014 IF(SGNA.EQ.SGNB)GO TO 801 ;
0C15 IF(I-1.LT+1)GO TO 802
0016 IF{I+1.GT+30)G0 TO 803
0017 N=4

0018 FO=FUNC({I—~1,.0})

0019 FI=FUNC(I,J)

0020 Fo=FUNC(I+1,J)

0021 F3=FUNC(I1+2,J)

0022 DF 0=F1-F0

0023 DF1=F2-F1

Q024 DFEZ2=F3—~-F2

0025 DDFO=DF1-)FO

0026 DDF1=DF2-D>F1

0027 - DDDF 0=DDF 1 ~DDFO

0028 A=DDDFO/6,

0029 B=DDF0N/2.~-DDDF0/2,

0030 C=DNDFE0 /3. =DDEO/2 o +DEO

0031 D=FO
0032 X=1e .
0033 830 XN=(~14/A)*(B+C/X+D/X%%2)
0034 IF(ABS{XN=X).LT.EPSL)GO TQ 831
c035 X=XN
0036 GO Y0_839
0037 831 CROSS=I-1+XN
0038 VALUFE=CROSS/2e+145
6039 SO=SOLN(I~1,M)

0040 S1=SOLN(I,M)

coa1l S2=SOLN(I+1,M)

0042 S3=SOLN{I+2,M)

0043 D50=51-50

0044 DS1=S2-S1

0045 DS2=53-52

0046 DDSO=DS1-1>S0

0047 DDS1=DS2~>51

0048 DDODSO=DDS1 -DDSO

0049 AA=DDDS0/5.

0050 BB=DDS0/2.~DDDS0/2,
0051 CC=DDDS0N/3.~-DDS0/2.4+DSO
0052 DD=3%0

0053 SOLNB=AAXXN#%3+BBXXN*%2 +CCX XN+DD
0054 GO_TN 805

0055 802 IF(1+1.GT.30)G0O TO 804
0056 N=3 '
0057 FO=FUNC(I,J)

0058 F1=FUNC(I+1,J)

0059 F2=FUNC(1+2,J)

0060 DFO=F1~F0

0061 DF1=F2~F1
0062 -DDFO=DF1-3F0
0063 A=DDFO/2,




RNOOTS

0064 =-DDFO0/2.4+DF0
0065 C=F0
0066 X=1.
0067 820 XN=(=1./A)%(B+C/X)
0068 IF(ABS{XN=-X).LTLEPSL)GO TO 821
0069 X=XN
0070 GO TO 820
0071 321 CROSS=I+XN
0072 VALUE=CROSS/2.4+14+5
0073 SO=SOLN(I,u)
0074 S1=SOLN(I+1,M)
Q075 S2=SOLN(I+2 M)
0076 DSO=S51~-59
0077 DS1=S2-51
0078 DDSO=DS1~3S0
. 0079 AA=DDSC/2.
0080 BB=-DDS0/2 . +DSO
0081 =80
cos82 SOLNB=AARXN* %2 +BBEXN+CC
0083 GO TO 805 »
o084 803 IF(I-1.LT.1)GO TC 804
0085 N=3 _ .
0086 FO=FUNC(TI~1,J)
0087 F1=FUNC(I..0)
0088 F2=FUNC(I+1,J)
0039 DFO=F1-~F0
0090 DF1=F2-F1
. 0091 ODFO=DF1-=2F0
0092 A=DDFO /2,
0093 B=—DDEN/2.+DEQ
€094 Cc=F0
0096 810 XN={-~1+/A)%(B+C/X)
0097 IF(ABS{XN=-X).LTEPSL }JGO TO 811
0098 X=XN
0099 GO _TO 810 R
0100 811 CROSS=I-14+XN
0101 VALUE=CROSS/2e+1e5 .
0102 SO=SOLN(I~1,M)
0103 S1=SOLN(I,M)
0104 S2=SOUNCI+1 M)
0105 DS0=S1-59
0106 DS1=52-51
0107 DDSO=DS1-JS0
0108 AA=DDSO/2,
0109 88=-DDS0/2 . +D50
0110 €C=50
0111 SOLNB=AAXXNX%2+BBXXN+CC
oi12 GO TO 805
0113 B804 N=2
0114 FO=FUNC(I+d)
011S FI=FUNC(I#1 ,J)
0116 CROSS==FO/(F1-F0)
0117 VALUE=CROSS/2++145
0118 SO=SOLN(I M)
0119 SI=SOLN(I+1+M)
0120 DS0=S51-50
0121 AA=DSO
o122 BB=S0
0123 SOLNB=AA%XN+8H ¢
0124 GO TO B80S
. 0125 805 K=K+1
0126 P(K)=VALUZ




ROOTS

o127 BP(K)=S0LNB
0128 GO TO 801
0129 800 CONTINUE
0130 NRTS=K

0131 RETURN -
0132 END.




SOL VE

0001 SUBROUTINS SOLVE(PHIO.PHI2)
0002 COMMON/ARZAZ2/COFF00.COEF01(30),COEF02(30}4+20E72),20EF21(30} 4
C COEF22(39) )

0003 COMMON/ARZA3/FUNC(30,4) , SOLN(30,2)

0004 WRITE(6,536)

0005 P=2.0

0006 DO 401 1=1,30

0007 SQO=COEFO01( I)*%2—4,%COEF02(1) *(COEF00~PHID)

0008 DISCO=SQART(SQ0)

0C09 S02=COFF21 (1) *%2-4.%COEF22( 1) *( COEF20~PHI2)

0010 DISC2=SART(SG2)

0011 SOLNUO=(=Z0EF01( 1)4DISCO) /(2 XxCOEFO2C ) . _

0012 SOLNLO=(~Z0FF01(I)-DISCO)/(2.*%COEF02(I))

0013 SOLNUZ2=(~Z0EF21(I)+DISC2) /(2. *COEF22(1})

0014 SOLNL2=(~Z0EF21(1)-DISC2)/(2.%COEF22(1))

0015 SOLN(T,1)=S0OLNUO

0016 SOLN(1,2)=SOLNLO
0017 EUNC(1,1)=S0LNUO=SAQL NU2

0018 T FUNC(T+2)=SOLNUN—SOLNL2

0019 FUNC(I,3)=SOLNLO~SOLNU2

0020 FUNC(1+4)=SOLNLO-SOLNL2

0021 WRITE(6+:523)P,SOLNUO»SOLNLO »SOLNU2 . SOLNL 2

0022 401 P=P+0.5

0023 : WRITE({64522)

0024 P=2.,0

002s D0 4S50 1I=1,30 ,
0026 WRITE(6+503)PsFUNC(I21) 2FUNC(I+2)3FUNC(I+3)sFJINT (1.4) g
0027 450 P=P+0.5 §
0028 502 FORMAT(142,10X,? P .6X,'FUNCTIGN l‘oBX.’-JNCTIQV 21.8X%, !

C _'FUNCTION 3% .8X,'FUNCTIDON 4v) |

0029 S03 FORMAT(1H ,10X+F4.1,4E1847) .
. 0030 506 FORMAT(1HD410Xs' P *.6Xs'SOLUTION 178X, *SILUTION 2%,8X, f
' C *SOLUTION 3',8X,*SOLUTION 41)

0031 RE TURN |
0032 END 3




ARRAY

SUBROUTINT ARRAY

0001

6002 COMMON/AREA2/COEF00sCOEF01(30 )4 COEF02(30},20ES 20.-0&F21(30}.
C COEF22(32)

0003 COMMDN/AR_AS/SIG,EPS.ALPHA.RMASS.TEMP

0004 REAL INTGRL

0008 A=Al PHA%: X2

3006 EXPON=4,

00G7 COEFOO=35.*A**2*(1./SIG)**3*INTGRL(EXPON)

o008 EXPON=6. .

0009 COEF20= 540.*A**2*(1./S!G)**S*INTGRL(EXPDN)

G010 P=2.0

0011 DO 301 _1=1,30

0012 EXPON=1.+>

0013 COEFO1(1)=12.%A%(1+/SIG)Y**P %I NTGRL(EXPON)

0014 EXPON=24%2-2,

0015 COEFO02(1)=(1+/SIC)%%(2,%P—3.)*INTGRL (EXPDV)

0016 EXPON=34+2

0017 rnFF?!(rL_16;ﬁAﬂLEizgjﬁ(lJLSLﬁliiLEszller RNLZIX2IN)

0018 EXPON=2,4,%2

0019 COEFZZ(I)-(P**2+6.)*(1./SIG)**(2.*P l.)*lVTuRL(cXDDN)

0020 301 P=P+0.5 :

0021 WRITE(6+520)

0022 P=240

Q023 DO 550 _1=1,30

0024 WRITE (6, 531)P.COEF00.COEF01(1).COFF02(I).C3 Fa2l)sCazF21¢(1),
C COEF22(1)

0025 550 P=P+0.5

0026 500 FORMAT(1H]1 410X ,* P .8x.'COEF00'.12x;'C0==31'.12x.'COEFOZ'.IZX.
C 'CDEFZO'.IZX.'COEFZI',IZX.'COEF??')

0027 501 FORMAT(IH +10XaFbe14,6F18.7)

0028 RETURN

0029 END




INT GRL

0001 REAL FUNCTION INTGRL (EXPON)

0002 COMMON/ARZAS/SIGLEPS ., ALPHA, RMASS, TEMP

0003 DIMENSION RFSULT(4) _

: C EVALUATE INTIGRAL USING SIMPSONS RULE

0co04 C=—4 *EPS/TEMP
_000s FPSL=1.0E-05 .

0006 UP=4.7

0007 I TER=0

0008 H=l./320

0009 110 CONTINUE

o0o10 X=0e7 '

0011 INTGRL=EX{ X . FX2ON) , -

0012 100 CONTINUE

0013 CX=X4+H

0014 INTGRLTZINTGRL+4 4 #FX( X +EXPON )

0015 IF(X+GE«(JP~H))GO TO 101

0016 X=X+H

0017 INTGRIL =INTGRIL +2 o XEX{ X EXPON)

0018 . GO TO 100

0019 101 X=X+H

0020 INTGRL=INTGRLAFX(X,EXPON)

0021 INTGRL=(M/ 3, )*INTGRL+((1./X)**(EXPDN 1.)/03SXPON=141) .

: C ~CH((1a/X) %% (EXPON+5, )/(FXPON+5)—(1./X)**(‘X93V+11)/(FXPON+1!)) !

Q022 JTER=ITER+1 :
0023 RESULT(ITER)=INTGRL

0024 IF(ITER.E2.1)G0O TO 120

0C25 IFCITER.E2.4)G0 TO 130 ,

0026 IF(ABS({X= SULT(ITFR)—RESULT(ITFR—!))/PESU TOITS R}) L T.EPSL)GO
‘ 1 YO 130

Q027 120 H=H/? .

0028 GO TO 1190

0029 130 CONTINUE

0030 WRITE(6.720)

0031 WRITE(6,701)EXPNN, INTGRL

0032 700 FORMATC1H 210X, *EXPONENT==? 44X,5X,* INTEGRA_=1)

0033 701 FDRMAT(1H+.lﬂX-IOX.FQ.I.gX,QX.E13 Al .

