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ABSTRACT

The colllsion ind.uced. Rayleigh wlng ln the d.epolari.zed

light scattering spect:rrn of two molecular gases has been

'::.::.:. studied in order to d.eterrnine the functional fo:m of the
:a.:-:':_::.

palr polarizability anlsotrop¡,þG). Models used. to describe

the induced poilarizabillty are briefly d.iscussed. and then

,,- ,..,.. experinental techniq.ues are d-escribed.. The analysis involves

::;:::'::: consid.eration of (f) tne low frequency proflle alone, (if) trr"

,',',:;,1,,,i:,,,;'.:,1, entire profile, an¿ (iii) the method of moments, Results of

the analysis for C$, and. SF. cast d.oubt on the existence of+ô
short range eont¡lbutions to p(r) and. ind.icate the tneakdown

of the point dipole, Dipole Induced. Dipole rnod-el.
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CHASIER ]"

INTRODUCTION

1.1 History

The spectrun of light seattered frorn a gas of non-lnteracting

optically isotropic rnolecules, with linearly polarized incid-ent

light, is composed of lines and. bands, shifted. in frequency fron

that of the incident light - the Raman spect:rrm - and. a eornpletely

polarized. line at zero frequeney shift - the Rayleigh line (Figrire 1).

In a liquid or dense gas, an add.itional d.epolarized. conponent

at gnalI flrequency shifts is obse:¡¡ed., which appears as a broad.

wing on the sharp Rayleigh ]ine.(Figure 2), Initially, observations

ofthed-eop1arizationratioofthescattered.1ight*"""'"d-",1-3

and later the spectral profile was studied "" *"11, L14 lhe frequency

shifted scattering has been ascribed- to the anisotropy induced. ln

the nolecular polarizability during inte::noÌeeular collisions.

Hence, the effect is ca11ed. Collision Ind.uced tight Scattering.

Since the scatterlng is d.ue entirely to inte¡molecular collisions,

in principle, the study of this seattering is a powerful method. for

obtaining inforrnation on nolecular interactions and. d.ynarnics ln a

liquid. or d.ense gas,

a1 d.istribution .zed light is given þThe spectral d.istribution of this d.epolarì

the For:rier transfor¡n of the anisotropic part of the ti:ne va.:rying

polar5.zability p(L):

r(c¡) o lI p(t) exp(ioul at I ll-
The polarizability of a group of nolecules d.epends on their

relative positions and. orientations, sj-nce each nolecule is d.istorted. by

1 
iÌ1Ìi1-;



oo

RE LATIV E INTENSITY

oo¡ õå

or
oo

õ_

Royloigh Line

e
C'
3

I

tt^ Víbrollon Bond ot 43+.5 cm-l¿ showing OrQ ond S Brqnches

u4 Vibrolion Bord ot 631.2 cm-¡

ooo

Hot Bond at 869 cm-t
,l Symme?rlc Vlbrotlon Lino ol 908.4 cm-l

,A Vlbrotion Bond ot 1265 cm-r

c) tt
+rTl ãiÐcÞ7
=mÞz-
6!
m
c)
{7c3



--"-'- f'l 
"': 

::.:.::
¡lil
't;trl

f,.
I : . -',. .:.-
I ....,.,

i....!,'
i;.".,,:.'
I i'. .'-:. .: :

í':; 
;..1

i

I

!

I
I

i
I
Ilitl
1l
I

'1Ìr
¡1

b
3nz
!¡J
l-
27.- lo-
lr¡

þ
J
¡¡J
G

I

¡ol

'.1
'i

..ir

. il-t
,I
it

I

I

I
.i

,.1,l

o 30
ø(cm-f)

t05

oro
a

a

a

aa

a
e

-{ F
FIGURE 2
COLLISION INDUCED SPECTRUM
oF cF4 AT 90 AMAGAT

SPECTRAL SLIT WIDTH
c

a
a
a
a
a
a
aa

a
to

aa
a

t
a. ,t

a

tL.....

.j'.t t .
at aaaata a'

a aaa 'a 
_ o^a t¡-

aa- !'oo a
jt.tn .t

aa 
taa 

'
a

- aa

to 20 40 50 60



::--::!:.,:.:4.:4,t1,::4.: 4,..: 1,:t : : i - :.: 1ì
l' .r- .

4l

interactions wlth its neighbouls. lhe difference between the

polarlzability of a collection of non-interacting nolecules and.

that of the nolecules when each is distorted. by its neighbours is
the collision induced- polarizabllity of the cluster. Its time

dependenee arises from the change of this distortion with changes

of the intennolecular positions. The time evolution of the inter-

¡rolecular coord.inates d.epend.s, however, on the intezrnolecular

potential. Thus, both the cluster polarizability coupling the

j-ncid.ent light to the ¡nolecules and the nany-body potential

governing the d.ynanics of the encounters enter the problem,

scattering 1n such

a Inanrer that their separate effeets are vesðr d.iffieult to urr*tangIe,

Some progress had apparentJ-y been nade utren it was suggested

that the scatterlng from liquids eould be accounted. for by the

Isolated. Binary Collision (fnC) nodel, which assumes that binary

collisions and. a zero inrpact parameter are valid. assumptions even

at llquid. d.enslties.l3 lhe obse:¡¡ed spectrun could. then be d.escribed

by a conpact nrathenratical expression in which the roles of the

cluster polarizability and the intermolecular potential were e1earl¡r

dlsplayed. .13'L5 However, subsequent experinents, 16t19t20 and

analybical and ¡nolecular d¡mamics calculatior" U'rg&Ltzz have

shom that the fBC nod-el- d-oes not satisfactorily reproduce ttre

observations and. Lead-s to ambiguous conelusions, ïn trying to aecotr:at

for the observed. scattering flon liquids, it is not clear r^¡hether

the d.iscre¡encles between theory and experi-rnent result from in-

adequacies in the ¡nodel used for the indueed polarïzability, or

from the neglect of many-bod.y encount 
""t,I8'2L'22

r:;



1.3-Mod.e1s of the PolarizabllgLv F\rnet-lon

The ¡nechanisms accounting for the induced. polarizability may

be classified. according to whether they are long range or short

range. llhile the dlstinctlon is not clear c'ut, it is useful.

The principal ì-ong range induction neehanism is the Dipole

Indueed Dipole interactiorr.l'1& Tl:e incid.ent light field. induces

an electrle dlpole rnoment in the sanrple molecules. A molecule,

r*rich finds itself in the field of neighbouring dipoles, has induced

on lt a srnall ad-ditional noment not in general in the dlrectlon of

the field- of the lncident light. To lowest order (assuming point

dipoles), the induced polarizabllity i-ncrenent for a pair is totally

anisotropic and p(ù=A q?"-3, where r is the intermolecular

separatlon and. o( is the polarizability of an isolated. rnoleeule. At

high densities the range of the interaction will extend several

intermolecular spacings and. conelations between the notions of

several moleeules ¡nust be taken into account in calculating the

scattering d.ue to this ¡reeh"rri"r.18

Short range induetion nechanisms inelude Electron Overlapl3 and

Fþarne Distortlorrl3 ,nhu"" the electron cloud.s or the nolecular frane,

respectively, are d,istorbed during collision with another nolecule.

the range of the lnteraction ls expected. to be so short that even

at high densities, only few bod.y encounters need be consid.ered,,

ïn this linit, it is the trajectory near the turning point in the

collision which detennines the spectrun of scattered. light, and the

forn of the induced. polarizability is bf lesser inrporbance,l3tl4

Indeed., very little is known about the form of þ(r) due to Electron

Overlap and Fbane Distortion. The polartzability distortion due to

Electron overlap is believed to vary as =-9 ot the basis of a



6

calculation involving collldtng metallic spher es,23 The induced

polarizability due to Fþ¿me Distorüion is thought to be detersrlned

by the slope of the repulsive part, of the intermolecular potential.

For the 6-12 Lennard-Jones potential, thls gives an effect variing

"" "-t3. 
Other interactions r¡hich are of relatively short range are

second order DID, varying as r-6, anO. higher nrultipolar interactions

One sees that very different infomation about the molecular

nrotion is involved. in ealculations of the light scattering spectnrm

d.epend.ing upon w?rether the long range or the shorb range lnduetion

¡nechanisns aïe nore lmportant. Detailed. knowtrerLge of the nulti-

part,icle d.istribut'1on function is required. for calculations 5-nvolvÍ-ng

the long range ind.uction necha¡isns, while seattering by short range

interactions d.epend.s only on the trajectory while the molecules are

i-n contaet, In a llquid. both long and. short range meehanisms are

er¡lected. to contribute. Furthermore, the qualitative features of

the seatt,ering spectmrn nay be reprod.uced by invoking either nechanism

aloner14t1Bt21 úrich further conrplicates the interpretation of the

erperimental results.

In gases at Iow d.enslty, the ¡nolecuIa.r encounters are primarily

binary, and approxi:nate pair potentials for sinple molecules are

availiable" The ¡nore complete knowledge of molecular dynamics ín

a gas perrnlts the role played by the incluced polarizabillty in the

seattering process to be stud.ied. in a consistent nanner, It ls only

i+tren the fonn of the induced polarizab:-Lit;y has been elucidated, that

lt wil-l- be posslble to assess the relative irnportance of the cluster

polarizabllity and the nrany-body potential in the problem of light

scattering from d.ense fluid.s.
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1.3 Present Investigation

In the present work, an attempt has been mad.e to d.ete::ørine

the form of the polarizability anisotropy by using collision l-nduced

scattering d.ata for compressed. gases, The rare gases have alread.y

been intensively stud.ied in several laboratories and the logieal.

extenslon is to stucly isotropic nolecules, The nolecules CFU and.

SF, have thenefore been chosen for this investigatlon. The scatterS-ng
o

d.ata have been'analyzed. in ter¡rs of the spectral profile and the

speetral monents in ord.er to reach conelusions about the forn of the

polarizability anisot:rcpy.
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CHAPTER 2

EXPERIMENTAT, METHOD

The apparatus used. is typical of laser Raman stud.ies.

T,inearly polarized light at 488 nm, from an argon-ion laser illunr-

inates the sample, r+hich is contained. in a stainless steel pïessure

cel-I. The light scattered. at 90 degrees is collected and analyzed-

by a scanning double monochromator. The light is d.eteeted. using

photon counting techniques and the results stored. in the menorl¡ of

a nultichannel scaler, (fieulce 3).

The laser is a Coherent Rad.iation mod.el JZ argon-ion laser with

an internal prisrn permitting single line operation. The output power

used. d.uring these erperiments was about 500 mW. as measulred. by a

Coherent Radiation nod.e1 2I2 power meter, The þ88,0 nm. laser line

was chosen over the equally bright 514.5 nm. line in ord.er to optimlze

the scattered lntensity, which increases 
"= 

Y4"

Z.l Gas Handling System

The pressr:re celI and. associateil high pressure equiprnent was

construeted. by the Arnerican Instrunent Conpany (aninco). The optical

cel1 is furnished with three fused silica windows and is d.esigned to

contain pressures up to /J0 atmospheres (figuïe 4). In order to

reduce stray light wlthin the ce11, a blackened. liner is used, Some

d.ifficulty in making leak-free wlndow seals was dcperieneed initially,

since these experinents Ìrere conducted. at pressu:ces nuch l-ower than

for which the ceII was d-esigned - the na:cjmun pressures used. were

about f0 atmospheres, It, was found. that gaskets cut fron "Parafiln",
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F'IGURE 4

IOOOO PSI OPTICAL CELL
Drown Fuil Scole

o) Cell Body - 316 S.S.
b) Threoded Csp - 3O4 S.S.
c) Seol Plug - 3t6 S.S.
d) lVlndow- FusedSÍlíco

e) Wlndow Retoiner - g16 S.S.
f) Low Pressure Gosket-porofltm
g) O-Ring - Neoprene
h) Bockup Ring - tZ-4pH Hordened S.S.



with d.imensions 1þ mnr, o.d.. x 12 nm, i.d. x 0.005 inch thick, nad.e , ,

very satisfactory seaIs,

T'he sanple was introduced. into the optical ce11 from another

vessel (Arninco t|r-llgnl) which served as a thermal eonpressor and.

penrritted. pnrificatioú of the sanple. In ord.er to raise its pressure, ,:,,,,,;,,,,.

gas from the cylinder was liquified. in the cooled the:ma1 conpressor,

which was then sealed. off and. alloweô to waz:n up. The gases stud.ied.

were cFU aúd SF6. The cFU gasr as purchased. from the Matheson 
.:,,,,,,,,

Cornpany ïnc. (gg.Ø puritv) contained. a troublesome air irnpurity. "'',''

Inord.ertoe1iminatethistraceofair,therawCFur+ascond.ensed.in

the thermal compressor uslng liquid nitrogen as the coolant and. the

air was renoved with a vacuum prmp. the purity vras consid.ered.

ad-equateui.renneithertherotationa1norvibration-rotationa1Ranan

spectnrm of air rqas obsesrvable. The impr.rities in the SFa gas used.

(l'tatheson, 99,Úo purity) were not as troublesone as those in the CF4r

la,nd,so the SF, samples did not require further purification.'o
1?re volunes of the optical ceIl and. the thermal conpressor Ìrere

approxinately J0 cc. and. 100 cc. respectively. t'lhen filled., the

system could. be left for ¡nore than a week with no ¡neasurable leakage ''.,,.r;

or contanination of the sample. lhus, the sanple would. be left " " '

. ,i,,,,,i, ,,,,

undisturbed overnight in order that its tenrperature would. stabilize

and. any dust would. settle out before elçerirnental measurements began. 
l

lhe sarnple pressure wtts ¡neasured. þ a Heise, rnod.el CM-11170r 
, ,,,_,,

0-15OOO psi, Bourd.on tube gauge, ître sa.rnple fill systen ls d.epicted. "''-''''"'

schematically in Flgure J.

The density of the sanple Ì¡as calculated fbon its measured.

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



FIGURE 5

SAMPLE FILL SYSTEM
lnlerconnecting Tubing - l/t6" id 304 S, S. IOOOOO psl rotlng
Volves ond Flttings - 6OOOO PSI roling

Opricol Cell
IOOOOPSI rofing

ä
v,

ËBg=
EO
oLo_

3n

Ëo-EO
Þ8
þ-

o
ED

=C'

-(9ct, oo- .o
=ot-

OÊ
Oo
9E3lo
o)o

supply to vent or
vocuum pump



the roots of the Beattie-Bridgeman equation of state24'2536 by an

interativ* p"o""d.rr="27 ("g, Append.ix 43, Sutnoutine PVT), The

ex¡rerfuirents lrere perfomed. with sanples at 293 - 295 K, Pressures

upi;t6 /0 atrnosphere for CFU and. 20 atinosph""" ¡o3 SF5r corresponding

to 96 Amagat anð. 2l Ana€;at, respectively, were used, which are with-

in the range of d.ensitj-es r,¡hene binarXr collisions pred.ominate

( p(Ar"grt)= P(P,T)/ p(srp) ). The ma:<imum d.ensities of J6 and. ?l

Arnagat conesBond. to 0.19 and. 0.0p of liquid. d-ensity at the normal

boiling point for CFU and SF5 respectively.zS

2"2 Optical Systelq

The bearn from the laser is weakly focussed. by a J0 cn" f,1. lens

and. then directed. verLically through the sample ce11 by a right

angle pri-sn, so that the sor¡rce region is parallel to the entrance

slit of the nonoehromator. Focussing the beam al-lows for the nore

effieient t::ansfer of light fronr the scattering source through the

slit and. aperüure stop of the nonochrornator.zg'3j Before focussing,

the laser bean is passed. through a combination of quarbz half-wave

plate and Nichol pri-srir polarizer, Rotation of the half-wave plate

a11ows rotation of the plane of polarizatiron of ihe light beam,

while the polarizer rernoves the slight depolarization introduced by

the half-wave plate,

Light scattered. at p0 degrees to the direction of propagation

of the ineident beam is eollected by an f[J system, The speed, of

the collection systenr is lÍnited chiefly by the small clear aperbure

of the pressure cel1 wincLows, An HNJB Polaroid in the collection arln

is used Lo anaþ,ze the polarization of the scattered light.



Seve::al polarization geornetries nay be obtained by rotating

the half-wave plate or the Polaroid (figure 6). Most er¡reriments

were done with the VH geonetry. Idea11-y, this configrrration permits

obse:rration of only the depolarized. oonponent of the scattered-

light, br¡t such effects as incornplete extinction by the Polaroid,

stress-induced. birefringence in the pressure eell wind.ows and.

d.epolarization by scattering fron the rough ¡+al1s of the sample
a

eell allow sleakageþ of about 10-r of the polarized RayÌeigh llght

within the acceptance cone of the col-lection system. This stray

Ilght is a problen when obsenrlng the d.epolarized spectnrn near

zero shift,

lhe spectral composition of the scattered light is analyzed

by means of a Ja:re11-Ash 25-1:OO j one meter, f /8.? double (subtractive

mod.e) Czerny-1\rner;'seannlng nronoch"o*"to",31 lhe gratlng advance

is controlled. þ a stepping rnotor actuating a cosecant alrn, resulting

in a drive which is linear in frequency and. rnay be direetly inter-

faced- wlth digital electronics. Stepping the notor 20 times shifts

the spectrunr þ O"ggg cn-I with Jarrell-Ash nurnber 1308 gratings

installed, lhese gratings have 1180 grooves per nn, and are blazed.

at J00 nm. In the spectral region near 488 nm" the effÍ-ciency of

the gratings varies slowIy with fÞequency and is approxi:nately equal

for light polarized both paraIlel to and. per¡rend.icular to the :ru11n9s,

A double monoehro¡nator i-s used. by reason oJ its superior stray

light rejectlon" In a single monochronator, the ninors and. grating

scatter light through small angles with respeet to the d.irection of

the reflected. and difflacted- bea¡ns as a result of smalI randon

surface lmperfectlons. l{hen a sha^:ry speetral 1i-ne is scanned. at



FIGURE 6
POLARIZATION
GEOMETRIES
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high resolution thi-s stray light appears as a t¡coad tail about the

line and it is tens of r,¡avenumbers before the intensity of thÍs

tail falls belorv 10-5 of the intensity of the parent line. With

a tandem nonochrornator the relative intensity of the tails falIs
-(belo¡l 10 ' of the parent line intensity withln a few wavenumbers

antl below 10-10 within a few tens of r¡avenumbert,Slr3T Sueh

extreme stray light rejection is necessary for neasr:renents of the

eolllsion induced. spectnrm at small fbequency shifts since the

intensity of thts scattering is several ord.ers of rnagnitud.e less

than that of the Raylelgh light that "Ieaks" into the ¡nonochromator

past the analyzi,ng polarizer.

lhe bandpass of the instrument, until it reaches its resolution

Linit of 0.1 "t1, is determined by the width of Èhe sIits.' The

attenuation of stray light begins only outsid-e this bandpass. lhere-

fore neasirenent of the Ranan spect:rrn at smaIl frequency shifts

from the existing line d.enands narrow slits. However, for a broad.

featureless band., the fraction of light transnitted. varies .,lirectly

with the bandpass, drieh for best efflej-ency should. be chosen no

snaLler than 1s necessary to prevent distortion of the spect:rrm,

Sinee the collision induced. spectn¡n ls tÉoa.d, featureless and very

faint, this considerati-on demand.s wide slits, One the one hand., it
is necessary to observe the shape of the depolarized spectrum to r+ith-

in a few wavenunbers of zero flequency shift. 0n the other hand.,

drifts and. instabilities in the laser output and. in alignrnent of the

optics linits the dr¡ration of a scan to 3 hours, Noise resulting frorn

the statistical fluctuations in the nunber of photons counted can

only be reduced by increasing the fhx of. photons, The spectral slit
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lridth of 2 cm-l used. for the neasurenents is a conpronise betl¡een

the ¡rore efficient utilization of the availiable light afford.ed. by

broader slits and the clearer separati-on of the Rayleigh and Raman

components of the spectrum possible with nalrower slits.

2.3 Deteetion Svsten

ïhe light transmitted by the nonochroinator is d-etected- by a

cooled. RCA 931934 photonultiplier tube factory selected. for low

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

cì.rrve alnost flat fro¡n JOO to p00 nm. Iùith this tube, the measured.

overall system response is snoothly varying and. constant to within

a few percent over the 100 cm-l region usually scanned in the

experinents. Since the collision ind.uced. specfnrm varies nuch more

rapidly than tJre inst:rrnental relative response, no significant

distorLion of the shape of the spect:rrm 1s introduced by omitting

this coirection.

The usefulness of the speetral neasurernents d.epends ultiinately

on whether the signal to noj-se ratio of the d.ata is sufficient for

the analysis to which tt will be subjected-, For relatively intense

sourees, the signal to noise ratio is determined. by the statistical

fluctuatlons ín the signal, For very weak sources, the lirniting

factor beeomes the noise introdueed þ the detector itself. Ì¡Ieasure-

ments of the profile of collision induced- light scattering requires

operation, to a large extent, in the ueak signal regine. For thls

reason the noise performance of the d.etector assumes crit,1cal

irnportance"

The noise fïon a phototube operating in the photon counting mode
i 1..:.:..
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appears as pulses at the anod,e which are not corzelated to photons

incident on the photoeathod.e. At high temperatures, the prineipal

noise soì"rce for the phototube used. is therrnionic enission of

electrons fro¡n the photoeathod.e. the d.ark count rate d.ue to this

sollrce follows Richard.sonts law and. is conveniently red.ueed. by

cooling the tube to -30 d.egrees C. in a Peltier effect cooler

(hod.ucts For Researeh 83-055, ntrich also incorporates electromagnetic

shield.ing and biasing arrangenents for the tube). the d.istribution

of pulse amplitud.es, rrith the tube operating in the dark at this

tenperature, contains a srnall peaked. component due,to.,electrons

enitted fron the photocathod.e, and. an overlapping component due to

other noise 
"or"""".33'34

Since the pulse height spectra of the noise pulses and. the

photo-e1-ectron pulses are d.ifferent, the signal to noise ratio

may be enhancecl by discriminating against pulses of certain anplitudes.

After recording pulse height spectra with and rrithout light incid.ent

on the photocathode, the ¡nethod due to ïoorg3þ is used to d.etermine

the porbion of the pulse height spectrm which should be retained

for optinun signal io noise at low light 1eve1s (Appendlx A1).

Then the r.¡indow of the SCA is set so as to per:nit only pulses having

the desired. amplitud.es to be eounted., llj-th optimurn discriminator

levels, the dark count rate 1s about 2 counts per second.

The ar=angement of the electronics used. to process the photo-

rnultiplier pulses d.r¡ring an experiment and during setting of dis-

crinrinator levels is shown in Figures fa and. fb, respeetively. lhe

preamplifier is a FET-input charge sensitive tytrre d.esigned so that the

ad.ditlonal noise introduced by the preanplifier is negLigible



FIGURE 7o
ELECTRONICS FOR PROCESSING THE PHOTOMULTIPLIER
OUTPUT PULSES
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FIGURE 7b
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compared to that of the phototube (rigure B). Th, renaining

conponents are stand.ard. nuclear inst:rünentation rnodules,

The ND-1200 A¡alyser system conslsts of an analog to dlgital
converter ( un¡eo), data handling unit with 10211 channer nernory,

display oscilliscope and paper tape output interface. The system

nay be operated in a pulse height analysis ¡node lù¡iIe setting

cllscriminator Ievels, or in a nultichannel scaling nod.e when re-

cord.ing a scattered light spectrum.

To recorrjl. a spectrum, the gratings of the monochromator and.

the channel advance of the MCs are stepped sychronously by clock

signals derived fron a 1 MHz crystal oscillator, rvhile the

photo..electron pulses are applied to the count input of the MCs.

the dispersion of the spectmm recorded in the t4CS is then simply

determlned from the number of grating steps taken durlng one

channel ad.vance. lhe disperslon used. r,¡i-¡en collecting collision

ind.uced. spectra was 10 channels/crn-l 1ro" convenience, not all
the points have been plotted in the spectra of Flgures z, 9 and. 12),

lhe origin of the frequency scale is detennined from the channel

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

of the spect:rrm, the count rate is dlsplayed. on a General Radlo

ra.92B counter-tiner. rhe background count ::ate ís determined with

the same instrunent and. used. later as a coæection to the scattering

spectrum when conputations are perforrned..

:¿-::,::Ìi:1i.:trai:j::ìi::jìi,ì¡:ì?:i:r_.ii:.1^::j_::.a.,-;:,:..':a,::iji+ì?:¡:t.:it:;t'.1::;ì,:ì¡:::Í:i:í:".l
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CHARGE SENSTTTVE PREAMPI,I¡TER

llr _Q3, Q are MPF 102 Sl n-channel trEtrs.
Y, Q5, Q6 are si BJTrs wlthg>100.
Ql and Q? forrn a cascode pair and Q3 acts as a constant
:yo:nt ."9T"" perurittlng-a relatlvãly l"rge eunent in
ï:__to" hrgh gm, and a small cur:ent 1n @r for low
no].seo
Qþ rs a source folrower utrich bootstraps the load reslstorof the cascode.
Q5 ls an emltter followen wtrich d.rlves the output b'fferand the feedback 1oop.
Q6 rs an enltter foriower whtch provld.es a 1ow lmped.anceoutput.
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CHAPTER ?

LI}IE SHAFE ANATYSIS

the collision induced spect:run has been analyzed. in

of its line shape for two ïeasons, Firstly, when an appropriate

representation has been found, the line shape function provid.es a

concise sun¡ûary of the data. Secondly, the d.iscriptlon in terms

of a flequency spectn¡n aIlol¡s ¡nany general features of the

seattering mechanis¡n to be obtained. by lnspection. Tlrus, the

ltneshape analysis is useful for providing the starting point for

more d.etailed- eonsld-erations of the seatterlng spectnrm,

'{¿ Methòd.

The spectra from CFU and. St', have a shape which is tytrrical l

oftheprofi1eofco11isionind.uced.scatteringobtained.fronratoms.
and. isotropie rnolecules, At low densities, the intensity fa1ls off
nearly exponentially wlth frequency shift from the exciting line.
At higher d.ensities, a second. exponential conponent appears. At .i .: ,.-.: :,,. -..:_:__- , .

the highest d.ensities, the break point between the first and. second ",r¡¡,'r'
-::-.,:--:-r:

conponent beeomes less d.istinct and- a logarithrnte plot of the ', " ''.,"-',

intensity profile shons a contlnuous curve::ather than two separate

slopes (figure 9). Because of their shape, we have chosen to

analryze the spectra in terms of functions e)'iT)onential in frequency. 
,i,.t,;,,,,,,'¡

lhe simplest function of this ty¡re is I( d )=A exp(- a/ u:")

where A and. (ÐoâJrê the paraineters, d.escribing the shape of the

spectrum, which are to be deterrnined.. This expression varies non-

linearly with the parametert)oso that the nonlinear least squares .i....
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proceduïe has been adop1oe¿,35r36 An initial guess of the parameter

values is nad.e and. the Taylor erpansion of the test function is
evaluated about this point. only terrns up to first order in the

paraneters are retained and. the resulting linearized. test funetion

is fitted to the data by the usuar linear reast squares technique.

The revised paraneter estinates are substituted for the inltial
guesses and. the wtrole process repeated. until some convergence

criterion is satisfied., The weights for the data are obtained- by

assuming Gaussian counting statistics. TLus, if a point represents

N counts, its weight is simply 1/u, ïhe quarity of the fit is judged.

by the t'-t""t,
The chief dlfficurty in extending thÍ-s procedure to ¡nore

cornplicated. test functions is in a:riving at initial parameter

estlmates r+hlch result in convergencer The prograrn in Appendix A2,

is designed. to fit functionsr of the form:

F(x;ArarB,b)=4 exp ax + B erp bx

or

F(x;Ara)=l e1çp ax

to the data.

3..? ..C.Flu - I_pw Fbequeneies

since the eollision induced speetra obüai-ned from isotropic

nolecules resemble those fron the rare gases, except that the

appearance of the second. exponential component in the hlgh fÞequency

tail oceurs at rnuch lo¡¡er densltles, 1t seems that analysis of the

low frequency scattering due to cFU in the sane manner as for the

rare gases rnight be profitable.



i:.:.:.-.:.:Fleury has studied eollision induced light scatterlng fron

the rare gases (Ar, Ne, Kr, Xe) over a wld.e range of d.ensity and.

ternperatr:re,3?'38 Assuming an exponential representation for the

sPectrum').i;

r(¿,t ) = c exp(- u/r^¡r) 
,:. ., :,:,:

and d.eterr,rining ¿Jodirectly fbon the slope of the spectnrm, he find.s

that in all cases ldocan be represented. t$t an expresslonl

#(#) t(*) t[,.(#") '] (3.r)(ùr: 
2 :. : ::

¡^¡here M is the nass of the atorn, p ls the d.enslty and. 6 and. € are the ',;.,,',:,:,.,,:,,'

paraneters in the lennard-Jones potential. ltrith values of 3.0 I 0.1,

and.2.O t 0.lrrespectively, for the d.i¡nensionless paranetêrs A and. B,

this expression was found. to prod.uce excellent agreernent with

observations covering 0.f 1*/r(þ and o.OS(pëfi,r1ir in Arr Kr, and
':

X",38 this represents an extention to higì: flequency dynamics of the

corresponding states principle (CSf), which asserts that the

thermod.ynanic and. transporb coefficients for systens with the same

form of lntenrolecular potential scale direetly with the paraneters

of the potential. (Th* present experiments cover the range I.J{xTþ(t.9 "'.1"t""'''.''.

and o.OJ(pålM1Oô in CF'U and SF5")

Hleuryrs expresslon carr¡rs ad.ditional welght since Mat¡an has

been able to show that the paraneter A should. be exactly equal to ':
3 in the case of a harrl sphere g"",39 *" É terrn, however, has not 

;,,,,,j,:i,,:,,:,,.,,

been explained. and appears to be pr-rrely empirical in nature.

ÌIe have analyzed our data in a similar fashion ty fitting an

exponential function of the form f(al) = C exp(- U/No) over the

frequency range 5 - 20 cm-l using the non-linear least squares technique. :, , :.,.;..
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The lower limit of J crn-l is chosen to minirnize interference by

the Rayleigh 1ine, while the upper limit of 20 
"*-1 i" dictated by

the appearance of the second. exponential conponent at about 20 cm-I,

The single exponential function is not a very good. representatj-on

of the spectrun and the reduced. f to" the fits was in the range

2-?. The results of this analysis are shown in Figure 10 where do

is plotted. agalnst denslty for a nunber of spectra"

For CF4r êg. (3.f) predicts that

Da= J,6J (t + 3.rrr. x ro-5 pz) " 
-r (i.z)

with / expressed in Anragat units, and where e/U * l52.5 f (Kelvin) and-

d= 4.70 Í have been substituted. llhen an erpression of the form of

eq,; (3.f) fs fítted to the data of F'igure 10, the result is¡

ao= (4.g2 !0.03) (1 + (3.2u + 0,26) x to-5 pz) .*-L (1"3)

whlch is in good. agreenent with the predlction of eq. (3,2), The

quadratic curve, however, does not fit the data very we1I, ttre

standard deviation being 0.1J cn-l. Parbicularily at low denslties,

the data ls better represented. by an eq)resslon linear in density:

ü)o= (b,6j + o,oe) (r + (3.32 + o,zo) x :ro-3p) "*-1 (3.+)

witb a lower standard deviation of 0"11 cfi-l.

Neverbheless, the good agreement between eq, (j.z) and eq" (S"l)

lead.s one to conclud.e that the extend.ed. csP links GFU and. the rare

gases, and that the Lennard.-Jones potentlal i-s a good approximatlon

to the true interrnolecular potential for CFU. Mac Cor¡rack and Schneider

reaehed. the sane conclusion based. on their compressibility data for
cÊ.cî4'"r

The agreement of the analysis for CF, with Fleuryrs scaling

also suggests that the same seattering nechanism is operating in

1aw

cF¿o
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as ln the rare gases. For the rare gases at low frequeneles an¿

at Iow densities, the DID interaction is believed. to be the nost

irnportant scattering mechanign.lrl8r41 thus it is to be also expected.

that the DrD interaction is the predoninant scattering nechanisn

for CFU at low frequency and. low d.ensity. 
.r,,,,:,, 

,, r

3.3 9Er. - Total hofile

since a second slope appears at high frequencies as the d.ensity

is increased., an expression r¡hich is the sum of two erponential

functions, ï(ø) = I erp (- u/et) + g exp (- u/az) """ also fitted
to the spectra. The fits extend. over the range 5-05 en-lo The lower

linit ls again chosen to nrinimize interference by the Rayl_eigh line,
and. the upper limit is seleeted to arlow the fits to be rnade over a

reasonable density rsnger At lower densities the tail disappears

completery by t+5 cm-I .nd this d.etermines the upper linit for all
the fits, even though the tail erbends up to ?t e*-1 at the highest

d.ensities. the values o¡ Øt and- ul4d.epend_ upon the range ehosen,

bn¡t their variation -with density d.oes not change greatly. The quality

of the fits is excellent, with reduced, t' tn the range 1,0-1"1,

Figrre lL shows the variation of rrl,and_ ULrri,th d.ensity.

rf the erponentlals are extrapolated to zero frequeney and.

integrated from zero t,o infinity, then the contritrution of each to

the total integrated intènsity is obbained, ïhe ratio of the

intensities r, /1" is also plotted in Figure 11. lhe ratio is about

2.J and- decreases slowIy with increaslng d-ensity, d-e¡ronstrating that

the second exponential is beconing rnore i.nrportant,

Since tdx is larger than tJ ¡ , the tÍ¡re d.uration of the interaction
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givlng rise to (J4must be shorber than for f.l¡ . There are several

possible mechanisns for explaining the second. exponent5-al component.

Howeverr even rough calculations show that two of the possibilitles,
second. order DrD and. octupolar effects, are several ord.ers of

nragnitude too weak to account for the obse:¡¡ed high frequency - 1:; :; :,

.:_ r : ".::i::

seattering.4O This leaves only nod.els based. on close encounters.

Buearo and Litovitz, in their treatnent of collision induced

scattering frorn liquid.s, d.eveloped. the IBC mod.el in which the 
::::.:,...

scattering is due entirely to elose encounter".l3 They ealcuLated. 
::':': 

:

LQ .:- .a collision time, using a nethod due to NÍkítinr*'¡¡l"rich is d.etermined. ,t:':,,','-

so1ely by the dynamics and is independent of the nature of the

interaction indueing F(r). The characteristic frequency, úJo, i=

found to be approxinated by:

u,;#(#)*E +arcranffiF)*] 
-' "*-r. (i.5)

This expression glves a value oflJo- 10,3 for CFU wtrich cotnpares

very favorably l.rith the value of túgdetermined. from our data - the

value o¡ LJt increases sharply at low densities and then levels off

Lal increase is
believed, to be spurS-ous and arises because the high frequency tail
at low d.ensities is too weak for reliable neastrernents to be mad-e.

fn this case, the fitting program is not abre to determine the

co:rect parameters for the second exponential and. tend.s to returrr

values which make it nerely a sealar multiple of the ¡nore intense

low frequency cornponent,

A conclusion that the shape of the high frequeney tail in cFu

is determined principally by the lntermolecular potential would ag?ee

with the results of analytieal calculationsl& and conputer experinents43
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on the rare gases, These investigatlons have used only the DTD

ind.uction meehanis¡n, which also ind.icates that it is not necessarTr

to introduee additional i-nteractions to account for the hlgh frequency

tai1.

3.4 SF,
o

-" spectra obbained. from sF, (eg, tr'igur e rz) are sinila:r to
those obtaj-ned frorn cF4r and. the analysis proceeds in a fashion

conrpletely analogous to that described for CF4.

rhe sF, spectra were first fitted with a single exponenti-al

over the range 2.5 - 9.0 cm-1. Again, the lower bound. is necessar¡r

to exelud-e contribrutlons fron the strong Rayleigh scatterlng, and.

the upper limlt is set at the place where the second. erponential

component becornes inportant. The value of û;o= 3.03 + 0.11+ cnr-I is
obtalned and no systenatie variation with d.ensity is apparent. lÌ:e

fits are generally poor because of the strong curvatr:re of the
.)profile, wittr reduced-4* in the range L.5 - 3.O.

Substitution of êfk = 200.9 K and. ç= 5,5L Í. ioto "q. 
(3.f)

yields the predietion that¡

üo= 3,?3 (t * 3,02 x 1f5 pz) .*-L. (3.6)

The value of â)opredicted tly eq.. 3.6) vari.es only about 5% over

the d.ensity range studied, r¡hieh is smaller than the scatter of

the experinentalLy d.ete:rnined. values of h)o. The agreement between ,.i,,'

êe. (3"¿) and the experimental results suggests that the scattering

at low frequencies is pred-oninantly through the DID mechanism,

Next the sF, spectra were fitted. by a sun of erponentials over

the range 2.5 - 27.J cn-I. These fits are much better, wlth a ., ,,
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2
red.uced. ^X- t of about 1.2. The result of this procedure is :

üt= 2,42 + 0.1J cm-l and ¿'r= 6.?6 !0,33 "*-1. The ratio of

integrated intensities I¡ /TL i= 3.?5 + 0,43. The first exponential

conponent is larger for sF6 than cFu Gt fit is about 2.J for cF4)

but otherwise the discriptlon of the profiles is verxr sinilar. The

ratio of the frequencies Uh is 2,80 for SF6 and 2,64 for CF4r

and the frequencies themselves, t,l¡ and U?., scale lrlth (M ç2)i
between the two cases. 

,, ::

Intensity eonslderations again exclud.e all nod-els br¡trttrat of i,ì,,,.,-

close colllsions for explalning the high flequency tail. Equation ..,r,,,,
:,Ìr,:..

ß.Ð, in the case of SF5r predletsuo= 7.t+J cn--! r¡hich a¿rees well

with the experS-mental value Hz,= 6,76 em-!, This indieates thaè the

hlgh frequency seattering for SF6 is d.etermined. by the shape of the
.intennolecula¡c potential alone, as also seens to be the case for the

rare gases and. CFU.

!.ì.:.t::-:
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CHAPTER 4

MOMENT ANAITSIS

.{nalysis of collisi-on ind.uced. spectra in terms of ¡no¡nents

is attractive for two reasons, Firstly, the experimental quantities

to be neasured. are clearly specified.. Secondlyr theoretical ca1-

culatlons of the rnoments of the spectral d.istributíon are ¡nore

conveniently forrnulated. and. perforrned. than the eorrespond.ing d.ireet

calculatlons of the line shape. The nonent anatysis&r&5 folloor=

the method. of MeTague, tevlne and. Birnbaum.WìVLIM

l+.1 Method

If one consi-d.ers onÌy palrwi-se lnteractlons and. cosêlations

in a fluid. composed of opticaLly isotropie rnolecules, the scattered

lntensity due to the induced. polarizability becomes sirnply:

r(¿^¡) = lzrr)-1 l* trr) exp(-iart) ¿t , (&.1)

.i(t) = f P' u'!t, r'(t) (u.?>

Here V is the volume of the scattering source' pis the nunber

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

propagation vector of the incident light, f¡ is the incld.ent intensity,

Ro is the d.istance fbon the sor¡ree to the observation point and, â¡

and. î* are the unit polarlzation veetors of the ineident and. scattered

light. The ensenble averages involve the spherical and. anlsotroplc



parts of the induced polarizability, 0((r) and. p(r) respeetively,

which become functions of time through the variation of the

intermolecular separation, r(t). They are defined by

r.\..L.:.:.:::.::':1:ç::-:.1,t:.-:::,4,.:::..:?i:1>¿..:)).:r. ::.ia: :::: : . J; .::1.-it:.-t:::j::ì:::-aj:::i':::.:.:il¡.:lì
ì.i.t.i.:....i..:..:.,_

aÉ))

(4.4)

(4,¡)

H(r) = t/l ( du+ zo!,) - za

þG) = o(¡¡-(¿

where H¡¡ and ü¿ are the polarizabilities of the pair of colliding

molecules paral1el and. perlpendicular to the intermolecular axis,

and O( ls the scalar polarizabllity of an isolated rnolecule, p¿ is
the second Legendre polynomial and â is ttre angr.e between the

d.lrections of the interrnolecul-ar axis at ti:nes 0 and. t.
The scattering due to 0((r) i" expected. to be nuch weaker than

that due top(r) r12 ^nd. 
by perforning experiments with the. vH

polarization geonetry, F(t) i" reduced. to:

r(t) = (r¡)-1 lptalp(t) pe (cosâ)> , (4.6)

consideration of H(r) will therefore be onitted. in the following

discussion. The proportionality constant, d.etermined. by the

experirnental parameters ln the expression for ï($¡), witt also be

suppressed by worklng with the spectral distribution function ¡(ru).
ïhus, the o¡servea spectr^al d.istribr¡tion for the d.epolarized-

scattering is related to the anisotropic part of the pair

polarizability through the Fourier transforrn¡

n, (u) = I:ut exp(-it^r ù øFft)
Þp(t) = v <Ê@) 13 

(t) p¿ ("o" á ) )
where ¡( al ) is the no:rnalized speetral distribr¡tion firnction and

/(t) is the classical correlation function,

Taking the inverse Fourier transforrn of eq, (u.ù we obtain

the following expression for þp(t) in terrns of DO(¿¡),

(4,?)

(4.a)
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þpttl : (zn ft [: ou(us) exp(ir^¡t) ¿r¡ . (4,9) :

Expanding both sid.es of this expression in a Taylor series about

t=0, one has:

ØpG) = å"' l#r,,,,1="=

çzn)-' år,i# /_
Comparing eoeffieients of eolrrespond,ing temrs. &ñdirusing the fact

that the eo:relation funetion is even in time, one obtains the

following relations between derivatlves of the co:=el-ation function

at t=0 and the monents of the spectral distributionc

Å';'(o) = (2 ?r )-1 GÐn l'* ,.'n ,p( t, ) at^, .

aþl\q-n (n/

È: fu Øp (o)

n
(, op ( ar) ac.l . (4,t0)

(4,u)

. Now the expression (4.8) may be used. to evaluate the monents
(2")
Øp {o) ln terms ot f(r). lhe results for the first three

^r"r!2,4L,4? 
r48

(o)
Øe

(z)

Øp
(4)

Fe

(o) =

(o) =

(o) =

ql
r'dr(

J.



37

rn the above, ,À is the reduced rnass of the eolliding pair and g(r) " '

is the radial- dlstritution function defined by:

s(r) = exp(-v(r)/rt) (¿r,r5)

where T(r) i" the intermolecular pair potential. By use of the

a'bove expresslons, one rnay evaluate paraneters in a ¡rod.el of the 
¡,: ,,,

pair polarizability anisotropV, pG).
several forrns tor p(r) have been suggested ,22.r4],^u} ït is

clear fro¡n the analysÍ-s performed in chapter 3, of the collision 
,,:j.,..'

induced. spectra in terms of the line shape, that the DrD mechanism "'
is of inportanee for CF4, SF6 and. the ra?e gases. Howeverr on the ,:,, 

- 
,

basis of the same analysis, no d.efinite conclusions could. be drarvn

abouttheimportanceortheformofanyad.d.1tiona1contribrrtíonsto

PG). The induction mechanisms, other than DrD, ¡nentioned in the

introductôry ehapter Ìrere of shorb range. For this reason we have

ehosen a rnodel tor p(r) of the form:

p(r)=#-ä (a.r6)

wfrere 6 V'2"-3 ls the contributlon due to the DïD rnechanis¡n and. the : ::

B'r-P terrn is an empirieal approximation representing alr other t"'t-'
I i .1..

interactions. B and. p are the parameters t,o be deterrnined. in the '..,,.1:'"1,

analysis and it is erpected that the second. contribution to p(r)
will be of much shor-t,er lsnge than the DID !s::rn,

Having ehosen the fonn of the model rorp(r) one may evaruate

the ocpressions for the noments. Upon representing the interrnolecular

potential by the r,ennard-Jones 6-12 potential, and. substitutlng

êe. (4,t6) into eq. (4,12) and (ll,1l), one a:rives at the following

relations !



38 
!ì1)1r "'

n a2 çpz*r) nt-rnf**-"n s(.) o*] (+.rs)

.,!,¡nere x = T/çf

e(*) = ""pt #( *-L2 - *-6 ))

(4.rg)

(4.20)

and. (l and. É are the parameters in the lennard.-Jones potential.

Equation (l}.16) may also be rewritten so that the paraneters to be

solved. for, p and. y, are both d.inensionless:

p(x)=6$2ç-3 1n-3 + G/6)*p) (¿r"zr)

¡¡here y/6 = ¡ q-2 c9-P. (4,22)
(o) (z)

The moment" dp (o) ana þO @ are computed. from the data by

us5-ng eq. (lr.,ff), ïn order to deterrninep(r), one nust now find

the values of B and p whleh satisfy eq. (4,f?) and eq, (4.f4)

si¡rultaneously.

ff we specify p, the integrals oeeu:ring in eq, (4,t7) ana

êe, (4.fg) nray be evaluated nunenicaLly (o" frorn tab1.").49 llhen

this ls d.one, each equation becomes a sirnple quadratic in B, The

roots of eq. (4,f?) and. eq. (¿r-.fg) r+ill not in general be the samer

Therefore, the RHSrs are evaluated. for d.iscrete r¡alues of p over the

range z(p(t6 and a search is ¡nad.e for pairs of equations, with the

sane p varue, which are solved by approximatel-y the sane values of B.
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?o

Then, in the neighbourhood of the correspond.ing p values, the

rnethod of inverse interpolation with a fourLh order polynomral was

used to find the values of B and p exactly solving the system of

equations, The computations were performed using the program of

AppendÌx AJ. The system of eq. (4,f2) and. eq. (l+,fg) generally

yierds two solutions and to d.istinguish between then either con-

parison of ealculated. and. measured. r¡alues of the higher nonents or

aresorttophysica1consid.erat1onSmustbeemp1oyed..

4-.2 Application to the hesent Data ,'..,,..,..',

In applying the nrethod of noments to the present data, two

difficulties arise. Firstly, relative rather than absolute

intensities have been rneasured-. F'ollowing the proeed.r:re of levine
lbr

and. Bfrnbaumr*t $e have used the relation between the integrated.

intensity of the scattered light and. the second. virial Ke:r coefflc5-ent,

e*2^,2 fû,^ = W { f"G)f,(') e(") "2 
d, ( u.z3)

¿o,,., 
,

where No is Avogadrors number, and Po(") ardf-(r) are the induced. il.r',,,,:,,

polarizability anisotropies at flequeneies 0 and. td o The integraf i"t"'''"
,, ,,,,,-1,, ì

is alrnost the same as the one that appears in eq, (4.ra) for the

zeroth moment so that B¡4 neasurenerts can be used. to norrnalize the

d.ata. unforbunately, this proced.ure is not without its problens. :.,:.::,::.;.,:

1es between theory and " '" 
"'

erperinent do not behave consistently for d.epolarized light
scattertng and. the Kerr effeet, even in the case of the rare gaser,52r53

ïhe relative d.lfference between ealeulations of B¡1 based on the DïD 
:::.::::
:,. ., : . -: .
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nod.el and. experi¡rental neasurenehÈs of B6 increases linearly with

increasing atomic nunber for Arr I{r, and. Xe" lhe co:respond.ing

relative d.ifferences between theory and- extrleriment for the total
Rayleigh d.epolarization ratio d.ecrease linearly with atornic nu¡nber.