0034 ‘ RE TURN

0035 END




X

0001
0002

0003

C004

00085

GX

FUNCTION “X(X,EXPON)’
COMMON/ARZAS/SIGEPS s ALPHA, RMASS, TEMP
AND FX WI_L UNDERFLOW IF X.LTe(0es7)
C==4 , %EPS/TEMP
GX=EXP(Ck((1e/X)%*%12—(1 e/X)I%%6))
EX=GX¥(L1a/X)%%xFXPON)

0006
0007

RFTURN
END




APPENDIX A4

CAICUIATE MOMENTS

OF SPECTRUM




STHT SJURCE STATEHMENT

1 RDDECK CSECTY

2 ' USING *,15

3 B ¥+12

4 DC ALL(4)»CL7*DAVE?

5 STH 14,12,12013)

6 BAL 14,%476

7 : DROP 15

8 USIN3 *,13

9 bC 1BA(%-%)
10 ST 13,4(14)
11 ST 14,8(13)

12 LR 13,14
13 & REAJDY TO START

14 OPEN CARD
15+ CNOP__ 0»4 ALIGN LIST 7O FULLHORD
16+ BAL 1,%+3 LOAD REGL W/LISTY ADDR.
17+ : DC ALL{128) JPTION BYTE
18+ - . DC AL3{CARD) DCB ADDRESS.
19+ : sve 19 ISSUE JPEN SVC
20 INITIAL ZAP ZLEROMOM(8)s=pP*0*
21 ZAP SECMOM(B)»s=pP?D"

22 % INITIA_IZE ZEROMOM AND SECMOM
23 READLIOP GET  CARD»sAREA

Z4+READLIOP LA 1,CAD LOAD PARAMETER REG 1}

25+ LA O,AREA LOAD PARAMETER REG 2 .

26+ L 15,48(051) LDAD GET RIUTINE ADIR.
27+ BALR 14,15 LINK TO GET ROUTINE

28 cLcC =ZL13" '>AREA+60

29 BE DATAPRA3C

30 CLC =C*RJIN NO*» AREA+6D

31 BE LOADRNNGD

32 ® CHANNEC NO IS THE SHIFT IN CHANNELS FROY TH: RAYL:IGH LINE
33 - CLC =C*CH NO FIRST PT*, AREA+60

34 BE LJADTHNG

35 cLC =C*USE DATA BETWEE\':AREA+63

36 BE ‘LOADSTSP

.37 % CHSTART MUST BE AT OR AFTER CHNO FIRST PT'

38 ¢ USE DATA POINTS UP T3 THE -END 3JF DATA DR ”H)TUP;HHICHEVER COMES FIRST
39 ¥ BJT CHSTOP MUST BE GIVEN A VALUE

40 cLC =C*DARK COUNT®, AREA+H)

41 BE LOADDARKL

42 cLc =C*FIT PARAMETERS®5» AREA#+60

43 BE - LOADFIT

44 ¢ FIT PARAMETERS ARE AAWP’ASLDPEvBAH°nBSLJPE

45 % THE FORM OF THE FIT IS (AAMP/ZID)*ZXP(-(ASLIPE/LD**6)%nW)+(BAMP/LO)*
46 * EXP{~ (BSLB’:IIO**&)#W)

47 cLC =C'RETURN"» AREA+6D

48 . BE LOADR

49 cLC =C*FINISH"» AREA+60

50 BE LOADF |

51 B READLOOP : '
52 # REA) NEXT CARD LF THE PRESENT CARD CANNOT 8- IDENTIFIED
53 DATAPROC LA 13,0

54 LA 9» AREA

55 Loop Mve TEMPLI6)»0(9)

56 ® PIZC OUT A SEX CHARACTER FIELD

57 CLc TEMPLIB),=CLE" *

58 BE READLOOP

59 ¢ READ NEXT CARD IF A DATA FIELD IS 3LANK
50 . e CANO(2)» CHSTOP(2)




- 85

STHT SJJICE STATEMENT
51 BNL READ.J0P
52 % READ NEXT CARD IF THE END CHANNEL HAS BEEN REACHED
53 cp CHNU{2)» CASTARTI(2)
54 BL NEXTPT
55 & GO TO NEXT CHANNE. IF CHSTART HAS NOT BEEN REACHED
66 ‘ PACK TEMP2(B)»TEMPL(6]) :
57 SP TEMP2(8)»DARK(4)
58 AP ZEROMOM(B)» TEMP2(8)
59 ZAP TEMP3{4)»CHNOL 2)
70 MP TEMP3(4),CHNDO(2)
71 Mp TEMP2(B)»TEMP3(4)
72 AP SECMIM(B)»TEMP2(B)
73 NEXTPTY AP CHNO(2)s=Pe 1
74 ‘ LA 12,1(10)
75 LA 9,6{9)
76 C 10,=F"10"
77 BNE LogeP
78 B READ._DOP
79 % END OF DATA PRIC SECTIIN
BO & RESULTS ARE ZEROMOIM»SEZMOM,CHND -
81 LIJADRNND MVC TEMP3{4)s AREA
82 - PACK TEMP2{8)}»TEMP3(4) .
83 cvs 3s TEMP2
B4 STH 3» RUN ;
85 8 READ.- J0P
86 LJIADSTSP MVC TEMP3(4)»AREA
87 PACK TEMP2(B)»TEHP3(4) :
88 MVC CHSTART(2)» TEMP2#+5 §
89 cve 3sTEMP2 : N i
90 STH 3> CHST .
I1 Mv(e TEMP3(4)sAREA+4
92 PACK TEMP2{B)»TEMP3(4)
33 MV C CHSTIP(2)» TEMP2+6
94 B READLOOP
35 LJADCHND MVC TEMP3(4)s AREA
96 PACK TEMP2(B8)»TEMP3(4)
97 Mve CAND(2Y»TEMP2¢6
98 B8 READLOOGP
99 L JADJARK MVC TEMP3{4)s AREA
100 PACK TEMP2{B)»TEMP3{4)
131 MVC DARK(4)}» TEMP2+4
132 cvB 3, TEYP2
103 STH 3, BK3RND
104 ‘8 READLOOP .
195 LJADFIT MV(C TEMPL(6)» AREA+2
136 PACK TEMP2(B)»TEMPLI(6)
137 cve 3, TEMP2
128 ST 3» AAYMP
1239 MY C TEMPL(6)»AREA+10
110 PACK TEMP2(B8)sTEMPLIO)
111 cva 3, TEMP2
112 ST 3, ASLOPE
113 cLC =CL156" *»AREA+LH
114 BE FLAG .
115 MVC TEMPL(6)»AREA+1S
116. PACK TEMP2(B8),TEMPLIG)
117 tvB 3, TENP2
1i8 ST 35 BAMP ,
119 MVC . TEMPL(6)»AREA+26
‘120 PACK

TEMPZ&B):TEMP{(&)'




STNT SJURCE STATEMENT ‘ ' . .

121 CVB  3,TEvP2
122 ST 3,BSLOPE

123 B NDFLAG

124 FLAG MVC  DNEXP(2)s=H*1"®

125 MVC  BAMP,=F*Q!

126 MVC  BSLOPE,=F*2000*
127 B READ.30OP

128 NIFLAS  MVC  DNEXP(2),=H'Q*

129 B READL J0P

130 L3JADR L 155 ACONVERT

131 BALR 14515

132 L 15,PRINTOUT

133 BALR 14,15

134 B CINITIAL

135 LJIADF L 15, ACONVERT

136 . BALR 14,15

137 - L 15, PRINTOUT

138 BALR - 14515

139 B - FINISH

140 CINVERT ZAP  TEMP2(8)»CHND(2)

141 .~ CvB  3,TE%P2

142 STH  3,CHN

143 CVB  3,ZEROMOM

L44 ST 3, MO0

145 ’ ZAP  TEMPJ(9)>SECMOM(8) : L : :
146 bP TEMPO(9),2PL2°100°* = ’ - . g
147 . ZAP _ TEMP2({B)»TEMPO(7) : ' P
148 CVB  3,TEMP2

‘149 ST 3, MOY2

150 LA 1:=A(HUMO;MDMZ»AA%P-A)LUPE»BAMD;BSLUPE-RUN:.HST;CiN;DNEXX

_ ‘ Ps BKGRND )

151 . BR 14

152 & CONSTANT AND STORASE DEFINITIONS .
153 CARD DCB  DSOR5=P3»ECFM=F»LRECL=80,BLKSIZE= so, ' X

MACRF=(uW),DDNAME=~AR)IN

155+% ' DQATA CONTROL BLOCK

156+% . )

157 +CARD DC OF'0" DIGIN ON WORD 3DUNDARY

159+% ' DIRECT ACCESS DEVICE INTERFACE
151+  DC BL16%2* FDAD,DVTBL

162+ DC  A(O) KEYLE,DEVT»TRBAL

164+ COMMON ACCESS METHID INTERFACE.
166+ ¢ AL1()) BUFND

167+ DC . AL3(1) BUFCB

168+ be AL2(D) BUFL

169¢ DC  BL2'0100000000000000° DSORG

170+ be ACL) IOBAD

172 +% , FOUNDATION EXTENSION

174+ n¢ BL1'D0000000* BFTEKsBFLNsHIARCAY

175+ DC  AL3(1) EO0JAD

176+ . DC BL1*10000000* RECFY
177+ (1] AL3(0) EXLST :




SJURCE STATEMENT

237

STHT
179+¢ FOUNDATION Bl0CK
181+ DC CLB*ZARDIN® DDNAME
182+ DC BLL'00000010* DFLSS
183+ c BL1'00000000* IFLG
134+ DC BL2'0101000000000000°* MACR
186+ BSAM-BPAM-QSAM INTERFACE
188+ DC BLL'00000000* RER1
189+ DC AL3{1) CHECK, GERR, PERR
190+ oC A1) SYNAD
131+ o H*0* CINDL, CIND2
192+ c AL2(80) BLKSIZE »
193+ DC F'0* WCPOJ» WCPL, JFFSR, OFESH
194+ DC A1) 10BA
195+ DC ALLID) NCP :
196+ DC AL3(1) EOBR, EDBAD
198+ QSAM INTERFACE
200+ DC A1) RECAD
201+ DC H'O' QSAS
202+ DC AL2{80) LRECL
203+ DC BL1*00000000* EROPT
204+ DC AL3(1) CNTRL
235+ Dz F'O* PRECL
206+ Dz A1) EOB
227 PRINTIUT DC VIPRTIUT) -

208 ACONVERT DT A(CONVERT)

209 AREA bC cLgor v
210 ZERO¥IM DS D

211 SECMIY DS D

212 TEYP2 DS D

213 TEMPL DS PLO

214 CHND DS PLZ

215 CHSTART DS pL2
216 CHSTI® DS PL2
217 TEMP3 DS PL4

T 218 MOMD DS F
219 43M2 DS F
220 JARK DS, F
221 AAMP DS F
222 ASLOPE DS F
223 BAMP DS F
224 BSLOPE DS F

225 INEXP DS H
226 RN DS H
227 CHST DS H
228 4N DS H
229 8<GRD DS H
230 BLANK DS H
231 TEMPD DS PLY
232 FINISHA L 13,4(13)

233 LM 14515,12(13)

234 LM 1»12,24113)

235 END  RDDECK

236 =C*USE DATA BETWEEN®
=CL16® ¥




88

254

=peye

STHT SIJRCE STATEMENT
238 =F*]1O*
239 =FsQ?
240 =F*2000°*
241 =A(MIMO» HIM2, AAHP» ASLIPE,BAMP»BSLOPE>RUNSCHST>CHNs ONEXP» X
BXGRND]} '
242 =CL10* ¢
243 =C*RJN NO*
244 =C*C4 NO FIRST PT?
245 =C'DARK COUNT®
246 =C'FIT PARAMETERS®
247 =C*RETURN?
248 =Z*FINISH®
249 =C1 6% *
250 =H*ie
251 =4'0"
- 252 =PL2%103°¢
© 253 =ptQ?