One reason nay be that B¡1 depend " on fo(r) p*(") lùrile light scat¿r,erlng

d.epend.s ." pj!). For the rare gases the value s of p"(r) ana f^(r)
are alnost equaI. Tn the case of a large nolecule such as cFU and. SF5r

they rnay differ signlficantly, Consèquently, the normal-ization

procedure we have ad.opted. ¡nust be eonsid.ered. approxinate,

the seeond. d.iffieulty is that measurements were not mad.e over

the whole range of Al frorn zero to infinity. The high frequeney

part of the spectnrm eould not be reliably neasured because the lighü

signal there is too sna1l compared to the noise. That parL of the

spectnrn is inereasingly nore important as higher rnoments are

consid.ered.. At the other end- of the range, the spectruln near zero

shift j-s not accesslble because of the strong Rayleigh scattering

utrich overlaps the d.epolarLzed. spectnrm in this region. Because of

the exponential-like nature of the spectrum, this porbion of the
rdspectrum makes a large eontribution to the integrated. intensity,

though not to any of the higher noments, Howevetrr because of the way

in whlch the intensity has been nor:na1i-zed, an error in the relative

integrated. lntensity is effectively ca:ried over, in equal neasure,

to the other mornents. In ord.er to account for the low frequency and.

high frequency end.s of the spectrum we have extrapolated. the observed

profile to zero and. infinity using the two-eccponential fits obtained-

in the lineshape analysis, Appendix A4 eontains the program used.

for computing the ex¡reri:nental values of the nonents, using data from



the observed profile directly and incorporating the exti:apolations

where necessaarr. since the sum of exponentials mod.el used. in
fitting to the spectra d.oes not accr¡rately ïepresent the d.ata over

the whole observed. frequency range, it is clear that syste¡ratic

errors can be expeeted. in the ext::apolation. In factr it has been

suggested that a conpleteÌy different, functional forrn, the squared

Lorentzian, r(t^r) o<( r + (ru/z)z )-2, t, appropriate for
d.Íscribing the collision induced profile.54 Despite these

problems, it has been confirmed that the extrapolation d.oes not 1ead.

to g:ross 
"oo"""55

rn solving for the parameters in p(x) of eg, (4"2i') for cF4r

the d.ata of Table L were used.. llhen the moment analysls ¡ras caried
out, two sets of paraneters p and. y were obtained. at all d.ensiti.es.

For the set with the smaller value of p, in the range J-Jn y was

always negative; for the other set, p was j-n the range ?-9 and y

iras always positive, Over the range of J0-100 Àmagat in density,

the solutions obtained were essentially ind.ependent of density"

Below J0 Amagat however, the ave¡rage values of p and y returned. by

the analysis d.ecreased. sharply and the resurt,s of experiments at

any given density became totally ireproduceable, At low d.ensities,

the frequency range over wt¡ich the spectrurn lras observable w¿rs so

,restricted that it no longer adequately represented the complete

profile and. the nonent analysis failed, The ave¿^age values of the

pararneters, for densities above J0 Amagat '¡here the noment analysis

ïras suceessful, are (i) p = 4.05 l o,1 anð, y/6 = -2,g5 * 0,03 and

4t
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(ii) p = 8.51 ! o,z and. yf6

forrns of the polarizability
= 0.757 + 0.02,

funetion are:

Thus, the two posslble

FG) = 6q,2n'3 1*-3

p(x) = 6d2 f3 ( x-3

- 2,85 *-4'05 )

- o,?5? *-8'51 ¡.

(L+,zu)

(t+.25)

rn order to distinguish between these tr¡o forrns, the obryious
test is to see if both gÍ-ve reasonable values for the higher ¡nornents.

"::"":::' ri ï^,':':':-': :; ::î)'"" 
evalua,ed w*h p=4. 05,

å / (or' = 3.38 x 1050 *""-4. Irith p = B,Jl rhe
result is ø 

' / ø-' = b.36 x to50 """-4. ïn order to estimate the
fourth monent fborn or¡r data, we elected. to work with the function
fitted to the profile in the lineshape analysis, rather than to use
d-ireetly the ¡neas,red intensities *rich are not preciseÌy known for
large fÞequency shifts. since the fitted function lies below the
experimental polnts at high frequencies, the value ., t't á0, =
1'1 x 1050 

"e"-4 obÈ'ained upon i-ntegration is or'eeted to be a lower
bound', lhis value Í-s conpatible wÍth both no*"*r" forrns * p*r.

r'Ihile the forrns of eq. (4,24) and. eq. (4,2Ð appear to be quite
different, Figrre'IJ demonstrates that over the physícally accessible
range of x )xo the eo:responding curr¡es tor ¿12(x) are alrnost in_
distingulshable (xo is the d.istance of crosest approach at the
specified .bemperature 

) .

The difficulty in discerning between the two fornrs arises
beeause light seattering measuïeneni,s are sensitive to pz(x) rather
than p(x)' hlithout knowledge of the sign ot p(x), only rneast¡remenÈs
of greater precision will enable one to separate the t¡"ro cu:¡¡es of
Figure 11.

ït is useful to conpare the results for c'u r+ith the results

i'.:
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suÍmarized. ín Table 2, obtained. in i,he analysis of the rare gases.

The tabulated. values were obtained. using a Iennard-Jones potential

and. a model tor f(x) rvith a tern (v/6) *-P. In al-I cases a long

range and a short range solution appears. For the rare gases, the

correction to the poJ.arizabllity function i-s alwa¡rs negative and.

always decreases the nagnitude of p(x) in the region x)xo. lhis

is in agreement with the Kerr effeet data, uhere the erperimental

val-ue of B¡ç is always smaller than the value ealculated. using the

DID nod.el. For CF4r the ad.ditional term nay be positive or

negative, but ln either ease the correction increases the nragnitud.e

otp(x), again in agreernent with the Ke:r effect data. Levlne and.

Birnbaum 4t 
Í-r, their analysis of år, I(r, and. Xe, anticipated. that

the comection to the polarizability r¡ould. be of short range, and

accord.ingly dismissed. the long range solutions as physieally

unreasonable. Howeverr ïøl1enand.48 h"" performed. an extensive

analysis for argon in whieh he has consid.ered the Kihara, Barker-

Pomper D¡rmond-Alder and Lennard-Jones 6-16 potentials as well as

treating both (y/6) x-p and. exp(-x/¿) as possible forns for the

second.terrnoff(x)'Tna1].cases,theshorLrangeso1ut1ongave

fourth and. sixth mornents çhich were too large and., in contrad.iction

to the reasoning of Levine and. Birnbaum, it was d.iscarded in favor

of the long range te::rn,

Recently, caleulations of lncreasing sophisticatlon have been

done to d.eterrnine the polarizability of triplet Hz 56'5?, H"z 58'59'60

and. Ar, 61. Tallenand rs conclusi-on see¡ns to be supporüed ty the

results of these detailed ealculations. The SCF Hartree-Foek

calculation of OrBrien e,L ^!59 for He, returns values orp(x) ¡+hich



M

Gas

Ara

Kra

x*"

A"b

TABI,E 2 - I{OÏ'TENT ANALYSIS RESULTS

6,5

11,1

o2

3,5

p v/6

- 0.223

- 0,330

- 0.847

- 0,957

- 0"23

- 0.51

- 2.85

+ 0.757

- 3.0

+ 0.gl

cF4

9.6

3,5

4J5

l'o.?5

4.05

8,51

2. BB

2,9?

sF-
6

i"
a) Levine and. Birnbau¡n, reference 41 i

t) Iattemand., reference 48



nay be represented by a DID tezrn and an ex¡ronential ln x. In l

the region near r = f, the exponential varies approxinrat.ly "" "-6.
For the rare gases, the evid.ence points tonard.s the long range

solution as the co:=ect one.

there is evid.enee in favor öf the shorb r=lnge contril¡rtion as 
,,,,'..,,,

uell. A shorb range solution is consistent with prevlous work on

liquids with the IBC mode1l6,20r6z F'or isotropic molecul.es an

ind.uced. polarizability varlring ^" ,-9 seens to prod.uce best ,, ,,¡,

agreement with the d.ata, though there are anbiguities in the : 
1' 
j'."'

interpretation of the results, 
1,.,:...',,,

It is not clear Lkrat p(r) ror CFU should. belrave just as PG)
for the rare gases! The decrease of p(r) witrr decreasing r in the

rare gases seens to be associated. irith the strong repulsive inter-

action due to overlapping closed shells. For CF4r pG) increases

over the DTD contribution indieating that the lnductlon nechanlsm

1s not the sane or that ad.d.1tiona1, rnore inrportant mechanisms alre

operatlng. It is clear, however, that the long range solutions

obtained in the mornent analysi-s of CFU nust not be east lightly
aside in favor of the short range solutions whieh are identified wlth

the Electron Overlap and. Fba¡ne Distorbion induction rnechanisms,

4.4 sP',

ttr" SF6 rnoment analysis was ca:ried out in the sane Ìrav a,s -'j::::-- (o)- (2i v - 
""""''the CFU moment analysis. lhe value ot - ø / f obtained. from

the spectra decreases slightly w-rth lnereasing d.ensity and. the

average value of p8,& + 6.t+ x to-26 """2 *" used, Table 1 contalns(o) (o) (z)
the other data used in the SF, analysis, noil}- þ 

'ana - þ' 
' 
/ ø 

' 
,, ,: .

,,,,,,, ,,,,,:
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are nuch larger for SF, than for CF4 or any of the rare gases,

Carrlring out the analysis, we get two solutions br-rt neirther has a

terrn of short range3

p(x) = 6d2 €-3 ( x-3 - 3.0 *-2.88 )
or

(4,26)

(u.z?)p(x) = 6Å2 ú-3 ( *-3 * o"9t * 2'B' ),

There is no need to calculate the higher mornents in an efforb

to dlstinguish between the two - except for the sign, eq, (4.?:6) 
,1,..,,,,
': :': ,

and eq. (t+,ZZ) are essentially identical for all x. The second terrn 
: :: :

arnounts to approxfunately d.oubling the value of the coefficient in 'i":"':'

the DfD model. This agrees with the Ke:r effect data, where the

experimental 3¡1 is al¡rost twiee as large as the one calculated- frorn

the DID model.
l-¡

Tbik i et at63 and llatson and. Roroe1164 have found. the point dipole
:

approxination inappropriate in their stud.ies of SF5r and the present

result nrust be taken as furbher evid.ence for the breakdom of the

point d.ipole approxination. I'or a large molecule such as SF, the

polarÍ-zability d.istríbution uithin the molecule nay have to be con- 
,:,,,.,..,,,

sid-ered.. Theimer and. Pau165 h".rr treated. d-epolarized. light scattering """"'
,,. -..-.

using a polarizability density firnction and. T)eiki63 n"" found. good l',1,,'.,..,'

agreenent between d-epolarization rati-o neasurenents and- theorl¡ with 
:

this modeI,
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CHAPTER 6

cgt'IctusIoNs

S.L Results

The nrethod. of nonents is shown to be a powerful technique, : ;

allowing d"irect evaluation of the rornr p(r) fbom scattering data. ''::r::

Thusfar,thenrethod'hassoneprominentdrawbacks'First1y,itis

sensitive only to p2(") so that, information about the sign or p(r)
' :.1:- :t l

cannot be obùained.. Second.ly, two solutions are obtained., In ord.er ,,,ìl:,
.

to distinguish between then nore precise data, utrich will pernrit . 1,...,:, 

,

. :l :' .

the accurate measulrement of higher moments, are necessarJrr Third.ly,

systematie errors are introduced by the use of Kem effect data to

normalize the neasured intensity and by the need. to extrapolate the

measr¡red. profile, Absolute intensity measurenents and. neasurenents 
,,

over a larger flequeney r:ange must be ¡nad.e to eliminate these

troubles,

The anarysis of cFU and. sPrr on the basis of the line profile 
i

and through the ¡nethod. of monents, indicates that the shorL range 
I

ind.uction mechanisms d.o not play the role originally assumed. for ,,.,,,,,,
'- ..i.._:.1

.:.the¡n. The nechanisms of Electron Overlap and. Fþane Distortion were i,,..,,.,,,,

postulated in conjunetion r+ith the ïBC rnodel of liquids and were 
:''':::

thought to be ehiefly responsible for the scattering in the high

frequency wings, rt has been found- that a short range interaction
'- :: :l

is not necessâry to aecount for this scatterl-ng, l+hlch seerns to be l..i::.,

governed by the repulsive parf of the intermolecular potential, The

imporLance, and. even the existence, of the shorü range induetion

mechanj-sns nust be reassessed in this light,
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The work on

the point dipole

SF,
o

DTD

has prod-uced. evid.ence for the breakd.own of

mod.el in the case of large nolecules. Tne

DïD ¡node1 has always been accepted as the starting point in an¡¡

discussion of collision induced. light scattering. The present

results ind.icate that even for this nost símp'le mod.eI the d.etails

of the size, shape, and. structure of the interacting moleeules

must be taken intö accorrnt,

The importance of the method of noments is enhanced þ the

failure of the present models of the polarizability. Moments seen

l¡trich a1low one to anairyze the datato be one of the few techniques

without assuning the for:n of p(r) at the outset. As has been

emphasized. previously, it is only ¡ùren reliable nrod.els of the

polarizabiltiy anisotropy are available, that one will be able to

obtain useful results on molecular d.ynanics in dense med.ia.

4.2 Reconnend,ati-ogrs

Three erbensions of the present ¡rork are recommend.ed.. The

first is in the ley of instrurnental funprovernents. Absolute

intensities nay be measr,red. by obse:rring the intensity of the

collision induced scattæing relative to the Í-ntensity of a rotational

Raman line of H, for which the absolute scattering cross seetlon

i" kno*.66 ïhe extrapolation at low fbequencÍ-es may be ellninated

by reducing the intensity of the stray Rayleigh scattered. light.
This reduction may be achieved by attenuating the stray light with

an lrabboþtion ceÐ6? or a Fbtry-Perot interferom"t"=Í8 or by re-

designing the optics so that the stray light is not collected. to

begin with, ElcLrapolation at high flequencies may be eliminated,
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and. the overall noise in the spectra nay be reduced. by inrproved.

effieiency in the use of the scattered light. rrr this respect,

the possibility of multiplexing,by neans of an Í:naging detector

1s being investigated.

the second. extension is to ¡nake rneasr¡rements whlch provtd.e

ind.ependent or add.itional information. One nay obse:s¡e the d.ensity

dependenee of the total depolarization ratio and. of the depolarization

ratio I as a function of freguency, }fith a larger range of d.ensity,

the relative imporLanee of rnany-body effects at r-ow and. inter-
ned.iate d.ensitj-es nay be deter.mined, By neasuring the polarized.

and. d.epolarized. seattering, the observati d(r) may be possible,

Performing experinents over a wid.er range of temperatures.pernits

one to vary the internolecular collision pararneters. perfor:ning

the monent analysis at different temperatures will provid.e a self-
consistency check on the analysis and will al1ow nore precise

detennination of the form or p(r). The additional information may

also be used to assess the accuracy of the emplrical potentÌals used

to dèseribe the täue inter:nolecular potentiar. Besldes physlcally

altering the tanperature, one may effeetively vary the temperat¡re

by studylng other rnoleeul-es, changing the morecule under study has

ttre sa.rne effect as changing the temperature at r+hlch the experinrerft

is perforned., since different ¡nolecules ¡rill be at drfferent

red.uced. temperatures.

The third extension of the present work r+i1l be improved

ealeulations. T?¡ree body co:relations may be aecounted. for and. r+ill
allow more accurate comparison of theory and. experi*"rrt,18r66 lrlelr

rnethods for caleulating the induced. polarizability in the collison
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of complicated moleeules are appealcing.To It ï^rill be useful ,

in two respects to attempt these calculations of the polarizability.

They will aIlor.¡ detailed comparison of theory and, experiment for

specific rnolecules, and they will yield- an inereased- insight into

the generat behavior of the lnduced polarizability.
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MAIN

0(,(!1
Aí)'1 2
ooo3
r)104

cor,il'ro\,/^F: A I ,/pLoT ( I 2 B 
' 

r NPTS
coMnLr; ¡t"15' DEcKI
RFAI.*¿r X ( l J 24 ) , D( 5l 2 ) rS ( 5lA ) r F ( S1Z) . O (512t, SMTH( 5 )
ÉOUI VALf:r.lC= ( X( 1) rS) r(X( 513),D)

c
C ;ìÊÂD IN DATi\

lo2 F Lìf?M AT ( A8, {3 )

Rf Ar)(5rl.t?)DECK1
lC0 FOPMAT(F6¡O 

'91=7.r1 )

READ ( 5 ¡ 1'¡ll ) ( X ( I ) r I=l r 10 24 I

C PRTNT OUT DATA
c

' De 1()5 I=1 r512
S(I)=S(I)-D(lr/lO.

IO5 CONTIFJUÍ:
DO ll5 I=1 .1r)('l

c
cno 5
o(,r)6
ccoT

' cnc8

r)û 09
o0t0
oct l
c(.ì l2=-o,: r ¡---
Cli l4
o()15

PLOT ( I )=1.
DO lí¡1) J=l¡5
PLrJT ( I t =PLOT( I ) +S(J+st<( t-t t )

. Oî16
ac t7
c!)t a

I2O CONT I NIJE
II5 CONTINUE

NPTS=l')C
CI\LL GRAPIl
V¡RITI-r(6'125)

I 25 FOPMITT( rl | / tlTt r lCXt
C ISII\IGLF PHOTCFLÉCTON PULSF H=IGHT DTSTfì ITìUTIoÌ\IIl.,JI I

BRI TF-(6'l 33 ) (ÞLOT (I ) r I=1 r14.;)

Or.'19
çc20
Q{)21

(¡1 22
Çt23 13n tsctiMÉ'T(r I rl0X'5E18o6)
C024 DO 1-:J5 l=l r!..,r)
Oi)25 pLOT(Ir=').

. Oi?€t De l4r] J=l r5
{ri27 PLOT (I }=oL.DT ( I )+D(J+sr&( I-f ),
tì{)28 I 40 CDNT I NUE
Q1'29 135 CONTÌNTJE
GI)3O CALL GRAPH
oc 3l
cc 32
qr) 33
cÐ34
oc35 IF(PLOT(I).t.T.1,)GO TD 14F
O.i36 PLOT(I )=ÀL;lG(PLOT(I¡ )

wFI Tt: (6¡!tt5l
1 45 FuFr'lÂT ( r ! t / r')r r lf'Xr r DÀÍìK PULSE HE IGHT D ISTa ¡ uur I rìì\¡.// rí; . )

T/RITË (6'l 3i ) (PLOÍ ( I )' I=l r 1:-',Ç )
DO I 5,;íi I=l r l';(l

cJ0 37
co3a
+o39
o040
oo4 I

GCr TO l Stj
148 PLC.ìT(I)=r.
I 5e C ONT I \rjF

CALL GRA9I-t
lvRI TE (6 r 155 ) f)ECKI

qio+Z- 
--iBs nonr.,rnìtîîc-/-;t.'li.x',úcic--pTrlr-r:D/i]{K r,ul5Ë--HÈi'cHT b-isriì¡ó-uiror.¡'l

c to: r 10x¡ | DATA FPOM I rAErl\8/r or )
c
C COf.'PUTE R(II
c

0043 DO ll) I=trst2
ao44
cc 45
o046
Gfì47

F(l)='¡.
IF(O( I ).f:C.r. IGO Tf-ì llO
P(Il=2,*S(Ir/D(1,

11O CONTINUi
c
C MOV ING F I VE. PD I NT LÊ:AST SOUAtrES SMOCìTH

Ofl,48
r oo4 9

i
¡

K=I+2
t)D ltr,) I=1 '5fJB :,.-.--.,4. .-.
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, MAI N

Oþ5f' Ofr I Ac; J=l r 5
Lìt¡51
o c52
oo 53
f: (-ì .-:1t

c
00s5
0Ù56
eo 57

S|¡TH(J)=?(I+J)
Ii'5 CNNTT:J(Jî

r'(K)=112.* (5''lTH(2)+SMTH(4))+!7.*SMTtl(3)-3.*(SMTH(t)+SMTH(5)Ì)./35.
16C CONTIT"¡U:

_ç-. ..___ _ _.

C COMPUTE O( I } ^ND F'IND INTFÍ?SÉ.CTICN OF O( T} AND R.(I }

SN=O.
DN=ô ¡
N=5t 2

O(Il=î.
IÍ' (N.LTr(513-I) )GO Tl:) 152
SN=SN+S(51 J- I )
DN=DN+D(51 3- L
IF(D¡J.EO.J. )CO TO T52
C(51 3-I )=SN/DN

152 CONT I'{rJE:
I =2Aa

l7Ç'. I=I-l
IF(O( [).Lr.F.( L IGO TO 170
j _2r,, ,_t

o os9
006c'
o(ì61
ao 62
CCjf)3

-Sl'ÉlL_co65
co6 6
co67
(rn 68
cG69
t-(t7(i 175 J=J+ 1

c C,7l
oö72

. $Ð73
cQ74
(¡075
cc 76

IF(R(J).3T.R( I )'GO TO I75
N=J
SN=C.
DN=Î o

DD 1B) I=1,512
O(I)='i.

aã77
nL\78
oc79
orla.c
c(ìat
'c082

-c il¡l:-
oc94
Ci o85
o 086
cr.18 7
4 ûAA

IF( N.I-T-.Gr-T.(:. 13- I I )GC rU l aC
SN=SN+S (5f 3- I )

Dt.!=ON+D(513-l I
IF(i)ÀJ¡F-O¡';. )GLl Tlì 13{ì
O(513-I )=S'.¡/)N

1€-rij cuNT lr.¡ue
I=2C(t

l9ç I=I-t
IF(A( I ).1-T.Ê(t ))GC Tr:r 190
)=Qûr_¡

I 95 J:J+ I
IF(r?(J)oGT.R( ¡ )rGO Tn 195

e

e
c

Lq

on9
ü9(
¡j9l
()92
f) 93
t)94

I L\tR=I
I UPR =J
N=I tJPil-ILh'R
TD=ll o

TS=o.
DO ?C-, I=t rN

. Otl95 TD=TD+D( I + IL l{\- )
'0096 TS=TS+S(I+It-?lR)
CO97 zQO CONTINUE
CO98 FS=Î ¡
OO99 DO 2t1? I =1 ' 512
0 t ()C FS=FS +S)( I )

olel
clD?
o 103

2C2 CbNT I NUf:
t_ s=TS./F S

1D=TO/ l¡9] ).
c
C OUTPUT OF RESULTS
c

olo4
o105
oto6

D() 2C5 I=l ¡ lO0
PLOT(l)=rì.
DO 2lù J=1 '5
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MAIN

.olo7
0 toe
01ee
tlllO
otll

pt.nT(t t=ÞLoT(I )+F,(J+5*( I-l ) )
2l C. CCtrT I r¡tJt
2n5 COf.rTJaJrrf:

C ALL- GÊA)H
VlÞIrF(f)r215)

DO 225 I=l rlrj{.t
PLOT(I )=1.
DD 23 I J=l r5
PL.OT ( I I =DLOT ( I ) +O (J+5*( I-f ) )

23^ CnNT J r.trr-

STCP
Ef! D

o1l4
o1t5
0116
1lt7
olln

!) .. -.

i\t 2c
ot2t
(\ 122
fr I23

CALL GAAPH
' wRITt:(6.235)

235 F(IPM^T( r1. /r1' t1{jX, r o. /t 1t I
VIPJTE (6rl 31 ) ( PLOT( I )' t=1 r l')l) )

c l4/ t-,'r ¡l0xrrcHAN].EL t\ut'lBF;ì oF up[:FR t-IScRJr¡tN¡\TtJR LF_VÍ:Lt,lQ/tt¿tl
V¿trITF( 6¡251 )TDTFS

2É.lr FOR¡4AI( | I r r 1r)X, r ¡pT ¡ Myu oA'lK couNT RA TF= t rF g. 4 |. HF.p.T Z t rt
C r,]r rllXrrFQACTICN OF SIGNAL USED ÁT 3ÞTIÀltjv=r rFBe S/.,!.1

ot2ó
(1127

c 130
ot3t
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/roL

GFA f:H

()()ol suuFr0tjT IN; GfìAf-)H
c
c I NF'uT I1, ^ 

Rt:^L:r4 vECTi)Í? FL.OT ( 12tl )
c NF,T5 ¡4AY ;rt_ l!ìO ilQ l2a PoINTS
c

ocíì2 cor.rvo\/Af?: Al,/PLcT (L2ts, r NPTS
trt:AL*4 MAXTl¡INO i'l-: 3

çç'r.' 4
c'-ì 0 5
c0 f_) f.