0357

PRTIJT
0001 SUBROUTINE Perur(nono.nunz.AAMp,ASLOPE.BAHP.BSLUPE.RUN.,Hsr..HN.
C ONEXP»B<GRN))
00)2 INTEGER®2 RJUN,CZHST,CHN» INEXPsBKGIND
0033 INTEGER*4 MI43+MIN2Z, AAMPY ASLOPE, B AHP, BSLOPES FLAG, BKGD
0024 A=AAMP/10.0
0225 AW=ASLIPE/1D,)%&5
0076 B=BAMP/13.0
0027 BA=BSLIPE/1D. D¢%5
0038 DMO=MOYD
6039 DM2=MOM2£103,0
0310 W1=CHST
0011 W2 =CHN
2012 FLAG=ONEXP
0013 BXGD=B<GIND
5014 CFUYO=A/AA+B/3d
0015 CFM2=2.0%A/Ad %342, 04B/3A%%3
0216 SEGUTO={~A/AA )& (EXP(~AA%A2 ) ~EXP(~AWEH1) D¢
S U-B/BA)EIEX? (-BAXWR)~EXP(~3W¥W1))
0017 SEGMT2=(~A/AN) € ((W2F6¥2-2, 0F (AW*W2~1.0 )/ AW*2) %EXP(~AHFNW2Z) —
- C (ML¥%2-2 0% (AN NL=-1 . 0)/AWSEE2)SEXP(-AWENL) )+
C (-B/BAYE((A2%%2-2, 0% (BUEKH2-1.0)/BWE*2) ¢ EXP(~BWER2)~
C (HL4%2-2.04(B4¥A1-1.0)/3W¥¥2)¥EXP(~BU*WL))
0018 CFOMO=2F40-352G4T3+D40
0019 CFOM2=CF42-5ZGMT2+D42
0020 RATIOF=CFM2/ F40 .
0021 RATIOD=CFDM2/CFDYO
0022 WRITE(5,100)
D23 WRITE(5,101)3 4N
0024 WRITE(5,102)
5025 IF(FLA3.EQ.2)5] TD 20
0026 15 WRITE(5596)
3327 WRITE(5597)40 AA
0328 61 T3 39
0029 22 WRITE(5598)
G030 WRITE(5599)A, Ad,Bs BN
0031 3) WRITE(5,103)
0032 WRITE(55104)F10,CFU2
0033 WRITE(5,108)
0234 WRITEL5,109)R4TIIF
0035 WRITE(5,105)
2036 WRITE(5,1G6) ,
2037 WRITE(55,107)245T»CHY»BK3)
6038 WRITE(55103)
0039 WRITE(55104)2F M2, CFOM2
0040 WRITE(55108)
0041 WRITE(5,109)AT13D
0042 WRITE(5,110)
0043 95 FORMATI(140s13Xs 7Xs *EXP(=",8Xs"X)")
0044 97 FORMAT(14+sFL7.1-F13.6)
0045 93 FORMAT(14+sFLl7.1sF13.6,F10.15F13.6)
0046 98 FIRMAT(LH0,1)X» 7Xs *EXP(=*58Xs "X}+*,7Xs *EXP(=*,8X,1X) ")
0347 LO) FIRMAT(1H-=51)X»*RUN NUM3ER?)
0048 LOL FORMAT(l4+,124)
0049 102 FORMAT(140519X»*USING ON.Y THE FITTED CJRVE®) ,
0950 L03 FIRMAT(140,13X,*ZERITH MINENT* 515X, *SECIND HOMENT ')
0351 104 FIRMAT(14+,238.7,£23.7)
052 105 FORMAT(140513X, *USING THZ FITTED CURVE TG EXTRAPOLATE AND usxvc')
0053 106 FORMAT(140,1)Xs*DATA BETAEEN CHANNEL *»5X» * AND CHANNEL"JX,
, S 'WITH BACKGRIJIND UF*» 5K, *CIUNTSS CHANNEL )
0054 LO7 FIRMAT(1H+»134,116,123)
0055 L08 FORMAT(I40,1)X,*SECOND MIMENT/ZEROTH MIVENT®)
0056 109 FIRMAT(LH+,Z51.7)

113 FORMAT(140)
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0058 RETURN
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Collision-induced light scattering was observed in pure CCly and CgHj, and in their mixtures. The intensity J(w)
in the high frequency wing was fittéd to an expression, J{w) « w7 exp(—w/wg) where q and wy are variable param-
eters. It was found that the values of g and wq are dependent upon the region of the profile over which the fit is

made; possible interpretations are discussed.

L. Introduction

Collision-induced light scattering (CIS) is a newly-
dentified phenomenon which has increased the scope
pf the information obtainable about dense media by
cattering methods [1—4]. While free, optically iso-
ropic atoms or molecules do not depolarize light, an
inisotropy can be induced in the total polarizability
bf a system of interacting atoms which produces a
broad depolarized wing centred about the polarized -
Rayleigh line. Three models for the induction mech-
hnism have been proposed based on studies of liquids
hnd compressed gases.

(i) Dipole-induced dipole (DID) [1,2,5}: The an-
sotropy results from the interaction between electric
lipoles induced in the atoms by the incident light.

he total field acting on a given atom is the sum of
his external light field and the internal field due to
he induced dipoles in its neighbours. Orientational
uctuations in the net induced moment due to the
btomic motion yield the depolarized scattering. This
s a long-range interaction giving an effective pair po-
arizability which varies as 7 =3 where r is the distance

between the atoms in a collision pair.

(ii) Electron overlap (EOQ) {3,4] . The dlstortlon of
he electron clouds during close enceunters is respon-
ible for the induced polarizability. Originally, the

This work is supported by a grant from the National Re-
search Council of Canada.

form 72 exp(—ar?2) was proposed but recently ** an
r—9 dependence has been derived in the case of argon.

(iii} Frame distortion [6]. Bucaro and Litovitz
[7,8] have made an extensive study of CIS in atomic
and molecular liquids and concluded that frame dis-
tortion during close collisions which gives a pair po-
larizability varying as 7~13 is the principal induction
mechanism in liquids composed of isotropic and non-
isotropic molecules.

With the use of several simplifying assumptions,
principally binary collisions with zero impact param-
eter, Bucaro and Litovitz were able to derive an ex-
pression for the intensity / in the wings as a function
of frequency w,

I(w) o 1D exp(—wfay) ¢

where the induced incremental polarizability is given
by
Aa@p)cr™™ . )

The constant <y is inversely proportional to a char-
acteristic time associated with the duration of the in-
teraction giving rise to Aa.

In the analysis of their spectra, they assumed a
value for m and determined the corresponding g
from their data. As there is evidence from experiments
on compressed gases [1,2] that the DID contribution
diminishes at high densities, they assumed that, in the

** M.R. Vukcevich, private communication quoted in ref. [6].
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case of atomic liquids, the electron overlap effect pre-
dominates. They found that m = 9 in the case of argon
and xenon and m = 13 in the case of molecular liquids
gave values of wy 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 [9,10] 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 complications envisaged by
Gersten should apply to liquids as well as gases, we
have repeated observations of the CIS spectra in pure
CCly and CgHy,, as well as in mixtures, with the goal
of further investigating the form of the spectral pro-
file.

2. Experimental method

The experimental set-up is typical of laser Raman
scattering studies. Light from an argon-ion laser
(CRL 52) operating at about 3/4 watt at 4880 A is
passed through a half-wave plate and prism polarizer
before being focussed 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 25-100) having a spectral slit width of
1 cm~!. The detector is a cooled EMI 6256B photo-
multiplier tube used in the photon-counting mode.
With the discriminator levels set for an optimum sig-
nal-to-noise ratio at low light intensities, the dark
count is 1/3 cpsec. The output is stored in a multi-
channel analyzer (Victoreen 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 observa-
tions are made in the z direction. All experiments are
performed at 295°K.

3. Analysis of results

If a frame distortion origin for the induced polari-
zability is assumed, eq. (1) leads to a linear relation-
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ship between In [/(w)/w!?/7] and w with a slope
(—1/wq). When this test is applied to the data, it is
found that wg = 12.1 cm~! for CCl, and 14.7 cm~1
for CgHy, in excellent agreement with Bucaro and
Litovitz (11.9 and 14.8 cm~1 respectively). The fre-
quency range over which this linear relation holds is
30 to 80 cm~1 for CCl, and 30 to 120 cm~! for

Frame distortion may not however be the only
interaction mechanism contributing to the scattering.
It was noted that much of the high frequency tai] of
the CCl, could not be accounted for by the above
method. When m = 9 was tried, a value consistent
with an electron overlap interaction (at least for rare
gas atoms), eq. (1) held over an increased frequency
range, 20 cm~! to 100 cm~!. Moreover the quality
of the fit was much improved over that with m = 13.
This result led us to perform the analysis based on
the following considerations.

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

I(w) = f(w) exp(—w/w) - 3

In the original model of Levine and Birnbaum,
f(w) is approximated by w!2; the more general
function w2l@=7/71 shows clearly that the power
of w is a function of the induction process. Gersten
[10] has emphasized that the exponential factor in
(3) is model independent (although the value of wy
is not). The accurate determination of f{w) should
lead to meaningful information not available through
the exponential. Because of the presence of this
strong exponential factor, the exact form of f(w) is
difficult to extract from the experimental data.

In an effort to acquire some estimate of f(w) di-
reatly from the observed spectra, we have assumed
that the high frequency profile can be represented by:

I(w) < wf exp(—w/wy) , @

where both g and wy are taken as variable parameters
and made a least squares fit to the spectra by applying
the technique of multiple regression. The results given
in table 1 are averages over several spectra. The errors
quoted represent one standard deviation. For CgHy5,
the fits in the range 25 cm~! and 40 cm~! to 100
em~1 are the more significant as they are over a re-
gion sufficiently removed from the laser line to be
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Fig. 1. I(w)/w? for the observed spectrum of CCly at 293°K where g is 12/7 and 4/7 correspondmg to Aoz(r) varying as #~12 and
9 respectively. Data points are shown only every 4 cm™

Table 1
Parameters obtained from the least squares fit

Range
(cm™)

Standard error

fiective - '
Effective m wp (cm™) of estimate

16> 85 0.49 + 0.04 8.7+0.13 ©17.0+0.25 - 0.0
16—~ 105 0.22 £0.03 7.8£0.12 19.1 £ 0.25 0.06
16—>125 0.15+0.04 7.5+£0.13 19.6 £ 0.24 0.11
40 - 100 —0.72 £ 0.19 4.5 £ 0.67 25319 0.09

15—-115 . 0.78 £ 0.05 9.7+0.17 19.2+0.32 : 0.11
25— 115 1.36 £ 0.07 11.7£0.23 16.7 £ 0.28 0.10
- 40— 115 2.04 +0.13 14.1 £ 0.46 © 145+0.33 ‘ 0.10

ree of contributions due to the permanent anisotropy 4. Discussion
bf the molecule. The ‘effective m’ is deterrmned by '
ketting The most striking result in table 1 is the fact that
_ o v for both liquids, the values of g and wy depend on the
7= Q2I7)m 7). () frequency region over which the fit is r%ads. For
he standard error of estimate is calculated only. over CgHj, the result in the range 40 to 115 em~1 agrees
he range of the fit. : ~ 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 c increases, nowhere ap-
proximating m = 13 or wy = 11.9 em~1L.

The failure of eq. (1) to hold over the entire tail
with one set of values for g and wy indicates that
more than one type of interaction is operative in the
scattering. For CgHy ,, short-range effects seem to be
important with frame distortion especially dominant
beyond 40 cm—!. The theory of Bucaro and Litovitz
holds well in this case: basically a single short-range
interaction. For CCly, both short- and long-range in-
teractions contribute. Here the theory of Bucaro and
Litovitz is not entirely applicable as their calculations
of wy are valid only near the turning point. Judging
from the effective m values, the short-range part in-
cludes 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 ef-
fects, the intensity of the scattering 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 neces-
sarily vanish. In liquids the DID interaction would be
effective through rapid local fluctuations in the posi-
tions of molecules, not describable by the trajectory
dynamics used to derive eq. (1). Thus the spectral
profile due to DID would broaden as the density in-
creases and it would be expected to contribute to the
far wings of spectrum.

The w( found for 40 < w < 100 corresponds to a
time of 2.1 X 10—13 sec which is of the order of mag-

nitude of the time between collisions in a cell model

for liquid CCl, [11] ; the time between collisions
would be the time characterizing these fluctuations
in positions.

The values of w obtained from the spectra of
mixtures in the range 40 to 100 cm~! are plotted in
fig. 2 as a function of CCl, concentration. A least
squares fit to a polynomial in concentration shows
that the variation of wq with concentration can be
well represented by a quadratic and a cubic term, the
higher order and linear terms being negligible. Since
wy characterizes the spectral profile, this means that
changes in the line shape occur roughly in the same
way with concentration. The cell model used by Thi-
beau [1,2] to explain the results in gaseous argon at
high pressures predicts a density dependence of the
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| ) 1 1
4 .6 o
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Fig. 2. The variation of wg with the concentration of CCl, in
the frequency range 40 to 100 cm™.

0

total intensity involving several terms of the form
(p/pg)* where x is between 2 and 3.3; p is the maxi-
mum density taken to be that of the solid. Therefore
as one goes from pure CgH;, which is of frame dis-
tortion origin to pure CCly, the concentration depen-
dence of wy, is similar to the density dependence of
the intensity for DID scattering in dense media. A
thorough treatment of scattering from mixtures is
complex and difficult to apply [12] ; nevertheless this
result appears to support the conclusion that the tail
of the CCly spectrum contains a contribution from
DID scattering. In any event, the low power of the
concentration dependence reaffirms that the scatter-
ing is due to interactions between a few molecules
even in the liquid phase.

5. Summary

Based on the statistical accuracy of the data furthe
speculation on the physical meaning of results in table
1 is uncertain. It is clear however that the values of ¢
and wy giving the best fit to the observed spectra
change over the profile. This variation is attributable
to the total induced polarizability being due to more
than one type of interaction. For CCly, it appears that
both short- and long-range forces are effective in the
interaction; electron overlap, DID and frame distor-
tion could all be contributing. On the other hand for
CgH;,, only the short-range interactions seem to be
important.
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60. THE SPECTRAL PROFILE OF COLLISION-
INDUCED LIGHT SCATTERING FROM SOME
MOLECULAR LICGUIDS

_C. Tabisz, W. R. Wall, D. P. Shelton and J. Ho

epariment of Physics, University of Manitoba,
Winnipeg, Manitoba, Canada

INTRODUCTION .

Collision-induced light scattering (CIS)is a newly 1dent1ﬁcd phenomenon which
1as increased the scope of the information obtainable about dense media by scattering
methods.'™ While free, optically isotopic atoms or molecules do not depolarize light, an
nisotropy can be induced in the total polarizability of a system of interacting atoms which
broduces a broad depolarized wing centred about the polarized Rayleigh line. Three
nodels for the induction mechanism have been proposed based on studies of liquids and
ompressed gases.

i) Dipole-induced dipole (BID). “** The anisotropy results from the interaction between
lectric dipoles induced in the atoms by the incident light. The total field acting on a given
itom is the sum of this external light field and the internal field due to the induced dipoles
n its neighbours, Orientational fluctuations in the net induced moment due to the atomic
notion yield the depolarized scattering. This is a long-range interaction giving an effective
pair polarizability which varies as ¥ where 7 is the distance between the atoms in a
ollision pair.

ii) Electron Overlap (E0).>* The distortion of the electron clouds during cloqe encounters
s responsible for the mduced polamablhty Originally, the form 7% exp (—ar?) was
broposed but recently,® an 7™° dependence has been derived in the case of argon.

iii) Frame Distortion.” Bucaro and Litovitz®»® have made an extensive study of CIS in
tomic and molecular liquids and have conclided that frame distortion during close
ollisions which gives a pair polarizability varying as #™** is the principal induction mech-_
nism in liquids composed of isotropic and non-isotropic molecules.

With the use of several simplifying assumptions, principally binary collisions with

ero impact parameter, Bucaro and Litovitz were able to derive an expression for the
tensity [ in the wings as a function of frequency w

K)o 0D ey (— cofeoy) (1)

here the induced incremental polarizability is given by
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Nofr)y <r™ )

he constant wy is inversely proportional to a characteristic time associated with the
duration of the interaction giving rise to Ac.

In the analysis of their spectra, they assumed a value for m and determined the
corresponding wo 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 that m = 9
in the case of argon and xenon and m = 13 in the case of molecular liquids gave values of
o in agreement with their calculations. This work is an excellent attempt to categorize

IS 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-

ations envisaged by Gersten should apply to liquids as well as gases, we have repeated
observations of the CIS spectra in pure CCl, and CsH,, with the goal of further investigating
he form of spectral profile.

EXPERIMENTAL METHOD

The experimental set-up is typical of laser Raman scattering studies. Light from an
prgon-ion laser (CRL No. 52) operating at about 3/4 W at 4880 A is passed through a half-

ave plate and prism polarizer before being focused in the sample cell. The light scattered
pt 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 62568 photomultiplier tube used in the photon counting mode. With the discriminator
evels 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. ST400 M) whose
hannel 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-

ents are performed at 295 K.

ANALYSIS OF RESULTS
If a frame distortion origin for the induced polarizability is assumed, Eqn. (1) leads
0 a linear relationship between In (/ (w)/w'") and w with a slope (—1/wg). When this
est is applied to the data, it is found. that wo =119 cm™ for CCl, and 15.0 cm™ for
¢Hiz 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
BO to 120 cm™* for C¢H,, (Fig. 1).

Frame distortion may not, however, be the only interaction mechanism contributing
fo the scattering. It was noted that much of the high frequency tail of the CCl, could not
be accounted for by the above method. When m = 9 was tried, a value consistent with an
lectron overlap interaction (at least for rare gas atoms), Eqn. (1) held over an increased
requency range, 20 cm™! to 100 cm™. 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 . s?
(ecm™)

3

16 - 100
30— 80
40 - 100

2.16
1.55
1.50

— -] W
— O
I+ + M

wi D
H

-0 0o
- O

16 - 100
30> 80
CeHy, 40-100
40120

3.06
1.17
1.10
1.08

corlo wWonw

+ + + -+

Scooo

D WO ~J\D o
00 \O O\ b

~=00 000
cooo o909
NN O N ]
QO

NI

00 W — 0o
H+ H+ I+
—

0000 0

over that with m = 13. This result led us to perform the analysis based on the following
onsiderations.
Most authors who have proposed mechanisms for collision-induced scattering conclude
hat the high frequency profile is described by an expression

I(w) = flw)exp (— w/wo) €))

In the original model of Levine and Birnbaum, f{w) is approximated by w'?; the
ore general function L=/ )shows clearly that the power of w is a function of the
nduction process. Gersten'’ has emphasized that the exponential factor in Eqn. (3) is
odel independent (although the value of wp is not). The accurate determination of
f{w) 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{w) directly from the observed spectra, we
ave assumed that the high frequency profile can be represented by

I(w) « w? exp (— w/wy) 4

here both g and w, were taken as variable parameters and made a least squares fit to the
pectra. The results given in Table 1 are averages over several spectra. The errors quoted
epresent a 99% confidence interval. For C¢Hy,, the fits in the range 40 em™ to 120cm™!
hre the more significant as they are over a region sufficiently removed from the laser line
o be free of contributions due to the permanent anisotropy of the molecule. The
‘effective m’ is determined by setting

=@M =17

2 js x? divided by the number of degrees of freedom.

DISCUSSION

The most striking result in Table 1 is the fact that for both liquids, the values of ¢
hnd wo depend on the frequency region over which the fit is made. For C¢Hi, the result
n 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 orwe = 11.9 cm™.

The failure of Eqn. (1) to hold over the entire tail with one set of values for ¢ and
wp indicates that more than one type of interaction is operative in the scattering. For
C¢H,, short-range effects seem to be important with frame distortion especially
dominant beyond 40 cm™ . The theory of Bucaro and Litovitz holds well in this case:
basically a single:short-range interaction. For CCl,, both short- and long-range
interactions contribute. Here the theory of Bucaro and Litovitz is not entirely applicable
as their calculations of wg 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 extrapolatior
of the gas results using a quadratic dependence on density; however it should not necessaj
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 wo found for 40 < w < 100 corresponds to a time of 2.8 X 10735 which is o
the order of magnitude of the time between collisions in a cell model 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 Eqn. (6).

Range
(em™)
16 - 100 0.50 £0.03

30~ 80 0.76 £ 0.07
40 - 100 0.76 £ 0.07

B

a

oo
— e
+
—o o
B B b
NS

WWOoO—

16 ~ 100 0.37

30> 80 0.56 £0.20
40— 100 1.04 £0.16
40~ 120 0.99 £0.12

W= N A O Wn O
H =+
O
0ot W

Woah i
3

Further analysis
The expression developed by Shin'®

T(w)=w? exp (—waw + Cw®?)

was also fitted to the data with 4 fixed for m = 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 C'is uncertain, the expected value (0.76) is bracketed. With C4H,,, B and 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 using Eqn. (4).

This result leads to the conclusion that frame distortion is important for CCls in
the far tail. Since Eqn. (6) is a more exact formulation within the binary collision model
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han is Eqn. (1), it is more sensitive to the assumptions made. The neglect of the angular
Hependence of intermolecular forces in determining the cotllision trajectory may account
for the discrepancy in the case of the non-spherical molecule CsHya.

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

Hescribe the observed spectra, the parameters required are not always in agreement with
alculations and conflicting conclusions concerning the interaction arise. The question of
he line shape in collision-induced scattering is still a problem.
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We have observed the collision-induced scattering from compressed CF, up to 70 atm and from
CF,-He mixtures at concentrations of 27%, 47%, and 48% CF,, up to a total pressure of 155 atm. To
describe the intensity distribution for pure CF,, a single exponential function, I = C exp(—w/w,), was
fitted in the frequency range 5-20 cm™!; the density dependence of w, follows the scaling law derived
by Fleury for rare-gas spectra. An expression involving the sum of two exponentials was fitted over a
broader frequency range 5-45 cm~'. It is argued that the expected intensity due to the second-order
dipole-induced dipole interaction or to octupole effects is too small to account for the high-frequency
tail. The shape of this tail indicates that it may arise from close encounters in which the collision time
is determined principally by the intermolecular potential. The values of w; determined from the spectra
of the mixtures do not differ significantly from those obtained from pure CF,. As the total pressure of
the mixtures was varied, there were no sudden changes in the scattering analogous to the sharp increase
of dielectric loss observed in the microwave absorption spectra and associated with the formation of

dimers. In summary, the characteristics of the scattering élosely resemble that from the rare gases.

INTRODUCTION

Collision-induced light scattering is essentially
a translational Raman effect; the relative kinetic
energy of a number of interacting molecules is
altered in the scattering process. The scattering
is due to a time-dependent polarizability Aa ) in-
duced in a cluster of interacting molecules.!~3
The intensity distribution is then given by the
Fourier transform of Aoz(t),/

2

Iw)c<

f Ac(t)et“tdt

(1)

Such scattering is usually observed as a broad,
depolarized tail on the sharp, polarized Rayleigh
line.* However, there have been recent reports of
its occurrence in association with Raman vibra-
tional bands.?® '

Since the effect exists solely because of colli-
sions, its study, in principle, may yield informa-
tion on intermolecular forces and molecular dy-
namics in dense media. The difficulty resides in
separating the contribution in the observed scat-
tering of the induced or cluster polarizability
from that of the intermolecular potential governing
the dynamics of the encounter.