¡f'iTFGf F*4 I t)Lf-lT ( l2F. t 2l
LoGICAI-+l LINE(L?-Ar/l2n*. t /t
LßGICAI_*l 3t-^NK./. | / ¡S'f aR1t4.t ¡

c
C F¡¡¡r Y¡¡ .,.ND MIN
c

CùC7 MAX=PLIT(I )
(:2lB IaIN=PLCT(1 )

Cti)g r)c 1O:-' I=1 ¡ NPTS
e0l( If:(PLOÍ(I).GT¡MAX)MAX=PLOT(I)
0Clf tCC IF(PL¡T(I).L.T.vtNtvlf\--pLOT(It

c
C SCALE AND rlOU¡lD TO NEARFST INTTGE R

c
IF(MAX¡EEOI,IIN)GO IO 12I
SCALí=5:1 ./ ( MAX-MJN)

o(i14 Gtl TO L22_
út) I 5 I 2l SCAt_t: -rl .

t22 I LìSLN___SCAL Er.¡.,! Ir.,¡

DO 12,- I=l il.lPTS
PLCT(I )=f,.-OT( I )*SCALÉ+IRSLN
IPL.OT(Irl)=ÞLOT(I)
IF( ( IÐLOT( I rl )+1.-pLCT( I ) ).LT.C.5llPLOT( i,l )=Ii)LCT(I,1 )+l

o{,2 | t2^ IPLOT(Ir2l=I
c. C SORT
c

Çt)22 142 I SC!i- T=;;
t:]23 N=NPTS-!--lriz."-'- ---oo lZ; -t;l ,'ñ-'
it25 ¡F (Ipt-flT( L t ).LT.Ip[.nT( I+1r t ) ]Gc rrl l4l
(tt-tzl- GO Tr] l¿tt.l
f.ú27 l4l ITt¡4pl=IpLí)T(Ll)
í)Ù?a ITir^,1 P2=J9LOT (l t2,
ot:29 I ÞL.rlT ( I rl ) =IPLOT( I+l, t ¡
cü3r^ IPt_nr (lt2t - f pLor( I+l r2l

cþt2
t:J l3

. Oî;16
orì l7
cc l tr
cú19
CCzfi

co31
e03?
oD 33
oo 34

oc 36
oo37
oÊ -38

IPLIIT( I+l rI )=ITEtrlPl
IPL f.)T( | +l | 2 l.= I TEMp2
ISORT=l

I4(ì CONTINUE
(¡C35 IF( ISlrìT.=,).1)GO TO l4Z

---c C PLOT
c

þ,RITE(á,
I F ( NPTS.
lF(t'¡pTS.

2C ír )

EO. I OLì ) YJRITE ( 6, 2ô5)
Eo r 1 2ål$.l: t IE I ê t 2Q 6,1

L=1
oo t fìfJ K-l r 52
M =C,
DO I A1 t=L, NPTS
¡F( I .GT.NOTS }GC TO I A2
IF(IPLOT(I,l' ¡EOo(5?_-Kr rcO TO r83

o039
oo4c
cc4 I
c0ô2
co 43
o044
e045
oo 4ó
o04 7

rs? crj-ïo 1b4
I 8.f J= I PLOT ll t 2l

L¡Nã(J)=STAR
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GFiA PH

cr,48
cr)49
C t)5(.'
rio5l
c") s2

cl)54
Oar55
¡.(i56
Cij57
o (.'5 I

lÉJl M=M+l
1 A4 I F ( NF'TS.;:O. l.)ír ) Wtr I TF ( 6 t 214 I ( L INF ( J

JF ( ¡¡prS.= O. | 2r.\ ) i!ñI Tij (6. 2L 1 ) (L INts ( J
¡F (NPT5.flll .l rìi) .AND.Il-ìSLN.[--O¡ (52-K,
IF ( NpTS.10. ! 2rJ. 

^Nf), 
I FTSLN. [.O. ( 

=2 -K'

lÊ5 LINÍ(t\)='3'-ANK
I A0 L-L+M

IF ( ¡JPIS.t: O. I { n ) WF ITF ( ó, 21:!51
If'(\f)TS.EO. I 2t )\lRlTr, (t:t2?.61
V" F I T F l6 '22 rl ) l4A X r V I Ì¡

'J=l ' l((' I
, J=l r 12¡ì )
uraITE(()r215)
lr/PITE(r>'216)

O153 Dn 1[ì5 r,l=l ¡NÍ)TS

24/o F OR¡,I^T(r . r2X.l3(r+---------r ¡)
2tC FCRi,rAT( r'r ItBX't I t.I{.t)At rI I I )

2ll FoRtrrtT(r . t?xtrl rrl2AAt'r I t ¡

215 FOrìÞl^T( r+r r13Xrlfi ( r 4---------r ), r+-' )

-q.!ì.65------ -- 
-?-,L!-L qll4-rl'f: r-2.x-r l 3 ( r +--------::--' ) )

f-r,!()fr ZZt.\ F CìtrVÂT(r''.'r.3uX¡.MAXIMUt4 VALUfi=r ¡t.l4.7,5XrrMlNIMUv VALUL-=¡,
C E-14.7/ra'I

}{ FTUF¿N
END

1'rr6l
Qc¡62
c 163
cí)64

ü(i67
f {ì6a
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APPENDTX A2

FÏT EXPONENTTAT

TO DATA

:l:':
ili, -'
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MAIN

(.:01
tir',0 2
[.r;o3
t;ij.o 4
t)rP5

C lirr',f O'.1,/ÂRE 
^ 

1 / PLOT ( I e I ), NPT S
REAt-+.1 xy( aoo r4) rV( I Ð?4 lrC( 40 )
nEÂD( 5 t?OOt ( Vi J t rJ=1,lO24'
ReAD(5'ê0o) ( C( J ) ¡J=l r4O )

RE 
^O 

( 5 t?0 5 ) VCENT
TI1õF

ZOS FCJR.VAT(f:9.3)
I PEAK=VCEI'lT
ô{=åoo
DO 110 I=l rM
J=I+IPEAK+25

c {.87
GîOB
0.09
col o
r,*t I

,'.i': I 3
'Jill¿+
çt'. ,5
a.j i',1 ó
QLIT

XY( I' I l=( J- IPEAK ),/rô.
xY(l,e)=V(Jt

110 xY( I r3l=t o /(XY( Ii2l+9.1
ItÍl=24¡ ??9qE 3
ÁL=-0.23ct+56
BB=3. g4r-¡7þ13

{,;19
t_-i120
ç i-'2 I
tr.,22
cc 23

frL=-ô.oa 1537
PL=O r
0L=0 o

çÂLL TWDEXF( AB.AL'BB TBLTPLTQLTXYTMT ITÊRl
DO 130 I=l rlOO
PLOT(I)=Ð.

fii25
cìt26
$è27
nQ2A
(..t 29

I :15

130

J=l r I
PL.OT ( I )=PLOT.( I ) +XY( I +(J-l )vf Br ¿r )

C ONT I NU€
r'¡l>TS=!00
CALL GRAPH
STOP
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T r¡ioÉ Xf)

ol
OL
03

S (.,1'1 ULIT l \,:. T,,\r'lF XP ( ¡1'_1 r ÂL, ¡.¡¡.r, FIL ¡ !)[_ r QL r X y r V, IT E R )
ÞF A[-*ßl /r(1'z¡ ¡ 11 (4 14].tJ(4 ) rY(4 ) r X(.1),F{(q } rXSnt.N(1+)
Êfi¿t-tt.xY(v'4)

C Tl-{L Mf;t)Et- IC AB*XY(lrl).r*f)L*tXp(qL*XY(I.tl)+ÉBtxY(Irl)**OL*lXf)(!:rL*Xy(Irt})
C TllF Í'Ar'Ar.tf Ti-!¿S T(] BE OPTlf4 IZEO 

^ÊE 
.r\B..rAL.rrBgr ApLr .BL.

C XY( Ir 1 ) CONTAIN:; TI-I5: VALUES (-ìF TI'IÍ.: INDËPENNENT Vê¡Til ¡-.I ¡i
C xY( I.2 ) CONTAINS THt: MÉASURtîD V¡rLLJt: CURRÊSPONDING TO Xy(
C XY( LJ) CONrÀI¡¡S THr-: v,TEIGHT Of: Ttri MF_AS{JFì--Lrt-¡iT Xy( Ir2)
C XY(I'1r) CONTAIN:j THË RESIOUALS XY(Ir?)-(FITTiD ÊUt¡CTION
C TTtfJ S.UPßOUTINË SLVEON(A,T,BTYTXTRTXSOI-N,Nt IS REêIJTHËÞ

N=4

I:r)

A'¡' xY( I r l l l

ÜT

ôb
6T
0g
Òg

C II.JITIÀLTZE A(I'J)
DO 115 I=1 rN
DLì T 20 J--1 r N

!20 A( I r J) =OoDO
r15 Þ(I)=O.DO

o
AND B( I } TO ZER(J

l0
u
t2,
t3
t+

CCllPtJTf: A(I.Jl AND r-J

Dll 125 I=l rü
ts-.t=AÊ,FXy( t r ! )**pl-'tt-'Xp(AL*xy.( I r1 ) I
l--2=Bil-^xy{ I I ! ) *+QL*ÉxP(RLx:xy ( I r I ) )

F11=r'1**2*XY(t'l)
f:12=Fl*F2i<XY( I r3)

llo
,7
t8
t9
2-ø

=F2**¿*.XY( I.3)
tsf'.i= ( XY ( I ' 2 ) -F L-F 2 ) +X Y ( J ' a I
A( I r 1 ):A( 1 . 1 ) +F I I
Â( 1 r2r=..( 1,21 +Fl!*Xy( L l )
À(1,¡)=A(lr3)+Fl2
A (1,/+)=A( 1 i 4 )+F12*XY ( I. 1 )

n
L4
?s
LL

A(2,2- )=A( 2 ¡i:l +F 11*XY( I r 1 ) nt,2
A(2, 3) =A( ?, 3 ) +F12+XY( L l )

A(2 t 4 ) =A( 2 ,4 I +F I 2xXY ( I r 1 , *{2
A( 3..3) =A( f ¡ 3l +1?2
Â( 3r ¿ )=/r( -.r '41+F z?_*XY( I r 1)
A(4t4 )=r(4 '¿r ) 

+i)-z*XY ( I r I ) *+2

't-8
29
3o
5t
32.

E( 1) =B( I )+3i1*¡1
B( 2) =B( 2 )+Br.r*Fl i,.XY( I ' I )

B(.j)=ts(:l)+Br¡*fj2
B( 4 ) =B(4 )+8i4*F 2>rxY( I r 1)

I2I COIITINUE
A(1rl)=A(1¡'!l/AÀ**2
A( 7,2 ) =r( I r?l / 4B
A ( 1 r 3 )=Â( ^L3I / (AtJ*BÉl )

A(lr4)=Â(l tal/A3
A(2¡3)=Â(2rf)/$l
A(3r-3)=A(? ç31/P-B*.¡ßZ
A(3r4t=.'\(3 rttl/31)

3+
3l
,è
97
3g

A(4¡?l=Al2 ¡41
A(4t3)=A(3r¿)
n(1)=fì(!)/^A
[ì(-r¡=s¡3)/B].

C SL'LvÊ. Â( I rJ)ÀXSnLN( J)=A( I )

tt7 CALL sL\EeN(A,TrpryrXrFrxsot-NrN)
C CLII.lÞUTf: TFIi; CURÊEI.¡T EST¡MATES OF THF PAtrAVfTf.qSq8 Arr=^B+xsrLN( 1)

{4 al=nl+xinuru( e )

fO tsa=BB+xsoLN(3,

,13

qb

çt
l?-

t'L=nL+XSOLN( 4l
vjf? I T1 l6 '?O 0 , I TER
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(' l'53
(ri)5¿r
o i;55
ri 156
(; {'57

zCO F ('R1{AT ( r0| . ICX r llC)
vJt, I Tr (6,?05 ) ( ,(Sr--LN( I ) ,I =l .4 )

?o5 FOPVÂT ( .0 | r 1ÓX.4DlrJ.ó )

r.iR lrE ( 6,21 0 ) AiJ r AL r fiB,8L.
21 O FclR¡.iAT( rpr r 1OX, 4€.1A.6'

C TFç.T TNP FXIT
ir,i 5 I

o 059
r:160
cr)61

TE Sr = ( X SOLI'J ( | I / A9 ) ** 2+ ( XSOLN I 2, / 
^l-' 

*s?+ ( XS'flL.N( .-l ),/3tì l,t'*?
C + ( XSlll-N( 4 1 /8Lr *t'2

TÉ ST=5ôFtT ( TE ST )

IF ( rEST.Lr¡5.OE-O6)GO TO 150
loo cof.¡T Il.rrJE

{,Ìié,2 1 ciô ('ô}¡T I i'JtrF

C COM PUTf: TrlF R Ë S J ÞlJ^ LS
1r)ó3 DO 1ðO I=lrM
üv64 130 XY(l 14)=XY( I r2)-48*XY(I ¡11,¡>kPL*EXP(AL*XY( L l ) )

c _BB*xy(l r1 )**oL+Exp(BL*xy( Ll ) )

C.-ì65 CH tSO=o
( ;:ó6 DO 135 l=1 rM

,,.' C?6.7 135 CHISO=CHISO+XY( I'41*rkz*XY( I.3)
f;î68 l¡tFllTE( 6t?l 5 )CHISO

.,i : Li,69 215 Fr-lP¡4AT( dor ,lOX 'Fle.e )

,,i . e47O f-ìFTURòl

. cç7 L Fl'lD
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SLVÉON

0t
02-

t)

STJBRO¡JT I \¡: Sl- VEOr.¡ ( A. T .B r Y ¡ X rR ¡ X S,OLN ¡ Nr )
Il4l)L IcI T Ê EAt.'x..} ( A-t-rr n-Z )

RE/'t.'rl.t A(N rh:),'f (t\,N) .B( N),y (Ì\¡), X(N),F(i\ ) iXSí]LN(Nl
c
C Sr-jLvt A( IiJ)*X(J)=u( I )

c A(I'J) r\fUi;T R- A REAL.T SYivt't[]r.-l( MATIìIx.
C Ct16¡E5¡aY ¡JECO¡,,|POSITION tS l.rSt:t) TLI FACTCR A( I,J)INTr-.) T(I.J)*r(JcI)r
C I',I.'IT:tr.E T(I..J) IS A FiEAI. LO\.jÊF TNIANGULAR À1 ÂTÃJX.
C THT. ¡J',,CESî''\RY AI.Ii) SUÊFICITjI.JT CONDITT:IN FT:ìq T|-lIS TC,BË Pf.ìSSIÉLf: rs Tr{AT
C DET(A( I 'J) ) I fì ÞlSf TIVÉ tt:F IliITti. AFTER TRIA¡.TGULATIONi BACK SUtìSTITT_tTION IS
C !JSl-t) Ttr TIBTAI¡! Tt-lË SOL(JT lON. AN lTqrì/1TIVE' L OftP f 5; ÞRûVIntiñ Tn Ât r c'Iur yHrq
C ST-:¡gT ¡¡¡r¡ TO fìË IMP,ìOVF.f,) If- NÊCE SS¡,R Y.
C THE ARRAY A;ìEÁ ¡S 4*N*,ß2+1O +N TJYTF-S
c
C CL'^4PIJTû, T(IrJ}, THE LOW-R TRIT.II GT'LAP FÂCTOR OF /\( T,J)

ôtl. Do 1oo l(=l rN
C C(IVPUTÊ THS KTH T)IAGOIiAT. ELEME},IT

:

ôø I srgc=6-1
07 . Stra=6,¡¡6
og trt<.Ée:l )Go rD rto
oq Do lo5 I=t r ISToP :

I !dS StrM=S(Ji¡+T( K. I )'i(*2
tl l rO T (K, () =DSQÍIT ( A(K.K)-SuH )
12" IF(K.ÉQ.N)Go rO IOO

C COMÞIJTE THE KTH COLTJMN A¡¡D ST,T THF ELE¡,IENTS ABOVE i}{T:: btÂGONAL TO ZERO13 Do rrS t=JsìrARriN
l+ 5gu=gnþo
/á rF(K.ËG.!)Go ro lzs,- .nãlt , oo ro t rt
to Do 12o I=1 rIÍ_,TOP
t7

'Bt9

l2A SUô'|=SU^|+T( J' I )'*T(Kr I )

125 T( JrK) =(A( JoK l-SUlrll /T lK,Rl
T( KiJ):O.DÞ

DO 145 I=l 'IS.TOP
145 Y(K)=Y(K)-T(Kr I )*Y( I )

l50 Y(K)-Y(Kr/T (KrK)

1-o lts cgNrlnu€
lOO CChlTINUE

C THIS ÉNIRY POINr Ig USÉD rO COf"lpUTE ItlvERSE(A( I.J, ) Wf THOUT q=c-O¡/tprrrING T( LJ)
aL ENTÍ?Y S0LVEB(9)

l

# Do 13o I=l ¡N
e+- f(r)=þtr)
15 l¡n xsnr ¡¡rrt=¿.nô

C STAQï Of IHE LÐDP l

Xb Dg r 9s ITER=I r I
c sf)LvÉ. Tl'rF ÊouArIONS T(trJ)*y(J)=B(I) :

T, r3s ??-i:i,[i"* 
"'19 lrtr.ge.tlco rg rso

lo
3t
3?J
t3
?4 tzrp ÇeNTtrrUf,

C SOI,.VE THE EOTIqTIONS T(J,I¡T.X(J)=Y(II
tE
?t
3'I
tq

DO l6O L=l rfl
K=N-l-+ I
X(K)=f(K)
tF(K.ËQ.N)(lo TO r70
I STi\RT=K+l

4q Do 165 f=ISrAlriN
4l 165 x(K)=X(K)-T(rrK)+x(I) r ___
4L 17O x (K)=XlKl/T (KrK)
\l 160 coNrINtrE
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laUU

SL V CON

o'J 44
a{:45

C OI4PL,T E THç
r)o 1 80

l8c xsÛt. N( r

CLIII'PL'TE THE

Þo 1s5

CtJR REN T

T=1 .N
)=XSOLN( I
RÉS IOUAL

f=l ¡N

APPROX I MATfCN TC XSCLN

) +x 1 ¡ ¡

V€C TOR R( I I

( i?48
;.ì i:4 9
{:u50

ii{:5 I
!. 152

=tl ¡

DO f 90 J=l rN
f 9C 9ur"1=5Ur4+A( I.J)*XSOLN(J)
185 R(t)=B(t)-St,,t.l

C RÊTTJRN'TO 5fI4T T35 TO PSRTOÉM T}IE ¡:EXT ITER,ÀTION
I 95 CCNr I t{UE

RE TI'RN
cc53 ENÐ
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GþA P'I

o^o I st¡tìfìc'JT Ii\Jf (;Ê ApH
c
c I r'rpuT I S A RF¡L.r4 VACTr'R FLAT (t ZAt
C NFTS MAY ÊÉ 1Þô t-)R tZe POtf'¡l!
c

r.{,o3 REi.LÈ¿f lrlAxrf4 lrv
If\¡TF GEÈ*4 I PLOT ( l¿a ,2't

L(JGI CAL.äl BLANK/r t /,ST AR,t.v. /

...)a 4
'i r.'0 5
ci0ó

(:to7
r', {.t 0 I
üù09
eirD

M¡,X=trLDT(l
MIN=PLDT(l
r'C lOô ¡=1
IF(PL:]T(I )

)

)

r NoTS
o 6T rl'lÂX )MAX=PLûT ( I )

!r. 12
Cijl3

4ii1s
i:+ t 6
f. lt7
t'c18
frl!9

L-(PLíìT{T t/It\tt/Iiç=c,LOT(J)
c
C SC¡\LI ÂÀID ROUND TO NFAçEST INTEGER
c

IF (MAX.ÉQ,.4fNlG0 TO 121
SCALÊ=50. / ( trÂ X-¡!iI N I

l2l SCÂLÊ.=O.
122 I BSI-N=-SCALF *M I\
. D0 I 20 I=l , NPTS

PLOT ( I ) =ÐL.OT ( {, *SCALE+I RSI-.N
Irrt.OT(I'1t=PLOT(Il

r':"20 -- IF((IPLOT(Ir1)+1.-PLOT(I)).LT.O.5)IPlOr(frlt=Iplor(l.t)+1
t)':21 t20 1pL0T ( I ¡?l =I

c r_! ?2
cü23

c
c SEtRr
c

r+? I SOR T=O
N=NPTS - I

i12¿+
ç{'25
(:2t
üú 27
cl:2e

Ðo .l ,ro I=1 rN
IF(Ipr_nr( I,t ),LT.IpLOr(I+1.l) t60 TQ 1¿1.¡

GO r0 t40
l+t ITE,'lP!=IPLOT( I'1 )

llEfl.P2= IPLgT ( I r 2l
Ir)t.OT ( I'1 ) = IPLOT( I+1

Lì rt 30
C.1 3l
t!)32
cc3-?
(ìt34

ItrLDT(
I PLEIT (
IPLOT(
I SOR T=

I4O CÐNT INUC

'2)=IPLOT( I+l '2)+l rl )=lTEVPI
+!.2, =tTEMP2

435

t436
0Ð37

c
C PLOT
c

r1 )GO TD

wçITE(6,2001
¡ F (NPTS.EO.I OO lr¡rR ITE ( ôi 2ó5 )

Or)39
Cr.: qO

c l4l
cc42
(r043
(ìo 44

L=l
DO tAO K=l r52
M=O
DO tAl l=LrI.JPTS
IF( I ¡GT,¡¡PTSTGO TC IB2

c 045
c o4ó
eQ47

I ¿12

lB3

If'(IpLOT( I rI).E.Q.(52-K) tGO rO lA3
GO TO t84
J=IPLOT(I '2)LINE(J,=STAR '---:.f:-: -.-
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GflA Pl-l

oô48
ii t.:¡ 4c)
(ì;¡ 56
Cri.) 5l

181 M=M+1
l84 fF(Nlr¡TS.Se.lOo )i.JRITE(6¡ Zlol (LtNÉ( J) ¡J=t .loot

IF (NPT:l .EO.1 2A ) vJn JTE l6¡ 21t ) (L IN:E( J ) ¡ J=! ¡1z&l
I F ( N f) f S . E Q . I 0ô . A N D . I B SL N . e Q . ( 52 - K t ) !.j Êì I r e ( 6 , Z I S ,
¡F ( rlr,rs.EQ. I 2,.ì. AND. t BSL N. 80. ( 52-K' ) Wf-r I T E ( 6. ? I 6l

{.!'l 5 4

Oí5ci
C,.156
e i.37
6ô5A

145 LIr.lE(¡'¡)=gLÂNK
180 L=L+M

IF (t'lr)T5oEQ. t ûO ) ì{,tr ITÉ (6 ! 2ú5 }
JF (Nprs.Ee. I 2B )\9ÞITr ( 6, zo6t
IvRITE(5.122 O }HAXTMIN