Much activity has centered on the scattering
from rare-gas systems.'»3%%8 The reason is
simply that a free rare-gas atom has an isotropic
polarizability, and consequently the scattering
spectrum should be completely polarized; observed
depolarized components are then entirely attrib-
utable to collision effects. Extensive studies,
particularly by Fleury and his co-workers,”® have
been made of the gas,; liquid, and solid phases of
argon, xenon, and neon.

u

Two interaction mechanisms have been proposed
to account for the induced polarizability. One is
the dipole—induced-dipole (DID) interaction.!»9:°
The external light field induces an electric dipole
moment in the sample atoms. In turn, theése in-
duced dipoles interact with each other, yielding an
effective pair polarizability which, to first order,
is completely anisotropic and varies as »~%, where
7 is the interatomic distance. The second mecha-
nism is shorter in range and is caused by the over-
lapping of electron charge distributions during
close collisions (EO).2 In the case for helium,
several calculations have been made of the depen-
dence of the induced polarizability on interatomic
distance using Hartree-Fock methods.!!+12

Studies of the scattering from molecular systems
have been concerned principally with the liquid
phase.'®=** In addition to the DID and EO mecha-
nisms, a third is also possible. The internal de-
grees of freedom of the molecule can be important
because a frame distortion of the molecules during

. collision can also give rise to an induced polariza-

bility. Some progress had apparently been made
when it was suggested®®:!® that the scattering from
liquids could be accounted for by an isolated bi-
nary-collision model. The observed tail of the
line profile could then be described by a compact
mathematical expression in which the roles of the
cluster polarizability and the intermolecular po-
tential were clearly delineated. However, it has
now been emphasized by experiment'® and by com-
puter calculations in molecular dynamics®” that
such a model does not satisfactorily reproduce
the observed profile. , -

We have begun a study of collision-induced scat-
tering from gaseous molecular systems in a re-
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gime where a binary-collision model-is more ap-
propriate. In this paper, we report on the scat-
tering from compressed CF,, over a pressure
range from 10 to 70 atm, and from CF,-He mixtures
at total pressures up to 155 atm.

CF, is a nonpolar spherical-top molecule of
tetrahedral symmetry possessing an isotropic po-
larizability; it.is a gas at room temperature and
pressure. It has a collision-induced far-infrared
absorption spectrum which is attributable to in-
duction by the molecular octupole field.'® In ad-
dition, in mixtures with helium, its microwave
absorption spectrum displays an unusual behavior
which has been associated with the formation of
dimers.!® Comparisons between the scattering,
far-infrared, and microwave spectra will be use-
ful in the analysis of the results.

EXPERIMENTAL METHOD

The apparatus used is typical of laser Raman
studies. Linearly polarized light at 4880 A from
an argon-ion laser is focused by a lens {focal
length 30 cm) on the sample contained within a -
stainless-steel pressure cell. The cell has three
windows of fused silica and is capable of maintain-
ing pressures up to 750 atm. A system of:-dia--
phragms and blackened cell walls serve to reduce
stray light within the cell. The light scattered at
90° is collected by an f/11 system and focused on
the entrance slit of a scanning double monochrom-
ator whose spectral slit width was 2 cm™!. Photon-~
counting detection techniques are employed using
a cooled RCA €31034 photomultiplier (PM) tube.
With the diseriminator levels set for an optimum
signal-to-noise ratio at low light intensities, the
dark count is 2-3 counts/sec. The output of the
PM tube is stored in a multichannel analyzer whose
channel advance is controlled by the stepping drive
of the monochromator gratings. A half-wave plate
and prism polarizer in the laser beam and a-po-
larizer in the collection arm permit observations
in several polarization geometries.

The CF, gas, purchased from the Matheson Com-
pany, Inc., had a purity of 99.7%. In order to re-
move a troublesome air impurity, the CF, sample
was first frozen (the melting point is 89 K) at -
liquid -nitrogen temperatures in another pressure
vessel which also served as a thermal compres-
gor. As the sample was allowed to warm up to
‘the boiling point (145 K), the oxygen and nitrogen
impurities were pumped off. The degree of puri-
fication-was determined by monitoring the rotation-

~al Raman scattering due to air. The helium used
in the mixture was Matheson ultrahigh purity grade
99.999%). ‘

Experiments were performed at 295 K. To re-

main within a pressure range where binary colli~

sions predominate, the maximum pressure for the
pure CF, observations was limited to 70 atm.. The
CF,-He mixtures studied corresponded to 27%,
4%, and 48% CF, by density, with a maximum
total pressure of 1565 atm. The frequency range
0-75 cm™! was scanned in all cases, although, at
low pressures, the signal had fallen into the noise
well before 75 cm™. _

Amagat densities were calculated using the

' P-V-T data of MacCormack and Schneider®® for

CF, and Michels and Wouters® for He. Extrapola-
tion of the CF, data for pressures above 50 atm
was necessary. The partial densities of the com-
ponents of the mixtures were determined following
the method of Stephenson®? and Cho.®

ANALYSIS OF RESULTS

Pure CF,

Figure 1 shows the observed spectra for three
densities plotted on a logarithmic intensity scale.
Their general appearance is similar to spectra
from the rare gases. At low density, the intensity
falls off in a fashion closely exponential from the
exciting frequency. As the density increases, a
second slope is discernible at higher frequencies.
At the highest densities studied, the identification
of two distinct slopes becomes impossible, since
the intensity profile curves over the entire fre-
quency range. For gaseous argon, however, the
second slope does not appear until densities of the
order of the triple-point density are reached.
Here, all the spectra have been taken under con-
ditions well below the triple-point density for CF,.

1000
Y “ I__ . Pure CR -
LN,
LY
N
SN
- “ "'-\
100 | w, S,
E "\ \\\ %,
‘E % Y.
§ ", My
< R A
o I8R5 3TAVE,, 5TA
g %, LT
2 '.ﬁu.. ..:\.
o ofe
vy
‘:-
| ] 1 ! i
0 o 20 30 40

Frequency (cmi') .

FIG. 1. Collision~induced scattering from pure CF,
at three densities at 295 K. The vertical bars represent
the spectral slit width of 2 em™!,
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Because of this evolution in the shape of the spec-

-trum, -we have chosen to analyze the data in two
ways: (i) by considering first a single slope and
(ii) by treating two simultaneously.

Low frequencies—single ekponential

Fleury and his co-workers have studied the col-
lision-~induced scattering from the rare gases
(argon, neon, xenon, and krypton) over a wide
range of density and temperature covering the gas,
liquid, and solid phases. Assuming an exponential
representation for the spectra,

I{w)=Ce~¥/ “, @)

they determine w, directly from the slope of their
spectra and find that it can be represented in all
cases by an expression '

coeli) " (2) 1. (222),

where M. is the mass, p is the density, and ¢ and
€ are the parameters in the Lennard-Jones poten-
tial. A and B are adjustable parameters, which
-they found to be 3.0+0.1 and 2.0+ 0.1, respective-
ly. For gases above the triple-point density and
for solids, the relevant slope is that at high fre-
quency. In determining that Eq. (3) holds for sev-
eral different atomic systems, they have extended
the corresponding-states principle to high-fre~

" quency dynamics. The corresponding-states prin-
ciple usually asserts that the thermodynamic and
transport coefficients, for systems with the same
form of the intermolecular potential, scale di-
rectly with the parameters of that potential.

To analyze our data in a similar manner, we
have fitted our spectra by an expression of the
form of Eq. (2) in the frequency range 5-20 cm™!
using nonlinear least-squares techniques. C.and

’ w, were taken as adjustable. The starting point of
5 cm~! was chosen as it is sufficiently removed
from the laser frequency to make errors due to
stray light small. The upper limit at 20 cm™! is
necessary because, as will be discussed in the
following section, for the higher-density spectra,
the second slope becomes important at about 20
cm~'. In Fig. 2, w, is plotted versus density for
43 different spectra. The error bars, shown at
low and high densities, represent the estimated
uncertainty in the determination of w, by the fitting
method. There is no significant difference between
the values obtained for spectra taken with various
polarization geometries. -

For CF,; Eq. (3) predicts that

wo=5.65[1 +(3.14x1075)p?] em~1, @)

where p is expressed gn amagat units, and €¢/%
=152.5.K and 0=4.70 A have been substituted.

When an expression of the form of Eq. (3) is fitted
to the data in Fig. 2,

wo=(4.92+0.03){1 +[(3.24 £0.26)x107%] p? cm™?
®)

is found, which corresponds to 4 =2.6210.02 and
B=2.03+0.05. While these coefficients are in good
agreement with the scaling law Eq. (3), the esti-
mated standard deviation of the fit is 0.15 cm™?,
with discrepancies apparent, particularly at low
density. Fitting a polynomial linear in density
gives

wo=(4.63+0.04)f1+[(3.32£0.20)x107] p} cm™?
(6)

with a lower estimated standard deviation of 0.11
cm~!. Thus over the restricted density range of
this study, a linear dependence of w, on p. gives a
slightly better description of the data than does a
quadratic expression.

Nevertheless, from the good agreement between
Eq. (4) and Eq. (5), it may be concluded that the
extended corresponding-states principle links the
rare gases and CF, and that the Lennard-Jones po-
tential is a good approximation to the true inter-
molecular potential for CF, for describing the dy-~
namics effective in collision~induced scattering.
Based upon their compressibility data, MacCor-
mack and Schneider?® also concluded that the Len-
nard-Jones potential is adequate in the case of

6.0
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........ Quadratic
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Density ( Amagat Units)
FIG. 2. Variation of wy-with density for pure CF, in

the range 5-20 em~!, The dashed line represents Eq.
(5) and the heavy line Eq. (6).
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*CF,. Thus the intermolecular force field may be
considered as central rather than localized in the
outer fluorine atoms as has been suggested for the
larger tetrachloride molecules, such as CCl,.*

For the rare gases at low frequency and low den-
sity, it is thought that an important, but not the

_sole, mechanism responsible for the scatter-

“ing!+32% ig the DID interaction. The agreement
between the predictions of Eq. (3), derived for
rare-gas spectra,‘ and the present analysis indi-
cates that, for CF, as well, the DID interaction
predominates at low density.

High frequencies—double exponéntial

Since a second slope appears at high frequencies
as the density increases, an expression which is
the sum of two exponentials,

Iw)=Fe-“/“ +Ge~¥/%, - )

was also fitted to the spectra, over the range 5-45
cm™!. The quality of the fits as judged from re-
duced ¥® are excellent. Figure 3 shows the varia-
tion of w, and w, with density for spectra taken in
the VH polarization geometry.?5* While w, increases
steadily, w, increases sharply from 30 to 50
amagat and then levels off at about 10.5 cm™. The
specific values of w, and w, do depend upon the
range chosen but their behavior with density does
not change greatly. For example, the limiting val-
ue of w, reaches 14.5 cm™" when fits out to 70 cm™*
are made. Such a wide range is possible only for
the highest densities. Consequently, 5-45 em™t
has been selected in order to investigate changes
in the profile over a reasonable density interval.

If the exponentials are extrapolated to zero fre-
quency and integrated from zero fo infinity, then
the contribution of each to the total integrated in-
tensity is obtained. The ratio of the intensities
I,/T, is plotted in Fig. 3. Its magnitude is about
2.5 and decreases slightly as the density increases,
demonstrating that the second exponential is be-
coming more important.

It should be noted that when the spectra are fitted
by two exponentials simultaneously, the higher-
frequency component is sufficiently intense to re-
duce the characteristic frequency of the lower-fre
quency component by about 1 cm™! from that ob-
tained in the previous analysis using a single ex-
ponential only at low frequencies. The intensities
of the two exponentials become equal in the region
15-20 cm™1.

It is instructive to speculate on the origin of the
second exponential. The factor (1/2wc)(4/0)

x (T/M)” in Eq. (3) is the average velocity di-
vided by an effective range 6/A. Hence, in the
binary-collision model, (w,)~! is the duration time
of the collision. Since w, is greater than w,, the

/L

- o

o o w
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5| |

L1 4 1 111
20 40 60 80 100
Density (Amagat Units)

FIG. 3. Variation of wy, wy, and I;/I, with density for
pure CFy [Eq. (D]. L/I, is the ratio of the integrated in-
tensities of the two exponentials, Fw;/Gws.

interaction giving rise to w, must be of shorter
duration than that producing w,. Several possibili~
ties come to mind. '

(i) Second-ovder dipole~induced dipole. The
first-order dipole—induced-dipole interaction pro-
duces a pair polarizability given by

Aalr)=6a/7%, | 8)

where @ is the polarizability of the free atom or
molecule. Classically,® the next higher term is
6a3/r5. The ratio of intensity due to first-order
DID to that due to second-order:DID can be esti-
mated as i

DID1 _¢® H?"®

Dbz~ o? w1040 @
where
H,I‘Z-S/O'"OCJ7—"e—v(r)/deT, (10)

and Vi) is the Lennard-Jones potential. The H’s
involve the averaging of the intermolecular dis-
tance over the pair distribution function and have
been tabulated by Buckingbam and Pople.?® The
ratio 1640 is much larger than the experimentally
determined 2.5, and second~order DID scattering
can thus be neglected.
(ii) Octupole effects. CF, has a far-infrared

spectrum arising from the rapidly varying dipole
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moment induced during molecular collisions.!®
Because of the reasonable values of the electric
octupole moment determined from this aborption
intensity, the occurrence of the spectrum is at-
tributed to induction by the octupolar fields of the
colliding molecules. The octupole moment is the
first nonzero multipole moment of CF,.