L I I'JE ( ¡,¡ ) =gL,\ NK

( cóo
ltcóI
(..r 62
f.()6_3

1-'f.! ó4

205
206
?.1o
2'I
2t ?:

o FOpr\¡AI I r 1 r /'I f)r
F0(ìÀ1ÂT( I I r lgXrlO(.+---------r) | r+-r )
Ëet?VAT( ! t,?\ ¡13( r+---------r ) )

FOtrM/rT( t t r18X, | | r,l0OA1.t l r )
Ff¡iiÞrAT( | t ¡2X¡. l t,1?9a1,t ¡ r ¡
FOlMAT( r+r ilgXrlO( t +--.-------. ), . +-r )

çi.t6a

Qr67
n r-:6 8

2 ;ìMAT( .+ I r2X .13( | *---------.
220 F(;i<v AT ('0 r, 30 X, T MAX I ITUM VAI_-UÊ = r r E l 4 . 7 r5K ¡ r f.l l NIÊ.luM VAI_L'E = r r

c E l4 t7 'tt6t ¡

RElUEN
END

i.:j
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0tlEXP

00c I
003 2
00c 3

SUBROIJI INE OlITXP (AI}r ÀL,PL, XY
REÄL*8 Al2t ?l tT I 2¡2lrß( 2ltY I
REAL#4 XY(l'tr a)

rl'1 rlTËRl
2 I rX (2 )rR{ 2 }rXS0LN(2 t

c
c
c

THÊ MODEL IS Ats*XY{ IrI }*+PL*ÊXP(AL+XY( IrI I I
TH: P,1 RÀM?TEI{S TI 8E OPTII'IIZ€D ARE IABr AND IÂLr
xY{l,I) ctl|rrÀlr'{s rHË vALUÊ5 0F THE -txqEeElùDENT vÄRIABLExY(lr2) cnhTAINS THE l'!EÂsuF.E0 vALUE cuRRÉSP0NDING T0 xyt
XY(lr3) C[ìt¡TÄINS THE r,lEIcHT OF THE ¡TEASURSHENT XytlrZt
XY(lr4 ) C0NTAII\¡S Tl-15 RESIDUALS XY( I' 2',-IFITTED FUIiCTICT:
THE SUBCnUTI\E SLVEQT'¡(ÂrTrlJrYr XrRrXSfllt{r\l IS REOUIRED

N=2

c
c
c
c

Ir I I

ÂT XY(I'I¡l
000 4

5 00 ITÊR-
IÈIIfIALIZF Â(IrJl ÀrrD B(ll l0 ZER0

DO lI5 I=lrN
D0 lZC J=lrl'l

I2C A( Ir J! =0.00
ll5 B( Il=û.Di¡

0006
000 7
000 B

000 9

00I0
001 I
c01 2
o0l 3
0014

¡IPTJT F À

D0 125 I=1rH
F=ÂB*Xy( I r l t **pL+EXpl AL+Xy f Ir I l I
FSQ=F+*2+xY( Ir3l
BlLl=F*( XY( I , Zl-F ) *.XY ( I r 3 I
Â(1.'ll=A(l¡tl+FSQ

t5
00t6
o0t7
0018
001 9
c020

r2)=Â +

Al?t?l =Ãl2t 2 ) +XY ( I r I ! +*2 +F SQ
B(11=B(1)+Bl't
B(2)=B (21+9M+XY( Ir ll

L25 CCIIITINUE
Â( Ir l l =A( 1r l l/43++2

o0?2
c023

c0

002 4

)/ÂB
A(2rl)=A(ir2)
ô(11=S(i)/AB

SBLVÊ Â( Ir Jti xStlLN(J l=8(I )

CALL 5tVÊAN( ÂrT;B¡ YrXrRr XStLNrlll
COI4PUTÊ I}IE CUÊR!I.iT ESTI¡,IÂTES OF THE PARÂi\fFTERS

o0¿5
o0¿
ao27
0028
c029
c030
003t

?OL

2C'

AB =AB+ XSCL N

AL=AL+xSûLN(¿,
l.¡R Tf E ( 6' 2OO I ITER
F0RYÂT ( !C 

" 
lOXr I Iü l

l.lR ITê ( 6rZû51 ( XSOLI'l ( I I ¡ I=1r 2)
F0R\AT ( rC r r ICXrZDI B.6l

0032
}{RITE(6r?lOlÀBrÂ

2I0 FeR¡'lÂT ( r0' r lCXr2El 8.61
C T€5T FOR fXIT

0033
0034
003 5

TË ST=( XSCLN ( I l/ABt *+2+ (XS0LN(2 ¡/ÂL ¡ ++z
TE ST=S ART { TE ST t
IF(TEST.LT.5.0E-06tG0 T0 150

003
0037

ci,1 c0NT I¡.j
I5ç CONTI¡IUE

C CO'\4PUTE THE RESIDUALS
00 t3C I=lrH

I3C XY(Ir4 )=XY( I'Z)-AB+XY(
CHIS0=C.

Ir I I **PL+EXP (AL+XY( I r I l I

003 I
0039
c04 0
00 4l
0042
c043
0044
0c4 5
004ö

35 I=lrH
135 CHIS0=CHI5Q+¡yl Ir4 l++2+XY( Ir3)

r,rR ITât6¡2t5lcHI5o
2I5 FORHÂT ('O'r l')XrE 18.61

R E TURN
END
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MAI N

oo0 I
0002
ooo3
ooo4

COMMON,/AR= A4,/NRTS,P ( 4 ) r RP (4 I
C O ITTM ON,/ ÂR : A 5,/ S I G T EP S T AL PH A T R M AS S , T F M P
COMMON,/AR= A6/PKF-S ¡ PM I X, ATM, RHOr AMAG
I NTE GER'I4 RUN T COUNT

! S 16 r -çUO-' É f,S-t J\R'E-.--I¡IE-I-ENNARD--JONES -PARÀ\4ËJ =.?s-
C ISIGI TS TN JNITS OF (ANGSTR()VT
C 'FPSI IS tN JNITS DF (DEGREE KI
C TALPHAT IS T{= POLARIZABIL ITY OF A SINGLE MrJL=:LrL=
C ' ALPHAI TS T\ UNITS OF (ANGSTROM**3) '
C ' RÀIASS' I S T{= REDUCED MASS OF THE COI..L IDING PA IR O= VOLECULES

-- 

c '-FñtÀSs_t__ll_-ltj__ U¡!_II_S-__OE
C ITEMPI IS IN UNTTS OF (DEGREE K'
C ASMALLKI IS,3OLTZMANNIS CONSTANT
C rSMÂLLKr=1.38O54(ANGSTROM**2*SEC**-2,/DEGREE <¡
c

SIG=4.7Ooo05

ALPHA=2¡849O7
RMASS=44. I 0 55
TEMP=293.
SMALLK=1.38O54

CRUN RAT If IPRES RMI X
wRITE(ó,9i1 

'!',RITE (6,9)2'

CAUNT

9OI FORMAT(1HI }

902 FORMAT ( IH] ,
903 FORMAT ( IH+,

PRE S= I PR5 S

CF4=RM I X

IOX. IRUN NUMBER'
tox,loXrI4)

._o_oo.á_
ocoT
oooa
oo09
ooto

oo 12
cot3

oo 14
oo l5

__o_o1.6__.-____-Ì,IR_LI ELá

c
--Q-ol. I cArr ARRAY

999 READ (5 r 90C' END=t O0O ) RUN, RAT IO, IpRES r RM IX r Cf JNT
900 FORMÂT( I4rFt2.3, ISrFA.l rIS)

oo17
oot8
ool9
o o20
002 I

-_0022__-_oo23
oo"4
oo25
oo2ó
oo27

H-E=l 0.9
CALL PVT
PHIO=21.5)53
PH I 2=O . 255 6 2F--O3*RAT I O+ pH I C
CALL SOLV=(PHIO,PH¡2'
CI\LL ROOTS

oq2a v,RrJ_E_Ló_r e!?l___
oo29
oo 30
oo3 1

oo32

oo34
oo35
oo3ó
o 037
o o3a

OBSFRVFD I,

IO3_3 WT=RCOUNT/S!R.T_(..RCnUNI
vtR IT E ( 6,9 f 5 ) COtTNT, vrT

905 FORMAT ( lHl r I 0X r I8r . COUNTST o I OX r ttfEI GHT=N,/SAhtT( \ ) = r,Fg.2l
¡,RITE( 6 i9f, ó I PRE S, ATM

906 FORMAT ( lHl r I OX r r TOTAL PRESSURE= | rFó.O, | ( pSI G ¡ =r r :5¡ I i | ( ATMI I I
WRITE(6.9f7}RHO,AMAG

WRITS(6r993)RUN
wRITE(6,914)

904 FORMAT ( TdC r 1 CXr t THE TOTAL NUMEER
C ' SPECTRU14 AFTEP SUBTRACT TNG THE

RCOUNT=COJ NT

OF CCUNTS IN Ti.l=
BACKGROU\) ISt }

_oo39 9O7 FOFMAT(l{Orrox..r|FNSfTy nF cF4=r.FR-s.l_[gn =7_¡¡¡-: -t

oo40
oo4l
oo42
oo43

C I(AMAGAT)I)
hlRITE(6,9C8t

',RTTE(6,939'CF4 
rHE

9O8 FORMAT(TH)r IOXr tTHE I.IIXTURE CONTAINFDT)
9O9 FORM^T( IHC r I OXr' CF4 -r ¡F6. I rr (MOLE PERCENT I r ¡5X r. ll -r rF6¡l r

c r(Mot F f=RCFNT¡?t
oo44
oo45
o 046

V'RITE(6,9I O )PHIO r PHJ 2
9lO FORMAT( lH3 r t OXr rPHIO=r rF8.4r5X¡ rPHI2=r ¡F8,4)

wRITE( 6r9t I )
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MAIN

oo47
oo4a
OO¿19

oo s0
o 051

9I1 FÍ]RMAT(I{9TIOXTITHE SOLUTTONS ARE AT¡)
DO 940 I=l,NRTS
Y=BP( I ) *SI G*r( 3.-p( I ) )./ALpHA**2
wRITE(6,912 )P( I ),BP( I ).v

912 FORMAT( lHl r lOXr rp=r ¡ F6.Z¡5Xr. g=r rEl 5.?¡iX¡

---- 

C I Y=.ll.tSLGU-4._Ê_Afl_-P_)-/_ALpt-IJLt*2=r .F r 5,-71 _
94O CONT TNUE

GO TO 999
lo00 sToP

END

. oo52
0053
o 0s4
0055



PVT

SUBROUT T \; PVT
COI'lt4ON,/A R: 46./PRES, RM J X r ATM r RHO, AMAG

cALcut.ATES TH= DENSITY oF cF4 IN CF4-HE MlxrJì:s Ar 293 OFGREES K
EPSL=t.O=-O4
R=(IOO.O-PMIX}./RMIX

oc.oq I¡/L=lp_RESr 1 4._6959)¿1 4^695q

ooo I
oo02

oco3
ooo 4

oo06
oooT
o008
o oo9
oo10

oo12
oo13
00t4
oot5
oo l6

--O-O-ll | scl Rl-lON=AT.$l(-AlIl.+-RHO.tc.+3-HO-)l.+2tD-tRtLfll1t3l--

A=24.O4194 + ( R+1 . )
B=-2. 2 A62i8+ 3, I 36725*R+ O.535674 *R**2
C=0. I 6970)
D=-O.976356E-O3
RHO= A TM,/A

IF (ABS(RHON-RHO }.LT.EPSL) GO TO I5I
RHO=RHON
GO TO t50

151 AMAG=23.94676*RHO
RFTURN



(a

ROt¡TS

ooo I
ooo 2
ooo3
o004
oc os
ôo ôÁ
oooT
000a
o009
o0ro
0011

00t3
o0t4
oclS
oc.1 6
oo 17

00r9
oo 20
o02l
o022
oo23

_ rìn_-8_o¡_J=_l

SURROIJT I N: RONT S
coMMo\¡,/AR:A3./FUNC(3C r4) ¡SOLN( 30 )21
COMMON,/AR:A4,/NRTS IP( 4 I, BP( 4 I
EPSL=O.l=-Oz
K=O

M=2
IF ( J.F Q.l . OR ¡ J. EOo 2 t M=l
I=O

AOI l=I+l
IF(I+t.G=.30lGo TO AOO
SG.NA.=--S I.GN,( t ._LEUN,C (

SGNB=SIGN( 1. rEUNC( I+t rJ ) )

TF (SGNA.E3. SGNB}GO TO AOI
IF( r-l oLTo I )GO TO 802
1F.(I+1.GT.30)Go TO AO3
N=4

ool R trO=F_UI{C*LI_=-I_-_JJ_-
Fl=FUNC(IrJ)
F2=FUNC(I+lrJ,
F3=FUNC(I+2rJ)
DF O=F 1 -F0
DFI=F2-Fl

oo24 DF2=Fa-F)
0 02s
oo26
oo27
0 028
oo29

DDFO=DFl-)F0
DDF I =DFz- )F I
DDDFO=DDFI -DDFO
A=DDDFO./6 o

8=DùFO/?.-DDOFO,/2.

D=FO
X=1.

830 XN= l -l . /Al * ( B+C,/X+D /X**Zl
IF (ABS( X\-X ) . LT.EPSL 

'GO 
TO 83I

X=XN

AA=DDDSO/5 r
BB=D D S0,/2. - DDDSO./2.
CC=DDD SOl3 . -DDSO / 2. +D SO
OD=SO
SOLNB=AA+( N**3+BB*XN**Z +CC+ XN+DD

ooïl 
- C=D.D_DE_0I3-_-_DD-E_A-1_2.1D_E-O__

003 l
nô?2
c033
o034
co3s
0036 GO TO A3C
OO37 A3t CROSS=t-l+XN
OO38 VALUE=CRBSS/2.+ 1.5
0039 SO=SOLN( I -l r Ml
0040 SI=SDLN(LMI
eo4l S/=SOLN(I+I,M,

_-_qs4¿
o0 43
o o44
oo45
o046
0047

-S3=SOl=N(I+?_.M)
DSO=Sl-S0
DSI =S2-Sl
DS2=S3-52
DDSO=DSl-)SO
ODSI =DS2-)S I

OO_48 DDDSQ=DLS__I_=DDS_Q_
0049
0050
oo 5l
o052
0053

00s5
o056
0057
005s
0059

ao2 IF( I+l.GT.3OlGO TO 8O4
N=3
FO=FUNC(IrJ)
Fl=FtlNC(I+lrJl
F2=FUNC(I+2,J1

o =Fl -
DF I =F2-Fl
DDFO=DFl-)FO
A=DDFO/2.

oo6 I
o062
0063



ROOTS

o o64
oo65
oo 66
o o67
oo6a

8=-DDF O/2. +DFO
C=FO
X=1.

820 XN= (-1./A) * ( B+C/X ¡
¡F (ABS( XN-X ) .LT.EPSL )GO TO A2 I

oo_69
GCt TO 820

g?l CROSS=l+XN
VÂLUE=CRr)3S/2.+l .5
S0=SOLN( L !t )
Sl=SOLN(I+l rM)
S2=S.ol Nf rl2.Mr
DSO=Sl-S3
DS I =S2-Sl
DDSO=DSl-)SO
AA=llDSO/2.
BA=-DDSO/2. +DS0

oo 70
ooTl
oo72
oo 73
oo74

_qa-75
oo76
o077
ooTa
o079
oono

__oa_Bl_
ooa2
o083
oo e4
oo85
oo 86

SCLNts=AA*XN **2+RB*XN+CC
GO TO 805

ao3 IF( I-t.LT. I )GO TO AO4
N=3
FO=FUNC(I-l,J)

-øO.Bf- Fl=FtfNclr.Jt
ooSa
o0a9
oo 90
oo9 I
oos2

F2=FUNC(I+IrJ)
DF0=F I -F0
DF I =F2-F I
DDFO=DF1-)FO
A=DDFO /2.

--0!93-..-.....--...-.---_- B=:DnFo/2.+nFo
C=FO

^- 
I .

8tO XN=( -1. /Ar* ( B+C./X)
TF(AÉIS(XN-X}.LT.EPSL }GO TO 8I r
X=XN

__goge Go TO AIO

co94
oo95
o0 96
oo97
o09A

otoo
olol
o 102
o 103
olo4
oro5

nl I CROSS=I-l +XN
VALUE=CROSS./2. + I .5
So=SOLN(I-l r¡,t)
Sl=SOLN(IrM)
S2=SOLN(Ill rM.)
DSOES_l_-. SC_

oto6
otoT
olos
olo9
o I lo

DSI=52-Sl
DDSO =DS l- ) SO
AA=DDSO./2 ¡
RB=-DDSO/2 o +ÞSO
CC=S0

_O-_!l_l SOLNR=AA*XN**2tÊìBItXÀI+CC
GO TO 805

804 N=2
FO=FUNC(IrJ)
Fl=trUNC(I+1 'J)CROSS=-FOl( Ft-FO )

_Ol t 7 VALUE=CROSS,/2.+r .5
SO=SOLN(I rMt
Sl=SOLN(J+lrM)
DSO=St -S0
AA=D SO

BR=SO

olr2
oll3
oll4
ol ls
otló

ortS
oll9
o 120
o12t
ot22

=AA*{N+
ot 24
ol 25
ot26

GO TO
8O5 K=K+l

805

P(K)=VALU:
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ROOTS

Ol27 BP(K)=SOLI,|B
0128 GO TO aot
OI29 AOO CCNT INUE
O I 30 NRTS=K
O 1 3I RETURN

__ol 12 FND_-_
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SOL VE

SUNROUTIN: SOLVE(PHI OTPHI2)
co[1MoN,/AR= Az / coFF oo. coEFo I ( 30 r' coEF o2 ( 3o I' coEiz J, 3 oEF2t ( 3o I rc coEF22( 3C )
coMMoN/AR=A3,/FUNC ( 3O r4 r, SOLN( 30 i 2)
hlRITE(6r516)

co0 I
o002

o oo3
ooo4

_ooo5__
ooo6
o007
o00e
oc 09
oo r o

oo l2
oo l3
o0r4
o0rs
oot6

DO 40l I=l r3O
SO0=CCIEFOI ( I ) rt*2-4.*COEFO2( I ) +(COEFOO-pl.tIC)
DI SCO=SOIT ( SOO )
S02=CoFF2l ( I ) **2-4. {. COEF22( I t *( COEFZO-pHIZ I
D I SC2=SORT ( SO2 }

--Ollr 
---SOLN.LIO-=f --i-O,E-Eo-1.( L)-tD-IS_C_O_ Lll2.tßrfrE0 2 ( r t)

SOLNLO=(-:OEFOT ( I )-D ISCO ) /(2.+COÉFO2( t) )
SOLNU2=l-=OEF21 ( I )+D ISC2) /lZ.*.COEFZZ(tD
SOLNL2=( -=OEFZT ( I )-DI SCZ) /(2.*COEFZZI tl t
SOLN(Irl)=SOLNUO
SOLN( I r2)=SOLNLO
F ubtCl-l . LI-=SQL_ùIU O =-S¡LN U2__
FUNC( I o2 ) =SOLNUô-SOLNL2
FUNC( I' 3 ) =SOLNLO-SOLNU2
FUNC( I r4) =SOLNLO_SOLNL2
WR T TE ( 6 r 5f 3 ) P. SOLNUO, SOLNLO, SOLNUz, SOLNL2

40 1 P=P+O.5
5J 2 l=.___

P=2. O

DO 45O I=lr3O
wRITE( 6r503 ! P'FUNC( I ' I I rFUNC( I ' 2l 'FUNC( I r3t ¡ FJ\¡c( L 4 ) t,

45O P=P+O.S l

502 FORMAT(1-lSrlOXrr P TT6XTTFUNCTION I rrSX¡r=JNCTIÐ\ 2r.8Xr' C TFUNCTI.ìr[_]¡.cìl,_.1F-UNCjtItrN_4rl

0018
oo 19
o020
o02 I
oo22

_oo2-a_
oo24
oo25
o026
oo27
oô2 I

oo29
oo 30

0 031
oo32

503 FORMAT(1T r lOXrF40tt4El 8.71
5o6FoRM^T(lH9rloXl|P!.6X¡.SDLUTloNt'¡8Xr.SJL'UTIo\2,,8X,

c !sol-irTIo\ 3rrSXrrsoLUTION 4r )
RE ÏURN
END

i'-.!
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ARRAY

0001
oo o2

oo0 3
ooo4

SUBEOTJTIN: ARRAY
c o MM oN,/ A R F- A2 / coF-F oo ' c oE F o r ( 3 o ¡ ' co EF o 2 ( 3 c ) , :, 3 8= 2 f, r : o É F z t ( 3 o l ,c coEf:22( 3l t
COMM OÀI./AR =- A5/ S ¡ G, EPS r AL PHA r RM ASS. TEÈ!P
REAL I NTGIL

--OO-O5 --- A_=ALPHA**2_
ùoo6
o0ü 7

oo08
ooo9
ooro

oo 12
oo 13
oo l4
oo 15
oo16
ftôt7

E XPON=4 .
CnFF Ó O =35. * A*t<2 * ( I . / SI G ),ß*3 * I NTGRL ( E XPON )
E XPON=6
COEF 20=543 . * A** 2* ( t . ./SI G | ** S:È INTGRL ( E XPON,
P=2. O

-.lor I _D-O_.aO_L_L=Lri_0_-
EXPON=1.+r
COEFO I ( I ) = l?.+Att ( t . /SIG )**p*t NTGRL( EXPCN)
EXPON=2.*r-2.
COEF02 ( I ) = ( I . / Slc, ** ( 2. *p-3. ) +I NTGRL ( FXpO\)
EXPON=3'+r
coE-E 2-l-ll) = I t<-'-:ía*ltrl2.J * ( i .-/-lìl-Gl-ååf-g-t2- j.* r N T i a Ll = x ) -r N IEXPON=2.*:)
coEF22( r t = ( P**2+6.1*( 1.,/s Ic ) tr*(2.*p-l . t *INTGRL( ExrlN )30l P=P+O.5
tfRITE(6,510)
P=2. O

oota
ool 9
oo20
ao2t
ao22

oo24

002s
oo26

--OO23--, rln s-Sj_t=r .3-O_
wRITE(6'5Jt )PicoEFoo'coEFor ( I )rcoEFoz(tl tcf=FzJ, cf:F2t ( r' rc coEF22( I t

55O P=P+O.5
5OO FOR¡4AT(t¡1 I rlOXrt p rrBXr'tCOEFOOr¡l2X¡rCOã=3l.rt2XrrCOEFO2rrl.2Xr

c .coEFz0' : l2x, rcoFF2 l. ¡12x, tcoEF22' )OO"7 soll_e.3-tr[Alll.hL_rt.el(ÀE4_rL
. OO2A RETURN
OO29 END

i': i::.-i



B1

T NT GRL

ooo I
ooo2
000 f

oc 04

RE'AL FUNCT ION I NTGRI. ( EXPON}
COMÂil ON/ AR 

= 
A S,/S I G, EpS, AL pHA r RM AS.S, TÊ MF'

DIMENSION RFSULT(4)
C EVALUATE INT:GRAL USTNG STMPSONS RULE

C=-4.*EpS/TEMp

GO TO llC
I 30 CONT I NUE

ll,RITE(6,7CO t
þJRI TE (6, 7O I ) EXPNNI INTGRL

7OO FOtrMAT(.lH r lOXr TEXpONET\¡T=-r r4Xr5X¡r INTEGRA_=r,
rc-l--f-o_RlLa-Il_låt . r ol¡loxr_t â¡L5.)lrll-X-rEa 3 . 7l

-.0OO.5..- __ F p_SL_=1.¡ OF--05
OOOó Up=4.7
0007 I TFR=O
00On H=1. /32.
OOO9 I 10 C6NT INUE
OOIO X.=0.7

--O!-r r -:---I-NIGRL=F-X.LX.¡€J(p-ON.)__ool2 100 C0NTINUE
0O I 3 X=x+H
OOl4 INTGRL=INfGRL+4.+FX( XTEXPON)
0ol5 IF(X.GE.(JÞ-H) )cO TO lor
OO I 6 X=X+H
OOTT INÌGRI =ÌNTGRLj2i,*FXf X.FXPntùI
0018
oo l9
0 020
oo2t

oo2"
oo23
oo24
oc 25
oo26

--Q.AZ7--___ t zD_H:-]i/_2-

I TE.R=I-I.E-&.FI
RES(,LT(IT-R)=INTGRL
IF(ITFR.E3.I)GO TO I20
IF(ITER.Ef .4)GO TO I30
IF(ABS( (?: SULT ( TTFR) -RESULT ( ITER- I ) ),/RESU_T ( TT:R) I . L T.EPSL) GO1 TO t30

oo2A
oo29
o o30
oo3l
o0 32
oc33
0034 RETURN
OO35 END



::J

82

FX

OOOI FUNCTION =X( X,TìXPON)'
OOO2 COMMON./AR:A5,/SI GTEPS T ALPHA, RMASST TEMP

C GX AND FX VJI-L UNDERFLOW IF X.LT.(O.7)
OOO3 C=-4. *EpSlTtrMp
OOO4 GX=EXp(C+(( t.,/xl**t?-ll./X)**6) )

--O0.O-5- F Y=.GX*.1 (l .-/_ll)_*.*EXpOtLl
. 0006

o007
RF TURN
END



APPNTDIX A&

CA.TCUI,ATE MOI4ETVTS

OF'SPECTRUM



8¿r

STTIT

I
?.

3

SJUTCE STÂTEHE\T

RDDEC( CSECT
US ING +¡ L5

4
,
ô
7
I
9

STl4 14tL7¡fZ(13¡
BÀL L4r*+76
DROP 15
US I N3 +r I3

ÂLl(¿rlrCLT'DAVE.

l8À ( +-+ ¡

IC)
ll
I¿
t3 *
l4

L3t4tL4l
l4r I ( 131
L3tL4

ST
ST
LR

REA]Y TO START
OPEN CARD

5+ CN0P Ot4 ALIGI'l LISI TU FULLJ
BAL rt+3 L0AD REGI l.J/LI5f ADÐR.
DC ALI{I28I ]PT¡ON BYTE
DC AL3(CÀRD¡ DCB ADORESS.
SVC 19 ISSUE ]PEN SVC

lo+
l7+
I8+
l9+
?0 I{IIIÀL Z^P ZÊR0H0l't(8lr-Pr0.
¿l AP SECI'1BH($¡'-pr9r
22 È It¡rlA-I¿E ZER0t'10\r AND 5ECltof.,l

LÂ
lrCAìD L0AD PARAf'!Ef ER REG I
0r AREA L0ÂD PARAHETER REc l

L I5r48(0r I) L0ÀD cÊT RIJfINE AD]R.
EALR 14rI5 LIN( T0 GET RtUfINE

Z4+REAÐLJOP LA
?5+
26+

¿3 R EADLI0P GET CÂRDr AREÂ

7+
¿E
29
30
3I
J?
73

cLc =:Lllr TTAREA+60

BE OAT ÀPRJC
CLC =CTRJN N0TTAREA+61
BE LOÀDRN\O

* CI4INE. NO I S THE SHIFT I\¡
CLC =CrC{ N0 FIRST

CHAN\ELS FRO-I TH: RAYL E IGH LI ¡{E
PTrrÁ,REA+69

15
3b
37
7E
39

+

È

*

8E LSAO!
CLC =CIU5E DAf A BET¡{EE\., AR,EA+63
BÊ LOADS IS P

CiISTÂRT T,IUST BE AT OR AFT€ì CH\O FIRST PT
USE DAtA P0INTS UP Il fHE END 3F DAIA 0R SHST0PTHHICHEvER:oÞ1ES FIRST
BJT CHSÍCP TUST BÉ GIVEN A VALUE

l0 =CT DARK C0UN
8E LOAOOAR(
CLC =Cr FIT PAìAl'¡ EIERStTÂR:A+60
BE LOADF I Í

P ÀìAflETÊRS ARE AAilPr ASL0PET BAHtr BSLJPE

+ô
4I
42
q3
++ t FII
45 * Ti{E
46

FOI¡1 OF TH¡ FIT IS {AAI.IP/TC¡+:XP(-( ASL]P ++61+¡lt +f BÂÌt /t0t*
EXP f _ I B5L Or E / I C+*6 t st¡l I

=: ! RE IURNr r AREA+61
LOADR
=CTFINISHtTAREA+60
LOAOF
READI-OTP

+7
t8
49
50
5t

cLc
BE
cLc
BE
B

,z
,3
5+
55
,6
57

f REÄ) NE

DATAPIOC LA
LA

HE PRESEN ANNO IDENTIFTED
l3r C

9r ÂREA
L00P I'IVC TEHPT(6lrC(91
+ P¡3( OJT A SIX CHARACTER FIELD

CLC TEHPI(6lr"CL6' I
,8
,9+
50

8E R,EAD L OOP
READ NEXT CARO TF A DAfA FIELD TS ELÂN(

CP ClN0( 2l r CHST0Pl2t



\r-:. 11:-/¿::j'!:.::.-.-':r i. j - : /; . .i),:: :: ::..'..:
85

STTT

5I

S]JìC E STATEHENT

BNL READ- ]OP
52 * REA] NSXT CAf{D IF THE END CHÂN\EL HÂS BEE\ ìEÄCHED
53 CP CH\ü(2lrC{SÍARI(21
54
55*
66
57
58
69

BL NEXTPT
G0 f0 \EXf CHANNE: IF SHSTART i{AS Il0T BEE\ qEACHED

PÀCK TEI'lP2( 8lr f EHPI ( 6¡
TEHPe(8l,DARK(4¡
ZÊ R0''10¡4 ( E l r TE l'tP Z ( B )

t^P TFitPS{4trîHNo( 2t

SP
ÀP

70
7l
72
73 NÊXTPT
74
75

HP

nP
AP
AP
LA
LA

TEHP3l4)rCHN0(21
TÉMP2{8lrTEHP3(41
S:CHIH(SlrTEHPZ(81
Ct{N0(2lr'P'1r
ISrl(ICl
9r6(91

76
77
78
79+
30*

C ICr =F'IC I
BNE LOOP
B READ- OOP

ENC OF DATA PRlC SECII]N
RE StJL TS ARE ZER0H3llr SE: l'lOMr CHN0

82
33
84
8'

3I L]ÀDR,\ìO MV TEt4P3{ 4l r ÂREA
PA t4 PZ { E 14P

CVB 3r TE{P2
STH 3r RU{
8 READ: ]OP

8b L]ÀD5fSP HVC TEMP3(4ITAREA
87 PACK TË¡lPZ ( I ) r TEHP 3 ( 4 t

l4

88
89
90

'I?2.
?-t

llVC C'lS T ÄRI l?l tTE! PZ+5
CVB 3r TEtlP2
STH 3r CHi T

HVC TEt4P3(4lrÀREÀ+4
PÂCK TEi{P2{SlrtEl'lP3(41

+

)5
96
97
98
99 LSAD)AR

ÈtVC CilSTlP( ZITTEMP +6
B READT- 00P

LIAD:{N0 MVC TEilP3(4lrAREA
PACK TEr'lP¿(E lr tEHP3( 4)
t'tvC ClNt( 2l r tEHP¿+6
B READLOOP

130
rll
ll2
t l3
I l¿r
I l5

I'rv TElrP3t4 r ÀR EA
PACK TE}TP¿ { 8
IIVC DARK ( 4I
CVB 3r IEYP2

I r IEt{P3

' TEHP2+4

STH 3r 8K3RNl
B READLOOP

4t

IJô
r17
I l8
I l9
lr0
ItI

litv TEI'lPl(6|TAREA+2
PACK TE jïPZ ( El r IEI'lPl ( 6l
CYB 3r TEr'lPZ
ST 3r ÂAYP
l'lúC TEl"lPl (6l rAREArl0
PACK TEHPZ(8lrTEHPl{61
CVB 3rTEHP2

tt¿
Il3
114
ll5
Itó
1r7

ST 3rÂSL0PE
CLC =CLl5r !TAREA+16
BE FLAG
¡{VC TE,r,tPl(6lrAREA}18
PACK TEi'lP¿( 8l ¡ TEHPI. ( 6t
CVB 3r TE ltP2

Il8
lI9
t20

ST 3r 8Al{P
tlVC TEI'lP1(ólrAREA+26
PACK TE¡lPZ{SlrTEl4Pl(61



iTrl
I¿I
L?2

S3UìCE STATEHENT

CVB 3¡tElP?
ST 3¡ ESLOPE

NOF
l'lVC 0NEXP(l¡'=¡r1r
llVC BÀl4Pr 'F r 0r
HVC BSLOPEt.F.¿OOO.
B REAO.f,OP

IZ8 \|lFLA3 HVC ONEXPI!!r=¡1r9r
rz9 B REA0LI-9J

L¿4 FLAG
I?5
r26
T?7

I 3O L ]ADR
l3i
132
133
L3+

15 t AC 0NVER T
BALR L4tLl
L l5rPìINt0UT
BALR L4¡L5
B ¡NITIAL

L36
I37
138
I39
I40 :]NVERT

5, Ã

L4tL5
I5r Pl I NTOUT
L4tL5
FTNISH
TEHP2(8lrlHN0(21

BALR
L
SAtR
I
ZAP
cvB4l

L42
I ¿r3

L++
L45
I46

5TH
CVB
ST
ZAP
DP

3rTEtl
3r C Htl
3r ZEl0l{01{
3r l'l0tt0
TEHPI(9lr
TEHPC(9I,

s€c¡r0r,r{ 8t
"PL2r 100l

1{8
149
I50

cvB
sï
LÀ

P

3r t E,r,lP 2
3r lt0tlZ
Ir =A ( ll0l.l0r i,l 0HZ r AA T P r ÀS L 0 PEr B AllFr
Pr BKSRN0 I
ltt

BSL0PET RUNr IHSTr C{Nr ONEXX

I5I 8R
l52 * c¡rts¡l'¡ RA3
L'3 CARD DCB DS0R3=PSr IECFH-Fr LRECr-.80r BLKSI ZE'B0r

HACRF = ( Gll I r 00NÀl'tE' CAR) IN

155+t ¡ATA CONTROL BLOC¡(
56+*

I57+CqnD

159++

l5I +

OFIOI OIIS¡N ON }'CRD }OUNDARY

OIRECT ÁCCESS -DEVICE INTERFACE

BLl6'lr FDADr DVÏBL

164+f, COHHON ACCESi

AL1(JI SUFNO
AL3(II BUFCB

HETH]D INTERFACE

I 66+
I 57+

DC

DC
+

159+
170 +

l7¿++

L74+

DC

0c
BL¿r3100cc0000000000, Ds0RGÂ(II IOBAD

L75+
176 +
177+

FOUNDÀTI ON EXTENST ON

DC BL t I C0_!O0q-0_00 | BFIEKT LELNr HI ARC{y
Ál a r r t rhr ¡ 

^AL3f II EO]AD
BLIr 10000000r REcFT
AL3(JI ÊXLST

DC

DC

DC



87

ST'IT S]JìCE

179+t

-- 'L8l+

S ÏATE TlENT

FOUNDATION BLOCK

DC CIBr IARDr{' DDNA¡lE
182 +

lB3+
l3++

I86++

DC

DC

DC

811r000000I0, 0FL3S
BLI'SOOCOOOOI IFLG
BL ¿ r 0101 c0000c0000c0 'l1ÀcR

BSAH-8PÀ!-QSA{ INTERFÀCE

188+
189+
l9ù+
I?I+
I ?2 +

DC

DC
DC

0c
DC

BLlf0000c000l
AL3ltl CHECK¡
Â( I ¡ SY\tA3

RERT
GERRT P:RR

Hr0' CI\Dlr CINDZ
AL2(80' BLKSIZE

+

l?{+
195+
l?6+

DC

0c
DC

AfII IOBA
ALIfJI \CP
AL3(r) E0BRr

l9B+*

EOBAD

Q5A{ I NTERFÂC E

l:. ,':.,

2C3+
2ll+
2Jz+
2J3+
?J++

DC

DC
DC

DC

DC

A(IT RECAD
Hr0 r osrS
ALz(SOI LR,ECL
BLIrC0000000r ER0Pf
AL3{I) CNTRL

J5+

PìI NT]UT
ACONV:RT
AIEA
ZEROI]I,I
SECMl,l

.0r )
A(II EOB
V{ PRI]iJT I
A(C0\¡YERTI
cL80r '
D

¿c6+
?)7
?c8
2Je
210

D:
DC

D:
DC

DS

zLZ TEXPZ
213 IÈllPl
2t4 :H\C
ZL5 3HSTÀIT
2lb :{Srll

DS

D5
DS

DS

D5

D

PL6
PLZ
PL?
PL2

2t7 TE¡'tP3
¿t I T0HC
2I9 rt3il2
zZC )AR(
Z?I AAI'IP

D5
D5
0s
0s
DS

e
F

F

F
F

F222 ASL OPE

224
225
226
227
228

230
?1L

z3¿
?.33
234

BSLSPË
]\EXP
ìJN
C r{5I
:{N

DS

OS
DS

DS

0s

F

H

H

H

H
H

H

PL
DS

0s
BLÀN(
TEMPC

FI\I5{ I314(I3l
L4¡L5t tZ( l3l

L

LH

ENO
L¡ L2t

235
236
237

RO OE: (
-C'USE
=CLl5t

)ATA EETIIEE{T
i



B8

S TTT

238
239

¡Fr lJr
-Ft0r

S]JqCE STATEI,IENI

?J0 ¡F r ZC30 r
z4L -À ( HlH0 t flJH?t AAl,tP r A S L IPE r 8ÄMPr 8S L 0PE r RUNr 3 H S Tr CHNr 0NE Xp r X

B(GR\D I
E;LIJI '
=3I RJN NO'
=CTC{ NO FIRST PTI

2+2
z+3
¿++

_À!t E:I OÀR,K TNUNTI
2+6
?+7
?48
2+9
250

=:.FIT PAìAMETERSI
=C ' RE TUI,NI
-:IFINISHI
=CL6r I
=H I I I

212
?r7
25+

=-l | ôl

-PLZI IOCI
8P l0t
¡P. I I



89

PRTJJT

0c)¡

00) ¿

00J 3
0clt
0)),

suBRuuII\E )lTlur(H0i'lc'HlM¿rAAt'tprÂsLopErBAl'{prBSL0pEreuH,:HliJI¡¡,
c 0\ExP,8(GR{)t

I l¡ I E G E ì û 2 R J -l r I rl S T r I i{ N r J rl E X p r I K G I N D
T N TEGE ì*{ H]'I] I H3M2 r ÀAHPr A5 L OPEr ð AI,IPT 8S L OPËI FLAGr BKGD
A= AAiïP / t 3.0
Arl =

0c)6
0cl 7
0c)8
0 019
0lr0

8=EAMP/Il.C
B rl = B S L )P Ë. I L I . .1 + ü 5
Dl'13=f'|0'll
0,'1 2=l'10ïZ+ICl.J
fI=CHSI

C]TZ
c)t3
crl4
0cl5
0lt 6

=CHN
FLÀG=0\¡EXP
B(GD=B(3ìND
CFIC=A/4,{+B/ld
CF 12= ?. C t Â/ A,l * s 3 ¡2. J +B ¿¡ 3,t * s 3
SE G'fT0 = (- 

^l 
A,t t ü ( EX P ( -AJ *,t Z t -EXp ( -At,s¡J I I ¡ +

031 7

c f dl4*?-2.0+( A,l+,lt-I.o t/at{+szl+E{p(_Ai{Èwt¡ ¡f
C f -Bl B,ú ) f, I l,t Z ++Z-2. J+ ( B dûr{Z- l. O l, BH*+Z I rE Xp ( -B¡{s{Z I _3 f 'd1++¿-z.on( Brt+II-I.O)/3t{+û¿I+EXp(-8HsHII ¡

CF 0M0= : F q0-S : G'lT3+DIC0ct8
9 tl,lZ=lFT2-S: +D\t

0J2C
cSzl
c3?z
ct¿3
0Jz4
3C?5

RAIICF=3FH2/:F{C
RATI0D=CFD{2/CFD.l0
HRITE(5.IOOI
¡,lRIfÊl5rl0ilìJ\¡
ìlJìIIE(5rl02l

ct¿6
i Jz7
ùJ28
0c¿9
0030
cc31

IF(FtA3.EO.)¡3J ÍÙ
l3 TJRITE(5r961

h¡RITE (5t)7 )Ar Ad
G] T3 3J

¿l tIRITE(5r?81
Hl ITE l5¡?9 | Àr Adr Br 8ni

3l tìITÊ(5r10
¡.,R IIE ( 5r lC4): FX0 ¡CFYrZcJ3¿

013 3
013 4
003 5
3936

HRITE(5rL08l
IIRITE(5rl09rìAfIiF
I'IRITE(5r105)
't¡ìITEl5rl06)

c038
c039
ct+0
0J{t
0c{¿

R I IE (5r I'J7l : I iT, C H',lr B(3)
ltìIlEl5ri03l
t{R ITE f 5r I C4 t : F )¡tlr CFù,À12
ilRITE ( 6r l08l
lli{ITE(5rI09)ìAtI3D
llì ¡ tE { 5r l10l

cl44
0cr 5
0lr6
0]{7
cJ+8

0t+

0t5¿
0c53

0J54

95 FSRXÀ Xr ! E {P { -r ¡xlrl
97 F¡R.TÀTll{+rËt 7. LrFt3.6)
9 ? F C R,!l A T { I J + r F L 7 . L ¡ F I 3 . 6 r F t 0 . I r F I 3 . 6 }98 FJRf'lATf L'{0rt)xr7xr rEXp(-.rgxr rXl +. tlx,-rEXp(-rrBXrrx}ùll0) FlRi'lAIf Il-rl)Xr rRUN NU{3ERr ¡

l0t FSRltAT(1-t+,I24t

t05 FJR,TAT(l-{0rIJXrrú5I\3 r{¡ FITTED cURVE r0 EXTRAp0LaTE À\l usI\Grt106 F0RMAT( l{0'L)xr' oATA BEr.rEE\¡ cHA\NEL I t 5x¡. A{D cHÀNNEL.r ixr:'{ITH BÀCKGìlJN) Ut. ¡SX,TIJUNISICHANNELT)

995? t0Z F0RlfAT(tJ0rt)Xrr.JSI\S 0N-y fHE r¡t¡eO Clnvf'935¡ TrrIbXrrSE:lND ffi3)51 104 FIR$ÂTfl{+rilB.7r i??.71

0055
0c56
0tt7

t.08
t 0t
I t)

t07 FlR.\r¡ AI( l¡l+r l)4¡l lôr I?31
F0Rc'lAT( l''l0r l)Xr r SÉCOND rtlt4Effr¿efOfit llClE\f lFIRÀtAT(I{+ritt.7t
FCRT.tAT(tlc¡



9o

PR TCJT

0ct8
cl59

RE IURN
END



9L

APPEN.DTX B

PUB],ICATIONS



Reþrínted from:,

CHEMICAL
PHYSICS LE,TTERS

Volume 1 5, No. 3 , 15 Atgust 1972

COLLISION-INDUCED LIGHT SCATTERING FROM LIQUID Ccl4 AND CeHn*

G.C. TABISZ, \ry.R. WALL and D.p. SHELTON
Depørtment of Physics, University of Manitoba, trttinnipeg, Manitobo R3T 2N2, Canada

pp.387 -391

.iltL

ffi
NORTH-HOLLAND PUBLISHING COMPANY _ AMSTERDAM



ume 15, number 3 CHEMICAL PHYSICS LETTERS 15 August 1972

COLLISION.INDUCED LIGHT SCATTERING FROM LIQUID CCI4 AND CEHN

G.C. TABISZ, W.R. WALL and D.P. SHELTON
Depørtment of Physics, University of Manitoba, l,linnipeg, Manitoba R3T 2N2, Canada

Received 25 April1972

Collision-induced light scatteríngwas observed in pure CCla and C6H12 and in thei¡ mixtures. The intensity /(t:)
in the high frequency wing was fittdd to an expression,l(a) e qQ exp (-c,.r/r,:6) where 4 and c,.r6 are variable param-
eters. It was found that the.values of q and @o are dependent upon the region of the profile over which the fit is
made ; possible interpretations a¡e discussed.

. Introduction

Collision-induced light scattering (CIS) is a newly-
ntified phenomenon which has increased the scope

f the infor¡¡ration obtainable about dense media by
ttering methods [l-4]. While free, optically iso-

ropic atoms or molecules do not depolarize light, an

isotropy can be induced in the total polarizability
a system of interacting atoms which produces a

road depolarized wing centred about the polarized
ayleigh line. Three models for the induction mech-

sm have been proposed based on studies of liquids
compressed gases.

(1) Dipole-induced dipole (DID) U,2,5,1 , The an-
ropy results from the interaction between electric

ipoles induced in the atoms by the incident light.
total field acting on a given atom is the sum of

his extemal light field and the internal fìeld due to
induced dipoles in its neighbours. Orientational

uctuations in the net induced moment due to the
tomic motion yield the depolarized scattering. This
a long-range interaction giving an effective pair po-
:izabllity which va¡ies as r -3 where r is the distance
tween the atoms in a collision pair.

(1i) Electron overlap (EO) 13,41. The distortion of
electron clouds during close encsunters is respon-

le for the induced polarizability. Originally, the

Thi¡ wo¡k is supported by a gant from the National Re-
sea¡ch Council of Canada.

form 12 exp(-arz) was proposed but recently **, 
an

r-9 dependence has been de¡ived in the case ofargon.
(1ä) Frame distortion [6] . Bucaro and Litovitz

[7,8] have made an extensive study of CIS in atomic
and molecular liquids a¡d concluded that frame dis-
tortion during close collisions which gives a pair po-
larizability varying as r-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 1in the wings as a function
of frequency <,r,

(<^r) cc .21(m-7)17) exp(-<,-r/c.r¡) , (l)

where the induced incremental polarizability is given

by

Aa(r)e 7-m (2)

The constant c^rg is inversely proportional to a char-
acteristic time associated with the duration of the in-
teraction giving rise to Âc.

In the analysis of their spectra, they assumed a

value for rn and determined the corresponding c,,lg

from their data. As the¡e 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, prir"ate communication quoted in ref. [6] .
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case of atomic liquids, the electron ovellap effect pre-

dominates. They found fhat m = 9 in the case of argon

and xenon and m = 1 3 in the case of molecular liquids
gave values of cog 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, l0] 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

CCla and CaHn, 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 Rama¡
scattering studies. Light from an argon-ion laser

(CRL 52) operating at about 3l4waÍt at 4880 Ä. 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 anf 12 system and

brought to a double scanning monochromator
(Jarrell-Ash 25-100) having a spectral slit width of
I cm-1. The detector is a cooled EMI 62568 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 l/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 inthe 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
zabllily is assumed, eq.(1) leads to a linear relation-
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ship between ln[I(a)laL2l71 and o with a slope

(-l/@0).When this test is applied to the data, it is

found ihat @g = 72.1 cm-l for CCla and 14.7 cm-l
for C6H12 in excellent agreement with Bucaro and

Utovitz (1 1.9 and 14.8 cm-1 respectively). The fre-

quency range over which this linear relation holds is

30 to 80 cm-l for CCla and 30 to 120 cm-l for
CøHtz(fìg 1).