Bucaro and Litovitz'®:'® gtudied the collision~
induced scattering from liquid CCL, and compared
it to the corresponding microwave and far-infra-
red absorption data of Garg etaql.*” In particular,
they found a strong resemblance between the
shapes of the absorption and the scattering pro-
files and concluded that the time dependence of the
induced dipole moment producing the absorption
spectrum is similar to the time dependence of the
induced polarizability responsible for the scatter-
ing. They had determined previously that the col-
lision-induced scattering from liquid CCl, was due
primarily to very close encounters.

Unfortunately, such a direct comparison is not
possible in the present situation. There is no
reason to expect that the dipole moment and the
polarizability, induced through octupole interac-
tions, should vary similarly with time. We note,
however, in passing that the far-infrared absorp-
tion profile for compressed CF, as determined by
Rosenberg and Birnbaum'® falls off more slowly
at high frequency than does the scattering, the ef-
fective w, being 27 and 11-14 cm™Y, respectively.

A theory describing the scattermg by a pair po-
larizability induced through octupolar field effects
has not been formulated. Rough calculations,
based on the model of Buckingham and Stephen,*
indicate that the intensity due to DID scattering
would be several orders of magnitude larger than
that from octupolar effects. Thus, from intensity
considerations, the high-frequency scattering can
not be explained by octupolar induction.

(¢it) . Close encounters. Bucaro and Litovitz!?® in
their treatment of collision-induced scattering
from liquids developed an isolated binary-collision
model in which they considered the phenomenon
to be entirely due to close encounters; the induc-
tion mechanisms are. electron overlap and frame
distortion.. They calculated a collision time using
a method due to Nikitin?® and assumed a zero im-
pact parameter and a Lennard-Jones potential.
This collision time is determined solely by the dy-
namics and is independent of the nature of the in-
teraction inducing Aa. The characteristic fre-
quency w, is then found to be

(wy)t = 2r°co L) e 1- 2arctam(2 >1/2] cm
Yo 6 \2T ET g

(11)
giving w,=10.3 cm™ for CF,. Equation (11) is an

approximation to an integral, performing an av-
erage over all velocities. Numerical integration
yields a value about 15% higher. The agreement
with our w, is rather satisfactory.

A conclusion that the shape of the high frequency
should be determined principally by the intermo-
lecular potential would agree with the analytical
calculations of Gersten®® on compressed argon and
with the computer experiments of Alder efql.?° on
argon, xenon, and neon systems. Both of these
investigations used the DID interaction as the in-
duction mechanism, thus allowing the conclusion
that it is not necessary to introduce an additional
interaction to account for the change of shape in the
high~-frequency tail.

CF 4 -He mixtures

Typical spectra for the CF,-Hé mixtures are
presented in Fig. 4. The scattering was generally
weak and varied with the square of the partial
density of CF,; only the spectra at the highest
pressures showed anything other than a simple
exponential tail.

Accordingly, the data were fitted to a single ex-
ponential Eq. (2) over the frequency range 5~20
em™. The values of w, are shown in Fig. 5, to-
gether with the quadratic and linear functions, Eq.
(5) and Eq. (6), previously fitted to the pure CF,
spectra. The w, for the mixture spectra do not
differ significantly from these curves appllcable
to the pure gas.

Mathur et ql.'® studied the nonresonant micro-
wave absorption of CF,-He compressed gas mix-
tures at 1648 MHz and found an unusual behavior.

1000 N
He ~CF, mixture
(25 % CFg)
100
g
10 +—
N ‘ ..‘ . .. . -
0 20 .. 40

Frequency ( cm’)

FIG. 4. Collision-induced scattering from a CF,~He
mixture (27% CF,). The densities 30 and 10 amagat refer
to the partial density of CF,.
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| Cﬁ"He . «4T%CFa
55 - 5"'20 cm .487:1(:"_4

w, (cm™)

—Linear
..... -Quadratic

a5 | I
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Partial Density CF, (Amagat Units)

FIG. 5. Variation of wy with partial density of CFy in
the range 5—20 cm™! for CFy~He mixtures of 27%, 47%,
and 48% CF,. The dashed and heavy lines represent Eq.
(5) and Eq. (6), respectively, which apply to pure CF,.

They observed a sudden onset of extreme dielec-
tric loss at a total pressure of 33 .atm for a 30.7%
CF, mixture by volume and at a total pressure of
'18.5 atm for a 55.5% mixture (Fig. 6). No such
10ss occurred in a 20% mixture (up to 33 atm). A
phase change is not taking place as all pressures
are below the critical pressure of CF,. P-V-T
measurements on pure CF, do not suggest any
strong intermolecular interactions to explain this
behavior.2® They speculate that the effect is due
to the formation of dimers of CF,.

There is no indication from the collision-induced
scattering to corroborate such an hypothesis.
Neither the line shape (out to 20 cm™) or the in-
tensity display any precipitous change. Our ob-
servations have been made at similar concentra-
tions and over a wider range-of total pressures.
Stable dimers might add features to the spectra
at Jow frequencies, and it is possible that the slit
widths used in the present work are too broad to
permit observation of them.

There is no evidence from the intehsity or the
line shape that CF,-He collisions are effective in
producing collision-induced scattering. Because
of the small polarizability of He (2.02x107% e¢m?
as compared to 1.63x10~2% ¢m?® for -argon and
3.86x10°%* ¢cm? for CF,), the DID interaction for
He-He and CF,-He will be very weak. However,
it would be interesting to perform experiments
under conditions in which the number of CF,~He
collisions per time interval is still higher than in

20 30.7%Ch,

i !

04

i |'og F:>T ]
0 04 0.8 l.2 1.6

FIG. 6. Loss tangent at 1648 MHz divided by the partial
pressure of CF, as-a function of total pressure for a
30.7% mixture of CFy in He.

the present study, in order to determine whether
overlap-type encounters between He and CF, can
give rise to a broad tail on the profile. It would
be broad, since the low reduced mass of the colli-
sion partners will result in a short collision time.

SUMMARY

At low frequency, the slopes of the pure CF,
spectra closely follow the scaling law developed
by Fleury for rare-gas spectra. Thus scattering
is chiefly due to the dipole~induced-dipole mecha~-
nism. When a wider frequency range is consid-
ered, a high-frequency tail develops with a slope
smaller than that at low frequency. Intensity con-
siderations rule out the possibility that it arises
from second-order dipole—induced~dipole or '
octupolar effects. The magnitude of its character-
istic frequency is consistent with that expected for
very close collisions, where the effective colli-
sion time is determined solely by the intermolec-
ular potential and is independent of the details of
the nature of the induction mechanism. The role
of CF,~He encounters is insignificant to the scat-
tering for the conditions of conceniration and pres-
sure studied. There were no sudden changes in
intensity or line shape analogous to those observed
in the microwave absorption spectrum of CF,-He
mixtures and associated with dimer formation.

In summary, the collision-induced scattering
due to CF, at densities up to 70 amagat resembles
closely the scattering from atomic rare-gas sys-
tems. No features attributable to the internal de-
grees of freedom of CF, were observed. '
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The method of moments is used to determine a functional form of the induced polarizability incre-
ment 3, which gives rise to collision-induced light scattering from compressed CF,. Based upon the
zeroth and second moments, two expressions are found to be acceptable: 8(x) = 6a2c(x ~° —
2.85x ~*%) and B(x) = 6a’c~3(x ~* + 0.757x ~®Y), where x = r/c. Both expressions result in
calculated fourth moments consistent with the experimental estimate.- This is the first experimental
evidence in which a positive non-dipole-induced-dipole term is shown to be a possibility. In other
respects, however, the results are similar to those obtained from rare-gas spectra.

I. INTRODUCTION

-Light scattering, arising through the polariza-
bility induced in a cluster of interacting molecules,
may provide detailed information on molecular mo-
tion in dense media.'~* The primary impediment
to progress concerns the intermolecular potential
and the induction mechanism, which determine the
collision dynamics and the nature of the induced
polarizability, respectively. Their roles in the
scattering process must be clearly specified before
reliable interpretation of the spectra can be made.

In a recent paper,* we reported the collision-in-
duced Rayleigh scattering from compressed gase-
ous CF, and CF, -He mixtures. The spectra were
dlscussed in terms of emp1r1ca1 models for the line
profile, namely, sums of functions exponent1a1 in
frequency. The principal conclusions were (i) that
the profile at low frequencies (5—-20 em™!) evolves
with density according to the scaling law found ap-
propriate for rare-gas spectra,’:® and (ii) that the

" tail at high frequencies (>20 cm™), which is prom-
inent at densities higher than 50 amagat, 'is due

to close binary collisions. In an effort to derive

more details on the form of the induced polariza-
bility, the spectra have now been analyzed by the
method of moments. The results of this analysis
are the subject of the present paper.

il. THE METHOD OF MOMENTS

Collision-induced scattering has been treated
previously through moment analysis by Lallemand’
and Levine.®® A functional form for the induced
pair polarizability is assumed and its characteris-
tic parameters are determined from the moments
of the experimental spectra.

Suppose ¢®™ is the (2r)th moment of the frequen-
cy distribution of the scattered intensity I (w)
ie.,

@ e (1) [ () do. ey

1t is straightforward™® to calculate ¢") in terms
of B(r), the induced-pair-polarizability anisotropy,
which is a function of the intermolecular distance
7:

4=t [ eervgerrar, @)

e (8 o

oL [ T3] o) 202 S (2 o
_%Z;fow[@_f%")'(zgzﬁég_f-i_‘j) 8l (v)r%hw%f (ij:)g(r ZdT}. ()

4 is the reduced mass of two colliding molecules
and g(r) is the radial distribution function,

g(y):e‘v("')/kr’ ) . (5)

where V(r) is the intermolecular pair potential.

11

r

Levine and Birnbaum® considered a pair polarlza-
bility function,

Br) =(6%/7°)+(B/r"), (6)

which may be written in dimensionless form,
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Blx) =60 *[x+ ()" ], M

where x=7/0 and y=Ba 20°*. « is the molecular
polarizability and o is the molecular diameter; p
and y (or B) are the parameters to be determined.
B(x) is thus represented as-the sum of a long-range
dipole-induced—dipole term,' 6a?/¥%, and another
contribution B/»* thought to be of much shorter
range. Using the Lennard-Jones 12-6 potential
for V(»), they found that, for argon, two sets of
values of p and £y gave satisfactory solutions to (2)
and (3), the left-hand sides of which are experi-
mentally determined through Eq. (1). These solu-
tions are (i) p~6 and £y ~~ 0.25 and (ii) p~10 and
Ly~-0.40. They considered the smaller value

of p to be physically unrealistic for a short-range
interaction and rejected it. Similar results were
obtained for krypton and xenon, - except that the
smaller p was about 3.5. In all cases, y is less
than zero, giving credence to the contention that
short-range interactions lower the induced aniso-
tropy from the contribution due to the dipole-in-
duced—dipole mechanism alone, at least over the
range of » sampled in the experiments.