Frame distortion may not however be the only

interaction mechanism contributing to the scattering.

It was noted that much of the high frequency taii of
the CCla 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. (l) held over an increased frequency
range,20 cm-l to 100 cm-l . Moreover the quality
of the frt 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 profìle is described by an expression:

I(a) = f(a) exp(-<,:la) . (3)

In the original model of lævine and Birnbaum,

/(c¿) is approximated by all2;the more general

function .21(m-7)fi1 shows clearly that the power

of <¡ is a function of the induction process. Gersten

[10] has emphasized that the exponential factor in
(3) is model independent (although the value of <,.rs

is not). The accurate determination of /(c.l) should

lead to meaningful information not available through
the exponential. Because of the presence of this

strong exponential factor, the exact form of/(<^r) is

difficult to extract from the experimental data.

In an effort to acquire some estimate of/(<,r) di-

reotly from the obsewed spectra, we have assumed

that the high frequency profile can be represented by:

I(co)e aq exP(-af .".r) ,

where both q and ag are taken as variable parameters

and made a least squares fìt to the spectra by applyi

the technique of multiple regression. The results given

in table I are averages over several spectra. The errors

quoted repres€nt one standard deviation. For C6H12'

the fits in the range 25 cm-l and 40 cm-l to 100

cm-l are the more significant as they are over a re-

gion suffìciently removed from the laser line to be

(4)
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L.I(t)l<,:efortheobservedspectrumof CCla at2g3"Kwhereq is12l7and,4/TcorrespondingtoAe(r)varyingasr-13and
r-9 respectively. Data points are shown only every 4 cm-1.

Table I
Parameters obtained from the least squares f,it

Range
(cm-t,

16* 85

l6+ 105
L6 - I25
40 * 100

l5 * 115
25 * 115
40* 115

Standa¡d error
of estimate

0.49 t 0.04
0.22 x 0.03
0.15 1 0.04

-0.72 x 0.19

0.78 t 0.05
1.36 + 0.07
2.04 ! 0;13

8.7 r 0.13
7.8 ! 0.12
7.5 r 0.13
4.5 ! 0.67

9 .7 ! 0.17
Il .'l x tJ.23

14.l t 0.46

17 .0 t 0.25
19.1 t 0.25
19.6 t 0.24
25.3 t I .9

19.2 t 0.32
16.7 x 0.28
14.5 t 0.33

0.0s
0.06
0.11
0.09

0.11
0.10
0.10

cøHrz

ree of contributions due to the permanent anisotropy
the molecule. The 'effective m 'is determined by

tting

= (211) (m - 7) .

standard error ofestimate is calculated only over
he range of the fìt.

4. Discussion

The most striking result in table I is the fact that
for both liquids, the values ofq and <o6 depend on the
frequency region over which the fit is made. For
CoHtz the result in the range 40 to I l5 cm-l agrees

with that of Bucaro and Litovitz. On the other hand,

(s)
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for CCl4, as more of the tail is included in the fìt, the
effective rn decreases and <,16 increases, nowhere ap-

proximating m = 13 or G)6 = 1 1.9 cm-l.
The failure ofeq. (1) to hold over the entire tail

with one set of values for q and c^rg indicates that
more than one type of interaction is operative in the
scattering. For C6H12, short-range effects seem to be

important with frame distortion especially dominant
beyond 40 cm-l. The theory of Bucaro and Litovitz
holds well in this case: basically a single short-range

interaction. For CCl4, both short- and long-range in-
teractions contribute. Here the theory of Bucaro and

Utovitz is not entirely applicable as their calculations
of c.rg are valid only near the turning point. Judging
from the effective ra values, the short-range part in-
cludes both electron overlap and frame distortion.
The long-range interaction could be ofthe dipole-
induced dipole type.

It should be recalled that because of symmetry ef-
fects, the intensity of the scattering through DID at
Iiquid densities is much less tha¡ 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. (l). 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 c.rg found for 401l.,: < 100 corresponds to a

time of 2.1 X l0-13 sec which is of the order of mag-
nitude of the time between collisions in a cell model '

for liquid CCl4 [11] ; the time between collisions
would be the time characterizing these fluctuations
in positions.

The values'of c.rg obtained from the spectra of
mixtures in the range 40 to 100 cm-l are plotted in
fìg. 2 as a function of CCla concentration. A least

squares fìt to a polynomial in concentration shows

that the variation of <.16 with conceitration can be

well represented by a quadratic and a cubic term, the
higher order and linear terms being negligible. Since

@0 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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Fig. 2. The variation of oe with the concentration of CCla in
' the frequency ran1e 40 to 100 cm-I.

total intensity involving several terms of the form

Ølp)' 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 CsHtz which is of frame dis-

tortion origin to pure CCl4, the concentration depen-

dence of c,rg 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 CCla 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
I is uncertain. It is clear however that the values of4
and <,16 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 ofinteraction. For CCl4, it appears tha
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
C6Htz, only the short-range interactions seem to be

important.
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C. Tabisz, W. R. Wall, D. P. Sheiton and J. I-Io
tnient of Physics, Univusity of llíanitoba,

It'lanitobo, Canacla

NTRODUCTION
Collision-induced light scattelilig (ClS) is a nervly identifÌed phenomenon which

las increased lhe scope of the infolniation obtainable about dense media by scatteriug
nethods.l-a While free, opticall¡r isotopic atonrs or moleclúes cÌo not depolarize light, an
nisotropy cau bc incìuced in the total polalizability oia systetu of interacting atorls wi-Lich

roduces a broad clepolarizecl rving centred about the polarized Ra1'leigir line. Three
uodels for the inductiou mecltanisur have beeri proposed based o¡r studies of liquicls and

presserl gases.

i) Dipole-induced dipole (DID). t't't The anisotrop¡, results fronr the intel'action between
lectric dipoles incluced iu tire atonls by the incident light. The total field acting on a given
tom is the sum of thjs extelnal liglrt field and the inte¡nal iìeld due to the induced dipoles

its neighbours. Orieutational fluctuations in the net induced morrent due to the atolnic
tion yield tlie depolarized scattering. This is a long-rauge interaction giving an effective
r polarizability rvldch varies as t-3 whele ¡ is the distance betrveen the atours in a

ollision paír'.

ii) Electron Overlap (EO).t'o The distortion of the electron clouds during close encounters
responsible for the iilduced poializabilíty. Or.iginall.v, the fonn r'2 exp (--ar2) was

roposed br-rt. recentiy,6 an r-e depeudence has been deLived in the case of argon.

i) Fralte Distortion.T Buca¡o ancl litovitzs'e have made an extensive study of CIS in
tomic and lnolecular l.iquids and have conclucled that flame distortion during close

isions rvhich gives a paìr'polarizabiliiy varying as r-13 is ilre principal induction rnech-
ism in liquids cornposecl of isotlopic aud non-isotropic molecules.

With the use of several simplifying assunrptious, principally binary collisions with
ro impact paranleter, Bucaro ancl Litovitz we¡e able to derive an cxpression for the
tensity 1 in the rvings as a function of frequency <,.r

4-) a arz[(m- t)lt] exp ? -l.o)

le the induced iriclenlerilal polarizability is given by

(r)

466
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Au(r) a 7-m (2)

constant c.re is inversely proportional to a characteristic time associated with the
ration of the interaction giving rise to Ao.

In the analysis of their spectra, they assumed a value lor m and determined the
ponding <os from their data. As there is evidence from experiments on compressed

t'2 that the DID contribution diminishes at high densities, they assumed that, in the
of'atomic liquids, the electron overlap effect predominates. They found that m : 9

the case of argon and xenon and m : 13 in the case ofmolecular liquids gave values of
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
tering. Primarily, it shows that binary interactions remain important even in the

quid phase.

Gerstenlo'11 has pointed out that in the spectra of compressed rare gases, different
ts of the profìle 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 shorfd apply to liquids as well as gases, we have repeated

rvations of the CIS spectra in pur.e CClq and C6H12 with the goal of further investigating
he form of spectral profile.

XPERIMENTAL METHOD
The experimental set-up is typical of laser Raman scattering studies. Light from an

rgon-ion laser (cRL No. 52) operating at about 3l4tN at 4880,4, is passed through a half-
.ve plate and prism polaizer before being focused in the sample cell. The light scattered
90" is collectedby an fl2 system and brought to a double scanning monochromator

Jarrell-Ash No. 25- 1 00) having a spectral slit width of I cm r. The detector is a cooled
I 62568 photomultiplier tube used in the photon counting mode. With the discriminator
s set for an optimum signal-to-noise ratio at low light intensities, the dark count is

/3 c.p.s. The output is stored in a multichannel analyser (Victoreen No. ST400M) whose
nel advance is controlled by the stepping drive for the monochromator gratings. The

ometry used is such that ifthe incident light is considered to travel in the x-direction,
in the z-direction, then observations are made in the z-direction. All exper-

nts are performed at 295 K.

YSIS OF RESULTS
If a frame distortion origin for the induced polarizability is assumed, Eqn. ( 1) leads

a linear relationship between ln (I (r,t)larz/1) and <¿ with a slope (-1/c¿o). When this
t is applied to the data, it is found that c^rs = 11.9 cm-l for CCla and 15.0 cm 1 for

6H12 in excellent agreement with Bucaro a¡rd Litovitz (11.9 and 14.8 cm-r respectively).
he frequency range over which this linear relation holds is 30 to 80 cm-l for ccla and
0 to 120 cm-l forC6H12 (Fig. l).

Frame distortion may not, however, be the only interaction mechanism contributing
the scattering. It was noted that much of the high frequency tail of the CCI+ could not
accounted for by the above method. when m :9 was tried, a value consistent with an
tron overlap interaction (at least for rare gas atoms), Eqn. (1) held over an inc¡eased

runge,2o cm-r to 100 cm-l . Moreover the quality of the fit was much improved
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The Spectral Profile of Collision-Induced Líght Scattering ftom Some Molecular Liquids

Table 1. Parameters obtained from the least squares fit with Eqn. (4).

Range q

("*-t)
Effective

m

A)s ,S2

("--t)

16'+
ccl, 30 ->' 40->

76 -+

30 -+

cs}j'" 43:

0.36 r 0.05
0.74 ! O.ts
0.11 t 0.3

0.28 r 0.08
o.1t !0.20
t.13 !0.27
1.68 !0.24

8.3 !0.2
9.6 I 0.5
7.3 ! 7.1

1.9 ! 0.28
9.4 ! 0.68

13.0 r 0.98
12.9 !0.84

18.0 r 0.46
15.2! 0.75
19.2! 1.9

23.1 ! 1.0
20.3 ! 1.7
15.0 ! 0.97
15.2 ! O.9t

2.t6
1.55
1.50

r00
80

100

r00
80

100
t20

3.06
t.l7
1.10
r.08

that with m : 13. This result led us to perform the analysis based on the following
iderations.

Most authors who have proposed mechanisms for collision-induced scattering conclude

t the high frequency profile is described by an expression

I(a) : flc.r) exp (- ul-o) (3)

In the original modql of Levine and Birnbaum, (c^r) is approximated by t's1/2; the
general functioncd2 1(m- ?)/Tlshows clearly that the power of co is a function of the

ction process. Gerstenll has emphasized that the exponential factor in Eqn. (3) is

independent (although the value of c.ro is not). The accurate determination of
c,r) should lead to meaningful information not available through the exponential.

ause of the presence of this strong exponential factor, the exact form of flc,.r) is

fficult to extract from the experimental data.

In an effort to acquire some estimate of/(<^r) directly from the observed spectra, we

ave assumed that the high frequency profile can be represented by

(c.r) cc c,¡q exP (-r.,i.lri.) (4)

both q and c.re were taken as variable parameters and made a least squares fit to.the

ra. The results given in Table I are averages over several spectra' The errors quoted

t a99Vo confìdence interval. For C6,H12, the fits in the range 40 cm-l to 120 cm-l
the more significant as they are over a region suffìciently removed from the laser line

be free of contributions due to the permanent anisotropy of the molecule. The

ffective m 'is determined by setting

s= el7)(m_1)

2 is xt divided by the number of degrees of freedom.

(s)

ON
The most striking result in Table 1 is the fact that for both liquids, the values of 4

<ro depend on the frequency region over which the fit is made. For C6H12 the result

n the range 40 to l2}cm-t agrees with that of Bucaro and Litovitz. On the other hand,
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for CCla, as more of the tail is included in the fit, the effective ¡ø decreases and c.-lo

increases, nowhere approximatinTm : 13 or c,re : 11.9 cm-r.
The failure of Eqn. (1) to hold over the entire tail with one set of values for q and

<rs indicates that more than one type of interaction is operative in the scattering. For
CaHrr, short-range effects seem to be important with frame distortion especially

dominant beyond 40 cm-l . The theory of Bucaro and Litovitz holds well in this case:

basically a single rshort-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 c^rs are valid only near the tuming 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 extrapolati
of the gas results using a quadratic dependence on density; however it should not necessa

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 <,rs found for 4O 1 ct ( 100 corresponds to a time of 2.8 X i0-13 s which is o

the order of magnitude of the time between collisions in a cell model for liquid CCla ;12

the time between collisions would be the time characteizing these fluctuations in
positions.

TabIe 2. Parameters obtained from the least squares fìt with Eqn. (6).

Range
(rtn-t )

C

ccl4

Ce Ht,

l6 + 100
30 -+ 80
40 + 100

16 -+ 100
30+ 80
40 + 100
40 -> r20

0.50 I 0.03
0.76 !O.07
0.76 ! 0.01

0.37
0.56 r 0.20
1.04 r 0.16
0.99 !0.12

-0.59 r 0.20
I .t5 ! 0.46
0.lo ! 1.22

-1.24
0.42! 1.3
3.61 ! 1.2
3.33 r 0.87

2.8s
1.56
1.44

6.67
1.34
1.07
0.98

Further analys¡s
The expression developed by Shin13

I(a:)a aA exp(-B<oøo ¡ ç.6rte¡ (

was also fitted to the data wtth A fixed for m = 13. The results are given in Table 2.
For CCla beyond 30 cm-l , the -B is in excellent agreement with predictions (0.77)

and while C is uncertain, the expected value (0.76) is bracketed. \ryith C6Hr2, 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.CCl+ in
the far tail. Since Eqn. (6) is a more exact formulation within the binary collision model
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tn is Eqn. (1), it is lnore sensitive to the asslllnptiolìs lìlade. Thc neglect of the arrgular

pende¡ce of intermolcculal' forces in determining the collision trajectory lnay account

bi ttre ctiscrepancy in the case of the non-spherical molecule C6I7e'

While both the llucaro and Litovitz arrd tlie Slún expressiotìs can mathematicaily

;cribe the observed spectra, the paranrcters reqlrired ale not ahvays in agreenrent with

culatiolts ancl conflícting corrclusions conccrtiing tlie interaction arise' The question of

line shape in collision-induced scattering is still a problelì1'
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light scattering by compressed CFo andCollision-induced

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(ú) in-
duced in a cluster of interacting molecules,l-3
The intensity distribution is.then given by the
Fourier transform of aa(l),

Such scattering is usually observed as a broad,
depolarized tail on the shárp, polarized Rayleigh
line.a However, there have been recent reports of
its occurrence in association with Raman vibra-
tional bands,s,6

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.l.3'4,7'8 The reason is
simply thát a free rare-gas atom has an isotropic
polarizability, and consequenUy 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,7,8 have
been made of the gas, Iiquid, a¡rd solid phases of
argon, xenor\ and neon.

MARCH 1975

Two interaction mechanisms have been proposed
to account for the induced polarizability. One is
the dipole -induc ed -dipole (DID ) interaction. 1, s' 1 o

The external light field induces an electric dipole
moment in the sample atoms. In turn, these in-
duced dipoles interact with each other, yielding an
effective pair polarizability which, to first order,
is completely anisotropic and varies as r-3, where
r is the interatomic dista¡ce. The second mêcha-
nism is shorter in range and is caused by the over-
lapping of electron charge distributions during
close collisions (EO).'z 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.ll'12

Studies of the scatter,ing from molecular systems
have been concerned principally with the liquid
phase.l3-tu In additiqn 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 suggestedl3'16 that the scattering from
liquids could be accounted for by an isolated bi-
nary-collision model. The observed tail of the
Iine profile could then be described by a compact
madhematical expression in which the roles of the
cluster polarizability and the intermolecular po-
tential were clearly delineated. However, it has
now been emphasized by experimentls and by com-
puter calculations in molecular dynamicsl? 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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We have observed the collision-induced scattering from compressed CFo up to 70 atm and from
CFo-He mixtures at concentrations of 27Vo, 47Vo, and 48Vo CFo, up to ^ totzl pressure of 155 atm. To
describe the intensity distribution for pure CFo, a single exponential function, I : C exp(-<¿/ø¡), was
fitted in the frequency range 5-20 cm-r; the density dependence of ars follows the scaling law derived
by Fleury for rare-gas spectra. An expression involving the sum of two expoñentials was htted over a

broader frequency range 5-45 cm-l. 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 ar¡ determined from the spectra
of the mixtures do not differ significantly from those obtained from pure CFo. 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 characte¡istics of the scattering closely resemble that from the rare gases.
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11 COLLISION-INDUCED LIGHT SCATTERING BY COMPRESSED... 835

gime where a binary-collision model is more ap-
propriate. In this paper, we report on the scat-
tering from compressed CFo, over a pressure
range from 10 to ?0 atm, and from CFn-He mixtirres
at total pressures uP to 155 atm.

CFn is a nonpolar spherical-top molecule of
tetrahedral symmetry possessing an isotropic po-
Iarizability; 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.l8 In ad-
dition, in mixtures with helium, its microwave
absorption spectrum displays an unusual behavior
which has been associated with the formation of

dimers.le Comparisons between the scattering,
far-inJrared, and microwave spectra will be use-
ful in the analysis of the results'

EXPERIMENTAL METHOD

The apparatus used is typical of laser R3man
studies. Linearly polarized light at 4880 A from
an argon-ion laser is focused by a lens (focal

Iength 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 ofidia'-
phragms and blackened cell walls serve to reduce
stray light within the cell. The light scattered at

90o is collected by anf/lt system and focused on

the entrance slit of a scanning double monochrom-
ator whose spectral slit width',vas 2 cm-l' Photon-
counting detection techniques are employed using
a cooled RCA C31034 photomultiplier (PM) tube.
With the discriminator 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 CFn gas, purchased from the Matheson Com-
pany, Inc., had a purity of.99.Wo. In order to re-
move a troublesome air impurity, the CFn sample

was first frozen (the melting point is 89 K) at
Iiquid -nitrogen temperahrres in another pressure
vessel which also served as a thermal compres-
sor. 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
(99.99970).

Experiments were performed at 295 K. To re-
main within a pressure range where binary colli-

sions predominate, the maximum pressure for the
pure CFn observations was limited to ?0 atm., The
CFn-He mixtures studied corresponded to 2ffi,
4rys, and. Wo CF4by density, with a maximum
total pressure of 155 atm. The frequency range
0-?5 cm-r was scanned in all cases, althougl¡ at
low pressures, the signal had fallen into the noise
well before ?5 cm-l.

Amagat densities were calculated using the

P-V-;'T data of MacCormack and Schneider'o for
CFn and Michels and Wouters2l for He. Extrapola-
tion of the CFn data for pressures above 50 atm
was necessary. The partial densities of the com-
ponents of the mixtures were determined following
the method of Stephenson22 and Cho.23

, ANALYSISOFRESULTS

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 argorL 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 CFn.

tooo
Pure CF.

o10203040
Frequency (cm-r)

FIG. 1. Collision-induced scattering from pure CF4

at three densities at 295 K' The vertical bars represent
the spectral slit width of 2 cm-l.
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Because of this evolution in the shape of the spec-
trum, .'"ve have ohosen to analyze the data in two
ways: (i) by considering first a single slope and
(ii) by treating two simultaneously.

Lo w fr eq u enc ie s-sing Ie ei xpo ne n r ial

Fleury and his co-workers have studied the col-
Iision-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(ø)=Q¿-@/uo, Q)

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

'"=#(;*)"" (T)"" l, *(#)'], (B)

whereM is the mass, p is the density, and o and
e 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 abpve 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 aúomic systems, they have q<tended
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 êxpression of the
form of ES. (2) in the frequency range 5-20 cm-r
using nonlinear least-squares techniques. C,and
crlo \¡rere taken as adjustable. The starting point of
5 cm-l 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-1 is
necessary because, as will be discussed in the
following section, for the higher-densiþ spectra,
the second slope becomes important at about 20
cm-l. In Fig, 2, øo is plotted versus density for
43 different spectra. The error bars, shown at
lor,v and high densities, represent the estimated
uncertainty in the determination of oro by the fitting
method. There is no significant difference between
the values obtained for spectra taken with various
polarization geometries.

For CFn, Eq. (3) predicts that

rro = 5.65[1 + (3.14x 10-s)p,] cm-r, (4)

where p is expressed 
"in 

amagat units, and e/&
=152.5 K and o = a.?0 Å have been substituted.

:: . .: : 
.:.1 
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When an expression of the form of Eq. (3) is fitted
to the data inFig.2,

a o -- (4.92 +0. 03 {1 +l(3.24* 0. 2 6) x 1 0- sl p2} cm-r

(5)

is found, which corresponds to A=2.62+0.02 and
B =2.Q3 + 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-1,
with discrepancies apparent, particularly at low
density. Fitting a polynomial linear in density
gives

oo = (4.63 r 0.04[1 +[ (3.32 r 0.20)x 10-3]p] cm-1

(6)

with a lower estimated standard deviation of '0.11

cm-1. Thus over the restricted density range of
this study, a linear dependence of ctro 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
e><tended corresponding-states principle links the
rare gases and CFo and that the Lennard-Jones po-
tential is a good approximation to the true inter-
molecular potential for CFn for describing the dy-
namics effective in collision-induced scattering.
Based upon their compressibility data, MacCor-
mack and Schneider2o alsô concluded that the Len-
nard-Jones potential is adequate in the case of

5.5

o 20 40 60 80 tOO

Density ( Amogot Unils)

FIG. 2. Variation of øe-with density for pure CF4 in
the range 5-20 cm-1. The dashed line represents Eq.
(5) and the heavy line Eq. (A).
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CFn. Thus the intermolecular force field may be

considered as central rather than localized in the
outer fluorine atoms as has been suggested for the

Iarger tetrachloride molecules, such as CCIn.za

For the rare gases at lo'w frequency and low den-
siþ, it is thought that an important, but not the
sole, mechanism responsible for the scatter-
ingr's,zs is the DID interaction, The agreement
between the predictions of Eq. (3), derived for
rare-gas spectra, and the present analysis indi-
cates that, for CFn as well, the DID interaction
predominates at lorv densitY.

H igh lr equencies4o ub le e xponen tial

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

I(a)=P¿-'/"+Ge-'/", ' (?)

was also fitted to the spectra, over the range 5-45
cm-t. The quality of the fits as judged from re-
duced ¡¿2 are excellent. Figure 3 shows the varia-
tion of ø, and crr, with density for spectra taken in
the VH polarization geometry.2s " Tffhile c,r, incrêases
stea.dily, ter, increases sharply from 30 to 50

amagat and then levels off at about 10.5 cm-r. The
specific values of co, and co, do depend upon the

range chosen but their behavior with density does
not change greatly. For example, the limiting val-
ue of c,.r, reaches 14.5 cm-l when fits out to ?0 cm-r
are made. Such a wide range is possible only for
the highest densities. Consequently, 5-45 cm-1
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 to infinity, then
the contribution of each to the total integrated in-
tensity is obtained. The ratio of the intensities
Ir/I"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-r from that ob-
tained in the previous analysis using a single ex-
ponential only at low frequencies. The intensities
of the two exponentials become eçal in the region
15-20 cm-r.