Lallemand’ has made a much more extensive
analysis for argon. He considered several poten-
tials—Kihara, Barker-Pompe, and Dymond-Alder—
in addition to the Lennard-Jones 16-6. Also, he
treated both (+y)x~ and Ae~*? as possible forms
for the second term in the expression for (7).
Again for the Lennard-Jones and x~* cases, with
p and y determined from the zeroth and second
moments, two solutions were acceptable: (i) p
=4.15 and £y=-0.23 and (ii) p =10.75 and &y
=-0.51. However, only the firsf set gave reason-
able values for the fourth and sixth moments.
Thus only the first set was retained; the second
shorter-range solution was rejected. Calculations
with the other potentials and trial polarizability
functions yielded similar conclusions. In contra-
diction to the reasoning adopted by Levine and
Birnbaum, the shorter-range solution was always
discarded in favor of a long-range term.

Three aspects to the CF, data suggest that a mo-
ment analysis would yield a form for p(r) differing
from the rare-gas cases. First, a high-frequency
tail of significantly different slope from the low-
frequency profile appears above 50 amagat inthe case
of CF, (Fig. 1). Thisbreak inthe profile occursat
about & of the triple-point density, in contrast to
argon, where a similar break is observed at about
the triple-point density.® Moreover, for CF,, the

 slope of this tail remains constant in the range
50-100 amagat (the highest density studied), in-
dicating that it arises from binary encounters.
Second, in the case of molecules, frame distortion
may contribute to the induced anisotropy. It has

been proposed® that this interaction would give a
term in B(») varying as » ~'*, somewhat shorter in
range than the » ~® expected from electron overlap
interactions between rare-gas atoms.'®** Third,
the Kerr-effect measurements suggest a difference
in the magnitude of B{r) between CF, and the rare
gases (Table I). For the rare gases, the experi-
mental values of the second virial Kerr coefficient
B, are all less than the calculated values; for CF,,
the experimental value is greater. The calculated

values have been obtained from the relation?.!3

8N

Be=105%T J,

(B fgtry®ar, (8)
where N, is Avogadro’s number. Here Blr) con-
sists only of the dipole-induced~dipole term
6a?/#® and the Lennard-Jones potential appears

in g(r).

IIl. ANALYSIS

The éxperimental and theoretical zeroth and
second moments were found following the method
of Levine and Birnbaum.? Spectra taken in the
density range 50-100 amagat were considered.
The intensity was extrapolated to zero frequency
from 5 cm™! by fitting an empirical line-shape
function consisting of the sum of the two éxponeh—
tials.* -Irwin and May'® have shown that such an
extrapolation does not introduce gross errors in
the ‘case’ of argon. The moments were then deter-
mined by calculating [1(w)dw and [ w?I{w)dw.
Since relative rather than absolute measurements
are in fact made, the experimental moments must

1000 | ~
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FIG. 1. Collision-induced light scattering from pure

CF, at 18 (a), 37 (b), and 57 amagat (c) at 295 K. The

vertical bars represent the spectral slit width of 2 em™.
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first be normalized in some manner. A direct
method utilizes measured values of the second
virial Kerr coefficient B, through Egs. (2) and (8).
This Kerr coefficient determined by Buckingham
and Orr'® was used. The average values obtained
for ¢ and -¢(®/¢® are presented in Table I
together with the results for rare gases.® As one
might suspect from the polarizabilities and masses
alone, the moments of CF, fall between those for
krypton and xenon.

Next, the unspecified parameters in the polariza-
bility function (7) were determined. Equations (2)
and (3) are quadratic in the unknown y, when p is
specified. The right-hand sides were evaluated
for a large number of values of p. For each p,

(2) and (3) were solved for y. A search was then
made for the values of y which simultaneously
satisfied (2) and (3). For all densities, two sets
of the parameters p, y were acceptable. For the
lower value of b, in the range 3~5, -y was always
less than zero; for the higher value of p, 7-9, y
‘was always greater than zerc. The average values
are (i) p=4.05+0.1 and £y=2.85+0.03 and (ii)
p=8.51£0.2 and £y=0.757+0.02. Therefore two
forms of the polarlzablhty function are possible:

642 2.85 -
ot =S [ -5 R
or
6a® 0.757 -
Blx) == [x‘3 + xaLf’l] (10)

IV. DISCUSSION

The important question is to decide if a distinc-
tion may be made between these two functions.
The obvious test is to verify whether these polar-
izability parameters give reasonable values for
the higher moments. When the right-hand sides
of Eds. (2) and (4) are evaluated with.p =4.05, one
obtains ¢*)/(®)=3.38x 10% sec-t. With p =8.51,
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/() =4.36x10% sec™. This differs from the
result of Lallemand for argon, where the fourth
moment is an order of magnitude larger with the
short-range term (p =10.75) than with the long-
range term (p =4.15). For CF, there seems to be
little possibility of distinguishing experimentally
between the two rather similar values. In order
to estimate the fourth moment from our results,
we elected to work with the function fitted to the
line profile,* rather than to use directly the mea-
sured intensities which are not known precisely
for large frequency shifts. Integrating this sum
of two exponentials from zero to infinity, one finds
¢/ =1.1x10% sec™*; therefore the measured
fourth moment is of the same order as the two
theoretical values. This estimate is a lower bound
on the true value, as the fitted line- -profile ex-
pressmn appears to lie slightly lower than the ob-
served intensities at high frequency. Therefore,
the fact that the experimental estimate is closer
to the calculated value for p =4.05 than that for .
p =8.51 is of littl. significance. The experimental
data are not of sufficient quality to permit the
determination of still higher moments.

Most of the initial work on collision-induced
scattering assumed that 8(r) would contain the
long-range dipole-induced—dipole term together
with a short-range overlap term. Thus, Bucaro
and Litovitz'® were able to propose an isolated
binary-collision model for the scattering from -
liquids. The foundations of the model are that, at
liquid densities, interference effects are expected
to severely reduce the intensity of the scattering
due to the dipole-~induced-dipole interaction and
that, even at such high density, thé probability for
more than two molecules to overlap strongly is
small Under these assumptions, they determined
that a B(r) which varies as »~°, and arises from
electron overlap, is consistent with the scattering
from atomic fluids. For molecular liquids, they
argued that the induced polarizability anisotropy is

TABLE I. Comparison of CF; and rare-gas data.
B, ‘ ‘

(esux 10712 o ek o Mass go)d —0) /gl 2)e

Gas Expt.? Cale.? ()P (K)° (A (amu) (3)9 (10™% sec?)
Ar 4.1+£0.6 5.6 3.41 119.8 1.642 40 30.2+4.4 12.5
Kr 1614 26 3.60 171 2.484 84 93.5+13.9 12.5
" Xe 65+ 22 140 4.10 221 4.045 131 468 + 69 19.8
CF, 37.7+3.6 25.2 4.70 152.5 3.84°¢ 88 270+30 - 17.6

aReferences 12 and 13.

by 0. Hirschfelder, C. F. Curtiss, and R. B. Bird, Molecular Theory of Gases and Liquids

(Wiley, New York, 1954).

a at 6328 A. Experiments on CF, were performed at 4880 A.

Rare—gas results from Ref. 8.
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due mainly to a very-short-range interaction pro-
ducing molecular frame distortion; an »~** depen-
dence of B(r) was compatible with their data. Sub-
sequent investigations'®+'® have shown that within
the IBC model, »™*? is indeed appropriate for some
anisotropic molecules (e.g., CHCl;, CgH;,, CoHs,
but that »~° is more in accord with experiment for
isotropic molecules {e.g., CCl,, 8iCl,, GeCl,,
TeCl,).

The solution of p =8.51 for gaseous CF, would be
in agreement with these findings for liquids, parti-
cularly since the high-frequency tail is thought to
be due to close binary collisions. However, the
assumption regarding the existence of a short-
range overlap term has been put in doubt, not only
by the .;esults of Lallemand on argon, but also by
detailed calculations of pair polarizabilities.
O’Brien ef al.!” have determined the B(r) for He,
using a fully self-consistent Hartree-Fock proce-
dure. They find that 8(») may be represented by a
dipole-induced—dipole term and an exponential in
7. For values of » sampled in these experiments,
the exponential term is negative, reducing the
anisotropy. However, it is not truly of short
range, varying approximately as »~°® in the region
of » =0. While extrapolations to heavier atoms
and polyatomic molecules are impossible, it is no
longer reasonable to reject an 7% term on the basis
that it is physically unrealistic.

Because of the normalization procedure, both
p=4.05 and p =8.51 are consistent with the Kerr-
coefficient measurements. For p =4.05, g(r) is
negative in the important region for »; while for
p=8.51, B(r) is positive. For both values, [8(r)}?
is greater than the dipole-induced—dipole term
alone (Fig. 2).

In summary, despite the somewhat different den-
sity dependence of the CF, spectra and despite the
size of B, relative to the dipole-induced-dipole
contribution, the analysis returns values of p quite
similar to those found for rare gases. The one
difference is the sign of the possible short-range
term; it is positive for CF, but negative for rare
gases. The two sets of values (p, y) give almost
identical fourth moments, making further insight
impossible on the basis of the available data. This

N ) A
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FIG. 2. Plot of [638(x)/6a2? vs x for the dipole-induced
—dipole term %73 alone and for the cases in which the
additional term varies as 4% and x78-%1, Although it
is not noticeable from the above scale, [3(x)1? does differ
slightly between the two cases, p=4.05 and 8.51, in the
range x >x,. X, is 0,962 and is the distance of closest
approach at 295 K.

is the first experimental évidence that the sign of
the additional term in B(») may be positive. While
a detailed calculation of 8() for (CF,), such as
O’Brien et «l'” made for(He), is impractical,
perhaps a less rigorous approach would yield an
indication of the sign of the contribution apart from
the dipole-induced—dipole term. Then the possi-
bilities (9) and (10) could be distinguished.
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The collision-induced 1ight scattering‘Spectrum
of compressed gaseous SFs was studied at 285 K at densities
up to 26.5 Amagat. The analysis involved consideration
of (i) the low frequency profile alone, (ii) the entire

profile beyond 2.5 cm™?

> and (iii) the method of moments.
In most respects, the description of the profile is similar
to the case of CF4; it is well represented by the sum of
two functions exponential in frequehcy.. The induced
poiarfzabi]ity fncrement B(r),‘estimated‘from the moment

analysis, depends essentially on r~°

s where r is the inter-
molecular distance. The point dipole model, hoWever, is

not appropriate for calculating 8(r).




I. INTRODUCTION

Collision-induced 1ight scattering by a medium

of isotropic molecules differs in detail from the cor-

1,2

responding atomic rare-gas case. In general, the

characteristics of the scattering are explained in terms of
a pblarizabiiity increment srinduced in a cluster of
interacting atoms or molecules. sAis a function of. the

intermolecular distance r and its time-dependence is con-

trolled by the 1ntermo]ecu1ar_potential V(r). The'appro-

':priate form of g(r) and V(r) may vary,with}the size and
structure of the cp]]iding>species. He have récent]y,dis-
‘ cussed‘the collision-induced scatfering by'CompresSed.CFu.]’z
In this paper, we shall present a study of SFszand}compare
the results with CFy, and the rare gases.

At sufficieht]y 1ow4density, g(r) and V(r)
can be considered in the binary interaction approximation
For rafe gases, the‘Lennard-Jones potentfal has béen found
adequate to describe the collision dynamics to which the

- scattering is sensitive.3’4

g(r) is assumed to consist
of a long-range dipole-induced-dipole term,s 6a2/r3, plus
a term with another dependence on r. . The contributions to

~ this second term are not cbmpTeteTy understood but it is

often considered to be‘of short-range. The dipole-induced-
dipole term is calculated using point dipoltes. Both the
~point dipole approximation and the Lennard-Jones potential

may become unsuitable as the species studied becomes more




complex. Recent studies of the depo]arization'ratio by

7

Triki et aT.,6 Oksengorn,’ and Watson and RoweH8 have

emphasized this point. _

| The present investigation of the spectral profile
of the scattering from SFg; was undertaken in brder to carry |
further the comparison between the atomic and molecular

cases. Previous reports on the frequency distribution of

9

the scattering by SFe¢ have been}given by'La11emand and

'.Holzer.10’11

I1. EXPERIMENTAL DETAILS

The apparatus, typical of laser Raman spectroscopy

1

studies, has been described elsewhere.' The exciting

radiation was at 4880 R and the spectral slit width of the

| Aspectrometek was 1 cm™'. Spectra reported were taken in

the VH polarization ge'ometr'y..’2
| | The SFs gas, purchased‘from_MatheSOn of Canada,
Ltd., had a stated purity of 99.8%. Since SF¢ liquefies
at about 25 atm at 295 K, the pressure range studied

was limited to 5-20 atm. The corresponding densities,
5-26.5 Amagat, were calculated from the P-VY-T data of

MacCormack and‘Sch-neider.13




I11. ANALYSIS OF RESULTS

At the low density, the spectrum of the collision-

induced scattering by argon is closely exponentia].3

Fig. 1
shows an example of'the SFe spectra obtained, plotted on a

'1ogarithmic intensity scale. The profile is similar to that

of CFy. It is not Tinear, but rather it curves continuously
over the entire frequency range. For densities below 20 Amagat
the integrated intensity varies as p*. At the highest den-

sities, an additional p® dependence becomes important.‘

The analysis of the data follows the procedure

1,2

adopted for CFyq. We consider first the Tow frequency

profile alone, secondly, the entire profile, and finally.

the method of moménts.

Low frequencies - single exponential

3,4

Fleury has developed an empirical expression

to describe the decay constant w_ for the rare gas spectra

)
over an extended density and temperature range. If it is -

assumed that the intensity I(w) may be represented by

I(w) = ce”%/%, | )

' L2 : .
A [kT\* Bo ®p |
%‘m(mcr; .[1 +_(M>_. - (2)

where M is the atomic mass, p is the density and o is the atomic

then

diameter used in the Lennard-Jones potential. A and B are

parameters determined from the experimental data and are found




to be 3.0%0.1 and 2.0%0.1, respectively, forvthe rare gases;‘
‘We have shown previously that eqn. (2) is also applicable
to the CF4 spectra at low densities.)

An expression of the form of egn. (1) is fitted
to the spectra between 2.5 cm~?! and 9 cp-? by a non-Tinear
~Teast squares technique. The upper Timit of 9 cm~?! is
necessary since a model to approximate the entire frequency
~distribution requires wa functions-exponential in frequency.
This is shownvfn the fo]]owing section. The second expo-
néntial‘becomes important at:aboutv9 cm™?t, Below 2 em™?
contributions from the strongvscattering at zéro frequency
 shift introduce error; The value of u  is 3.03%0.14 cm™?,
There is no trend with density apparent. The fits'are
generally poor'wifh a reduced x® of about 1.6 w1th the
better f1ts poss1b1e at the lower densities.

Substitution of the constants for SFs into eqn. (2)
‘shows that this wg cofresponds to A - 2.44i0.11. If B is
taken as 2, then the expected change 1in w, over the
dens1t1es studied is only 5% and is beyond the accuracy of
.the experiments.

Mahan.'4 has assumed an exper1menta1 intensity
d1str1but1on and then has been able to derlve theoretically
the term A = (A/Zﬂc)(kT/qu)2 appearing in eqn. (2), i.e.
woat zero density. For a pure dipé?é-induced-dipo]e form
of 8(r) and a hard sphere potential, A is exactTy equal to
3 in accord w1th F]eury s empirical resu]ts for the rare

15

gases., Barocchi has shown that for a Lennard-Jones




. potential the expression for A becomes (15H8(y)/_H6(y))2 where

Hn(y) is a tabulated function'®

and y = 2(e/kT)%. Table I
presents a comparison between the calculated values of A and
those obtained from experiment. The two possibilities

given for CF, result from the two methods used in ref. 1

~ to extrapolate to zero density. In the case of all three
molecular species, A is less than predicted. The fact that
‘these values of A do not differ greatly from thé_calcu1ations

suggests that the dipole-induced-dipole mechanism is

important to the scattering at low frequencies. The dis-
crepancy could indicate either the unsuitability.of the
potentials cons1dered or the presence of an add1t1ona1

contribution to B(r).

High frequencies - double exponential
Because the intensity profile is definitely not well
described by a single exponential, a function‘consisting'of

the sum of two exponentials,

I(w) - De-—w/uu + Ee-(b/wz’ o . (4)

is fitted between 2.5 cm™'and 27.5 cm™!, The fit is goodb
with a reduced x? of about 1.25. Again better fits are pos-

sible at the lower densities. This procedure q1ves

@1 = 2.4240.13 cm™! and w, = 6.76£0.33 cm~! with wafwy = 2.80%0.17.
If the exponentials are extrapolated to zero frequency, and
integrated, an estimate of their relative contribution to the

total intensity can be obtained. The ratio of their individual

intensities I,/I, is 3.750.43.



“In Ref. 1 it was shdwn_thét, fn fitting of éqn. (4)
to the CFy spectra,w2/w;, is equal to 2.64. Also, I;/I,
decreases slightly as the density increases and has a value
of about 2.7 at 25 Amagat. Therefore, while the first
exponential is more important for SF¢ than for CFy., the
description of the profiles is_neverthe]ess very similar.
Both may be specified by the sum of two exponentials whose
characteristic frequencies are in the same ratio. These
frequencies themselves, w: and wzsscale with (T/Mc?)% between
the two cases. | |

| If the characteristic frequencies are interpreted
as'being inversely probortiona] to the duration of é>c911ision,
then the interaction giving rise to the higher frequency
exponential term must be shofter in range than that responsiblé
for the lower frequency term. In”princip1é,‘there are a
“number of possibi1ities for a short-range interaction
mechanism. However, both the second order dipole-induced
dipole interaction and effects due to the hexadecapole
moment of SFg (fts first non-zero multipole momént) WOuld
yield 1ntensities several orders of magnitude Tess than thét
due to a first order dipole-induced dipole mechanism. Recall
that the estimate of the ratio of fntensities from the experi-
ment is 3.75.
A third possibility is}close collisions. In their

treatment of collision-induced scattering from 1iquids,
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Bucaro and Litovitz used an expression due to Nikitin
to calculate the collision time. <Close collisions are con-

sidered, and the cd1lision time is determined only by fhe




intermolecular potential. It is not sensitive to the

r-dependence of B{r). Then

' 1@ . | 1 )
2 2
()"t = <ZNGC€><é¥;> {} - % arctan <%§> ]cm, (5)

FOY‘ SFG" w

o = 7.45 cm™! in good agreement with w,. vSimiTar
agreement was found between w, and egn. (5).for CFs.
Gersten‘_9 has emphasized that in the case of rare
gases even if B(r) is équal'onTy'to 602/r®, the profile
'is not a simple exponential. The high ffequency tail is
sensitive to the details of the intermolecular potential.
The same would seem to be true for CF, and SF¢ as We]]. For
both molecules, the shape of the high frequency tail fs'
“determined solely by the,potentiéT parameters. This occurs

even though the nature of the induced po1arizabi]ityAdiffersf

in the two cases. This is the subject of the next section.

v Moment Analysis | |

The 2"t" noment ¢(2") of a spectral distribution
is proportional to (-)" f wZn I{w)dw. Since relative,
rather than absolute, intensity measurements have hbeen made)
individual moments can not be determined directly. From‘the
~ SFs spectra, 2080 402) 4o (98.4:6.4) x 10725 sec? and this
ratio decréases s1ight1y as the density fncreases.' AS shown
in Table I, —¢(0)/¢(2) is much larger than in the caée of
CFg, argon or xenon, the heaviest rare éas for which data is

available.




For further analysis the intensity must be normalized.
The second Kerr virial coefficient B ,which is proportional to

the zeroth moment,may be used.z"z0

From the value of B, for
SFe reported by Buckingham and Dunmur,?1 ¢(0) = 2170+290 (ﬁg)
and_is much greater than ¢(0) for the othef species Tisted : R

in Table 1.

20,22 has developed a technique for investi-

Levine
gating collision-induced scattering through the method of

moments. A trial function for g8(r) is'assumed; for example,

_6aZ B | e
8r) =55 bl R | (6)
| Here B/rp represents the effects of all contributions apart .
- from the dipole-induced-dipole mechanism. B and p are
- determined from the zeroth and second moments of the observed
spectrum, through a method described previous]y..z’20

Two solutions to (6) are consistent with the moments

of SFs,

2 |
00 - (S5 53) (7
X , ’

where x = r/g. The coefficient of the second ferm in the

brackets is Ba 20°"P/6 which, following Levine, we shall

designate as (y/6). The parameters used to obtain (7)
and (8) from (6) are21: o = 5.51 R, ¢/k = 200.9 K and
o = 4.470 x 10%* cm3. Both (7) and (8) produce essentially

~ the same (B(x))2.




For CF, at densities above 50 Amégat, b is 4.1 or
8.5 with a corresponding (y/6) of -2.9 or +0.76.2 At
20 Amagat, p is 3.4 or 5.0 with (y/6) equal to -2;6 or +0.6.
A similar analysis for the argon spectrum20 gives p equal to
5.0 or 9.3 with‘(y/G) at -0.29 and ~0.47. Therefore, for
both molecular species, in contrast to the rare gas cases,
one of the possible so]utiohsvhas a positive sign for (y/6).

Despite the nearly r~3 behaviour of B(r) for SFe,
the agreement with the assumed model for the dipole-induced-
dfpo1e interaction is not good. In both (7) and (8), the'net
coefficient appearing in B is almost twice Ga?. The second
Kerr virial coefficient calculated from 6a2/r® is much less
‘than the observed Value, 170 x 10712 e.5.u. compared to |
300 x 10712 e.s.u.2! Because of the norma]ization procedure
it 1s to be expected that 6a2/r?® is not consistent with the
scattering data. HoWever, for CFy énd the rare gases, thi#.
type of disérepancy’can be attounted for by a term in B(r)
which varies more rapidly than r-32. The-present result for
SFe must be taken as evidence for the bfeakdown of the point
dipole_épproximation. Triki6 et al. and Watson and ROwaIg
have also fdund}the point dipole model inappropriate_in‘their
studies on.SFs. Both wefe concerned with the density dependence
of the depolarization ratio; their meaéured iniensities were
~much larger than those calculated. | |
For a Targe molecule like SFg fhe po]arizabf]ity .

distribution within the}molecuIe'may have to be considered.
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Theimer and PauT23 have treated depolarized 1ight Scattering
using a polarizability density function. Triki found good
agreement between his measurements and theory‘with the use

of this model of an extended polarizability. Unfortunately,
the present results can not be used to investigate this effect
further, Oskengorn7 has recently pointed}out that the dis-
crepancy between theory and expériment does not behaVe con-
sistently for depo1ar1zed 1ight scatter1ng and the Kerr Effect,
even in the case of the rare gases. Certa1n1y one d1ff1cu1ty
v1s that B depends on (B(0)B(w))?, that is, on the product

of the induced polarizability anisotropies at frequency 0
ahd:w. The depolarized 1ight scatterfng, however, involves
~(B({w))*. For the rare gases B(0) and B(w) ére nearly
identical; in thé case of the molecular species SFg or CF,
they are significantly different. Consequently, thé norma-
lization procedure adopted in the moment analysis‘must be

considered approximate.

IV. SUMMARY

The collision-induced scattering from SFs'has been
studied at 295 K at densities up'td 26.5 Amagat. The profile be-
»yond 2.5 cm™? 1sdescr1bed in an empirical manner quite s1m11ar
to that found appropriate for CF,. However, the ratio of
the zeroth to second moment, —¢( )/¢(2) is much greater than
for CFy. Through an approximate normalization procedure to

obtain ¢( ) and ¢(2), a functional form of the induced




polarizability anisotropy is obtained which suggests the
breakdown of the point dipole model. 1In order to investigate
this effect further, absolute intensity measurements are

currently underway.
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Fig.

FIGURE CAPTIONS

Collision-induced 1ight scattering spectrum from
SFs at 295 K and at a density of 26 Amagat. Points
are shown only every 0.5 cm™1. The background

ndise has been subtracted.
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