It is instructive to speculate on the origin of the

second exponential. The factor (l/znc)Ø/o)
x@T/M)L/2 in Eq. (3) is the average velocity di-
vided by an effective range o/A. Hence, in the

binary-collision model, (c.ro)-1 is the duration time
of the collision. Since c.r, is greater than co' the

3.5
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ll"

20 40 60 80 loo
Densily (Amogot Units¡

FIG, 3. Variation of otp tÐ2, and l1/I2with density for
pure CF4 teq, (z)1. 11/12ís the ratio of the integrated in-
tensities of the two exponentials, Fu1/Gtl2.

interaction giiing rise to co, must be of shorter
duration than that producing ør. Several possibili-
ties come to mind.

(i) Second-order diþole-i.nduced diþole. The
first-order dipole-induced-dipole interaction pro-
duces a pair polarizability given by

^dV) 
= 6a2/r3, (8)

where o is the polarizability of the free atom or
molecule. Classically,s the next higher term is
6es/r". The ratio of intensity due to first-order
DID to that due to second-order DID can be esti-
mated as

DID1 06 Hl2-6ffi=þfunv1640' (e)

where

g112-6/on æ j r-r e-vt )/Pr dr , (10)

and. V@) is the Lerurard-Jones potential' The ll's
involve the averaging of the intermolecular dis-
tance over the pair distribution function and have

been tabulated by Buckingham and Pople.26 The
ratio 1640 is much larger than the experimentally
determined 2.5, and second-order DID scattering
can thus be neglected.

(ii) Octuþole effects. CFn has a far-infrared
spectrum arising from the rapidly varying dipole

?
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moment induced during molecular collisions.ls
Because of the reasonable values of the electric
octupole moment determined from tNs 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 CFn.

Bucaro and Litovitzr3'16 studied the collision-
induced scattering from liquid CCln and compared
it to the corresponding microwave and far-infra-
red absorption data of Garg etaI.27 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 CCln 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 similarty with time. We note,
however, in passing that the far-infrared absorp-
tion profile for compressed CF4 as determined by
Rosenþerg and Birnbaumrs faüs off more slowly
at high frequency than does the scattering, the ef-
fective øo being 27 and, 11-14 cm-r, respectively.

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

(äi) Close encounters. Bucaro and Litovitzr3 in
their treatment of collision-induced scattering
from liquids devetoped an isolated binary-collision
model in which they considered the phenomenon
to be entirel¡r due to close encounters; the induc-
tion mechanisms are electron overlap and frame
distortion. The¡¡ calculated a collision time using
a method due to Nikitin2s 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 Ad. The characteristic fre-
quency <rro i5 then found to be

(øo¡-'-Zn"co (#)"'[t -z a""ta,, (#)""1 "^,
(11)

giving @o=10.3 cm-r for CFn. Equation (11) is an

.:):i: 
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approximation to an integral, performing an av_
erage over all velocíties. Numerical integration
yields a value about 1ble higher. The agreement
with our ø, 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 Gersten2s on compressed argon and
with the computer experiments of Alder etal.so 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.

CFo -He mixtures

Typical spectra for the CFo-He 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 sho',ved anything other than a simple
exponential tail.

Accordingly, the data were fitted to a single ex_
ponential Eq. (2) over the frequency range b-20
cm-r, The values of oo are shown in Fig. 5, to-
gether with the quadratic and linear functions, Eq.
(5) and Eq. (6), previously fitted to the pure CFn
spectra. The øo for the mixture spectra do not
differ significantly from these curves applicable
to the pure gas.

Mathur etal.Ls studied the nonresonant micro-
wave absorption of CFn-He compressed gas mix-
tures at 1648 MHz and found an unusual behavior.

rooo

-lr- He-CF. mixlure
(25%CF4'l

loo

02040
Frequency ( cm-t)

FIG. 4. Collision-induced scattering from a CFa-He
mixture (2780 CFtl. The densities B0 and l0 amagat refer
to the partial density of CFa.
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o.4

o o.4 0.8 1.2 1.6

t.2
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Eo

goSo

Portiol Density CFo ( Amogoï Units)

FIG. 5, Variation of coe with partial density of CFa in
the range 5-20 cm-1 for CFa-He mixtures of.2fl0, 471o,

and 4to CFa. The dashed and heavy lines represent Eq.
(5) and Eq. (6), respectively, which apply to pure CFa.

They observed a sudden onset of extreme dielec-
tric loss at a total pressure of 33 atm lot a30'7ls
CFn mixture by volume and at a total pressure of

18.5 atm f.o,r a55.5Vo mixture (Fig. 6). No such

loss occurred, ina2Wo mixture (up to 33 atm). A
phase change is not taking place as all pressures
are below the critical pressure of CF4' P-V-T
measurements on pure CFo do not suggest any

strong. intermolecular interactions to explain this
behavior.2o They speculate that the effect is due

to.the formation of dimers of CFn'
There is no indication from the collision-induced

scattering to corroborate such an hypotlesis.
Neither the line shape (out to 20 cm-l) 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 a.dd features to the spectra
at low frequencies, and it is possible that the slit
v¡idths used in the present work are too broad to

permit observation of them.
There is no evidence from the intensity or the

line shape that CFn-He collisions are effective in
producing collision-induced scattering. Because
of the small polarizability of He (2.02x10-25 cm3

as compared to 1.63x10-24 cm3 for argon and

3.86x 10-'z4 cm3 for CFn), the DID interaction for
He-He and CFn-He will be very weak' However,
it would be interesting to perform experiments
under conditions in which the number of CFn-He
collisions per time interval is still higher tha¡ in

4.5

FIG. 6. Loss tangent at 1648 MHz divided by the partial
pressure of CF4 as a function of total pressure for a
30.fl0 mixture of CFa in He.

the present study, in order to determine whether
overlap-type encounters betrveen He and CFn can

give rise to a broad tail on the profile. It would
be broad, since the 1ow reduced mass of the colli-
sion partners will result in a short collision time.

SUMMARY

At low frequency, the slopes of the pure CFn

spectra closely follow the scalirþ law developed
by Fleury for rare-gas spectra' Thus scattering
is chiefly due to the dipole-induced-dipole mecha-
nism. 'iVhen 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, rvhere the effective colli-
sion time is determined solely by the intermolec-
ular potential and is independent of the det¿ils of

the nature of the induction mechanism. The role
of CFn-He encoúnters is insignificant to the scat-
tering for the conditions of concentration and pres-
sure studied. There were no sudden changes in
intensity or line shape analogous to those observed
in the microwave absorption spectrum of CF4-He

mixtures and associated with dimer formation.
In summary, the collision-induced scattering

due to CFn at densities up to 70 amagat resembles
closely the scattering from atomic rare-gas s¡rs-

tems. No featurês attributable to the internal de-
grees of freedom of CFn were observed.
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Moment analysis of collision-induced light scattering from compressed cFnt
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Department of Physícs, Unìversity of Manitoba, Winnipeg, Manitoba R3T 2N2, Canada

(Received 27 Jautary 1975)

The method of moments is used to determine a functional form of the induced polarizability incre-
ment ß, which gives rise to collision-induced light scattering from compressed CFo. Based upon the
zeroth and second moments, two expressions are found to be acceptable: É(x) : gazq.-\r-t -
2.85x -a05) and B(x) : 6o2q-3(x-3 4 o.757x -8'sr¡, where x : r/o. 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.l-t The primary impedimeni
to progress concerns the intermolecular potential
and the induction mechanism, which determine the
collision dynamics and the nature of the induced
polarizability, respectivety. Their roles in the
scattering piocess must be clearly specified before
reliable interpretation of the spectra can be made.

In a recent paper,4 we reported the collision-in-
duced Rayleigh scattering from compressed gase-
ous CFn and CF4-He mixtures. The specira were
discussed in terms of empirical models for the line
profile, namely, sums of functions exponential in
frequency. The principal conclusions were (i) that
the profile at low frequencies (5-20 cm-l) evolves
with density according to the scaling law found ap-
propriate for rare-gas spectra,s'6 and (ii) that the
tail at high frequencies (>20 cm-r), which is prom-
inent at densities higher than 50 amagat, is due
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to close binary collisions. In an effort to derive
more details on the form of the induced polariza-
bitity, the spectra have now been anatyzed by the
method of moments. The results of this analysis
are the subject of the present paper.

II. THE METHOD OF IV¡OMENTS

Collision-induced scattering has been treated
previously through moment analysis by Lallemand?
and Levine.B's 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 ó(") is the (22)th moment of the frequen-
cy distribution of the scattered intensity I(ar),
i.€.,

ç(zn\ 6 GL)" I ,"' I (a) d'<'¿. (1)

It is straightforward?,e to calculate @(,n) in terms
of B@), the induced-pair-polarizability anisotropy,
which is a function of the intermolecular distance
Ti

Q@ =4n I"* 
(p(r)l'ev)r"dr ,

QØ=-*T|""lw) .r(Y)'lr(r)r,dr,

tìY

:;

,7:

(2)

(3)

(4)

Levine and Birnbaums considered a pair polariza-
bility function,

Bç,,¡ = (6a2/r3) + (B/rÞ), (6)

which may be written in dimensionless form

1 5?1
t:

þ, ^, = n, 
l(T)" í "- l, 

r(#)' .,(i#)' -# u#. i##.' (ffi)'þ v, * *
- # f le,#) (, # . i # - #') . n' 1#) r v ),p d, . + f (##¡',.,, ),, a,|

¡-i is the reduced mass of two colliding molecules
andg(r) is the radial distribution function,

g.(r) = ¿-v (r) lnr , (b)

where Iz(z) is the intermolecular pair potential.

11
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ß(x)=6ø'o-3lx-3 +(fy)x-þl , (?)

where x=r/o a:îd y=Bd-2o3-þ. o¿ is the molecular
polarizability and o is the molecular diameter; p

and y (or B) are the parameters to be determined.
É(x) is thus represented as.the sum of a long-range
dipole - induced-dipole term,r 6 a2 /r3, and another
contribution B/rþ ttrottght to be of much shorter
range. Using the Lennard-Jones 12-6 potential
f.or V(r), they found that, for argon, two sets of
values of p and fy 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 fy - - 0.25 and (ii) p-10 and

f y - - 0 .a0. 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 r 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 (åy)r-Þ and. \e-'/d as possible forms
for the second term in the expression for F(r).
Again for the Lennard-Jones arrd, x-þ cases, with
Þ and ¡t determined from the zeroth and second
moments, two solutions were acceptable: (i) p

=4.15 and fy=-0.23 and (ii) þ=t0.75 and fy
= - 0.51. However, only the first 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 al',vays
discarded in favor of a long-range term.

Three aspects to the CFn data suggest that a mo-
ment analysis would yíeld a form for B(r) differing
from the rare-gas cases. First, a high-frequency
tail of significantly different slope from the low-
frequency profile appears above ã0 amagat in the case
of CFn (Fig. 1). Thisbreak intheprofile occursat
about $ of the triple-point density, in contrast to
afgon, where a similar break is observed at about
the triple-point density.s Moreover, for CFn, 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
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been proposedro that this interaction would give a
term in B(z) varying asr-'", somewhat shorter in
range than the r-s expected from electron overlap
interactions between rare-gas atoms.10'1r Third,
the Kerr-effect measurements suggest a difference
in the magnitude of B(r) between CFn and the rare
gases (Table I). For the rare gases, the experi-
mental values of the second virial Kerr coefficient
Bþ ate all less than the calculated values; for CFa,

the experimental value is greater. The calculated
values have been obtained from the relationrz'r3

u*m j"* løt tl'rt )r'dr , (B)

where No is Avogadro's number. Here B(r) con-
sists only of the dipole-induced-dipole term
6a'/'r" and the Lennard-Jones potential appears
in S(r).

III. ANALYSIS

The experimental and theoretical zeroth and
second moments were found following the method
of Levine and Birnbaum.s Spectra taken in the
density range 50-100 amagat were considered.
The intensity was extrapolated to zero frequency
from 5 cm-1 by fitting an empirical line-shape
function consisting of the sum of the two exponen-
tials.a lrwin and Mayra have shown that such an
extrapolation does not introduce gross errors in
the'case, of argon. The moments were then deter-
mined by calculatin e I t (a) dos and J ø't 6) ao.
Since relative rather than absolute measurements
are in fact made, the experimental moinents must

1000
Pure CFo

o10203040
Frequency (cm-r)

FIG. 1. Collision-induced light scattering from pure
CF4 at 18 (a), 3? (b), and 57 amagat (cl at295 K. The
veriical bars represent the spectral slit width of 2 cm-l
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first be normalized in some manner. A direct
method utilizes measured values of the second
virial Kerr coefficient Bu through Eqs. (2) and (B).
This Kerr coefficient determined by Buckingham
and Orrl3 was used. The average values obtained
for 4(ol ana -þ(o)/Q@) are presented in Table I
iogether with the results for rare gases.9 As one
might suspect from the polarizabilities and masses
alone, the moments of CFn fall between those for
krypton and xenon.

Next, the unspecified parameters in the polariza-
bility function (?) were determined. Equations (2)
and (3) are quadratic in the unknown y, whenp is
specified. The right-hand sides were evaluated
foi a large number of values of p, For eachþ,
(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 1), J, were acceptable. For the
lower vâIue of p, in the range 3-5, 1l was always
less than zero; for the higher value of þ, 7-g, y
was always greater than zero. The average values
are (i) þ=4.05+0.1 and åy=Z.eS+0.03 and (ii)
Þ=8.51 +0.2 and åy=O.Z0Z+0.02. Therefore iwo
forms of the polarizability function are possible:

1 573

þG)/Q@\ =4.36x 10so sec-4. This differs from the
result of Lallemand for argon, where the fourth
moment is an order of magnitude larger with the
short-range term þ = 10.75) than with the long-
range term (p =4.15). For cFn there seems to be
IittIe 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,a 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
þ(4) / þ(o) = 1.1x 1050 sec-a; 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-
pression 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 ¿ =4.95 than that for
Þ =8.51 is of littl' significance. The êxperimental
data are not of suJficient quality to permit the
determination of still higher moments.

Most of the initial work on collision-induced
scattering assumed that B(r) would contain the
long-range dipole-induced-dipole term together
with a short-range overlap term. Thus, Bucaro
and Liiovitzro were able to propose an isolated
binary-collision model for the scattering from
liquids. The foundations of thè model are that, at
liquid densities, interference effects are expected
to severèly reduce the intensity of the scattering
due to the dipole-induced-dipole interaction and
that, even at'such high density, the probability for
more than two molecules to overlap strongly is
small. Undei these assumptions, itrey Aete"mined
that a þ(r) which varies as r-s, and arises from
electron overlap, is consistent with the scattering
from atomic fluids. For molecular liquids, they
argued that the induced polarizability anisotropy is
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ß@=Yl,-.-äH]

or

p@=ryÞ-. i1#]

(e)

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 Eqs. (2) and (4) are evaluated with,¡r =4.65, on"
obtains þG)/þ(o) =3.38x1050 sec-4. WithÞ =8.51,

(10)

TABLE L Compârison of CF.1 anc{ rare-gas clata.

Bþ
(esux 10-12¡

Gas Expt. " Calc. a
o

tÅl b
e/þ
(K) b

d
(A)'

Mass
(amu)

óo)d
(Å)e

-dio) /ó2)d
116-26 sec2)

Ar 4;1+ 0.6
Kr 16+14
Xe 65+22
CF¿ 37.7+ 3.6

5.6
26

140
25.2

3.4L
3.60
4. L0
4.70

119.8
L7L
221
152.5

L.642
2.484
4.045
3.84 c

40
84

131

88

L2.5
12.5
19.8
77.6

30.2+4.4
93.5 + 13.9
468 + 69

270 + 30

eReferences 12 and 13.
bJ. o. Hirschfelder, c. F. curtiss, and R. B. Flird, Molecular Theory of Gases and Liquids

(Wiley, New York, 1954).
c.a at 6328 Ä. Experiments on CF4 were performed at 4gg0 Å.
dRare-gas results from Ref. 8.
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due mainly to a very-short-range interaction pro-
ducing molecular frame distortion; an r-13 depen-
dence of É(r) was compatible with their data. Sub-

sequent investigationsl5'16 have shown that within
the IBC model, r-Ls is indeed appropriate for some

anisotropic molecules (e.g., CHCI' C6Hrz, C6H6,

but that r-e is more in accord with experiment for
isotropic molecules (e.g., CClo, SiCln, GeCln,

TeCln).
The solution of p = 9.51 for gaseous CFn 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 et a.1.11 have determined the B(r) for He,

using a fully self-consistent Hartree-Fock proce-
dure. They find that ß(r) may be represented by a
dipole-induced-dipole term and an exponential in
r. I.or values of r sampled in these experiments,
the exponential term is negative, reducing the

anisotropy. However, it is not truly of short
range, varying approximately as r-6 in the region
of r =o. While extrapolations to heavier atoms
and polyatomic molecules are impossible, it is no

longer reasonable to reject attr-a term on the basis
that it is physically unrealistic.

,Because of the normalization procedure, both

þ =4.05 and Þ = 8.51 are consistent with the Kerr-
coefficient measurements. For Þ=4.05, Ê(z) is
negative in the important region for r; while for
Þ = 8.51, É(r) is positive. For both vatues, [P(r)]'z
is greater than the dipole-induced-dipole term
atone (Fig. 2).

In summary, despite the somewhat different den-
sity dependence of the CF* spectra and despite the

size of Bo relative to the dipole-índuced-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 CFn but negative for rare
gases. The two sets of values (Þ,l,) give almost
identical fourth moments, making further insight
impossible on the basis of the available data. This

lwork supported in part by the Research Corporation
and the National Research Council of Canada.
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xox
FIG. 2. Plot of [o3É(øl/6e2]2 ns r for the dipole-induced

-dipole term r-3 alone and for'the cases in which the

additional term varies as rú-4' 05 

"tt¿ 
,-8 ' 51. Atthough it

is not noticeable from the above sca\e, lþ@ll2 does diffe¡
slightly behveen the two cases, p={'Q$ and 8'51, in the

lrai;rge x > xo. xo is 0.962 and is the distance of closest
approach at 295 K.

is the first experimental evidence that the sign of
the additional term in þ(r) may be positive' While
a detaited calculation of P(r) for (CF¿L such as

O'Brien et al.L1 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'

ÄCKNOWLEDGMENT

We wish to acknowledge discussions concerning
CFn with Dr. M. S. Mathur.

aD. P. Shelton, M, s. Mathur, and G. c. Tabisz, Phys.

Rev. A 11, 834 (1975).
5P. A, Fleury, w. B. Daniels, and J. M. Worlock, Phys'

Rev. Lett. 27, t493 (l97ll.
6P. A, Fleury, J. M. Worlock, and H. L. Carter, Phys'

Rev. Lett.30, 591 (19?3).
?P. Lallemand, J. Phys. (Paris) 33, Colloque C l' 257

(1972).

(X-e + 0.757X-8'õr )2

(X-3 - 2.ô5 X-4'o5 )2



11 MOMENT ANALYSIS OF COLLISION-INDUCED LIGHT...

, i'l -::.t:::::,:;.1,.,.. 
;:i1,,..r;.;l'i;iUi.;jii+:;:r'

1 5?5

8H. B. Levine and G. Birnbaum, J. Chem. phys. 5b,
29L4 (L97r).

eH. B. Levine, J. Chem. phys. b6, 24SS (lg7}).
10J. A. Bucaro and T. A. Litovifi J. Chem. phys. b4,

3846 (1971).
11M. R. Vukcevich (private communication quoted in

Ref. 10,r.
124. D. Buckingham and D. A. Dunnur. Trans. Faraday

Soc. 64, 1776 (1968).
134. D.Buckingham and B. J. Orr, Tra¡s. Faraday Soc.

65, 673 (1969).
1{D. J. G. Irwin and A. D. May, Can. J. phys. 50, 21?4

(L972).
15J. H. K. Ho and G. C. Tabisz, Can. J. phys. b1, 2025

(1e73).
16H. E. Howard-Lock and R. S. Taylor, Can. J. phys. 52,

2436 (t974).
1?E. F. O'Brien, V. p. Gutschick. V. McKoy, and J. p.

McTague, Phys. Rev. A 8, 690 (19?B).

i.. I

,'.1



COLLISION.iNDUCED LIGHT SCATTERING BY CO14PRESSED

MOLECULAR GASES II I: SFe*

D. P. Shelton and G. C, Tabisz

Department of physÍcs,

Universíty of l'îanÍtoba,

l{innipeg, Manítoba R3T ZNz

Canada

!.:::t:t..::.



The co'llision-induced 1 ight scattering spectrum

of conpressed gaseous SFe was studied at 295 K at densities

up to 26.5 Amagat. The ana'lysis involved consideration ,,,',,,'

of (i) the Iow frequency profile aIone, (ii) the entire
profile beyond 2.5 cm-r, and (f ii) the method of moments.

In most respects, the description of the profile is simiTar : 
.,,'.t,

to the case of CF+; it is well represented by the sum of 
".'
:..:ì.,.:

trvo functions exponential in frequency. The induced 'i''::::::

polarizability increment g(r), estimated from the monent

analysiso depends essentíalTy on F-3, where r is the inter-
molecular distance. The point dipo'le model , however, is
not appropri ate for cal cul atÍ ng g ( r )
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I. INTRODUCTTON

col t ision-induced I ight scattering by a medium

of isotropic molecules differs in detaÍ'l from the .o.-
responding atomic rare-gas car..l n2 In generaT, the
characterÍstics of the scattering are explained in terms of
a polarizability increment g induced in a cluster of
interacting atoms or norecules. ß Ís a function of the
Íntermolecular distance r and Íts tirne-dependence is con-

trol Ied by the intermolecur ar potential v(r). The appro-
priate form of g(r) and v(r) may vary with the size and

structure of the colticling species. l,le have recently dis-
cussed the col T i si on-induced scattering by compressed c F u.1 ,2

In thi s paper, þle shal I present a study of SF, rand compare 
:

the results with CF,, and the rare gases.

At sufficientty Iow density, ß(r) and V(r)

tion approximatÍcn
For rare gases, the Lennard-Jones potential has been found

adequate to descrÍbe'the co.Ilision dynamics to which the
scattering is sensitive.3'4 g(r) is assumed to consist
of a 'long-range dipole-induced-dipole term,5 6ez/r j, pl us

a term with another dependence on r. The contributions to
this second term are not completely understood but it is
often considered to be of short-range. The dipo'le-induced-
dipole term is cal cu'l ated using point dipoles. Both the
point dipote approximation and the Lennard-Jones potential
may become unsuitable as the species studied becomes more
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comp'lex. Recent studies of the depoJarization ratio by

Triki et ô1 .,6 OLsengoFÍt,7 and l¡latson and RowellB have

emphasized this point.

The present investigation of the spectral profite
of the scattering from sFe was undertaken in order to carry
further the comparison between the atomíc and molecular

:y distributl'on of
the scattering by SFe have been given by LaIIemandg and

Holz.r.lo'T'l

I I. EXPERIMENTAL DETAILS

The apparatus, typical of laser Raman spectroscopy

studies, has been described elsewhere.I Thu exciting
radiation was at 4880 n and the spectral stit width of the

spectrometer was I cm-1. Spectra reported were taken in
the VH potarization geometry.l2

The SFs gâs, purchased from Matheson of Canada,

Ltd., had a stated purity of 99.81". Since SFe liguefÍes
at about 25 atm at 295 K, the pressure range studied

was I Írnited to 5-20 atm. The corresponding densities,
5-26.5 Amagat, were calculated from the P-V-T data of
ItlacCormack and Schnei der. t 3
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I I I . ANALYS IS OF RESULTS

At the low densíty, the spectrun of the collision-
i nduced scatteri ng by argon i s cl osely exponentÍ ai . 3 Fi g. I

shows an example of the SFs spectra obtained, pìotted on a

logarithmic intensity scale. The profÍIe is similar to that
of CF+. It i s not I inear, but rather it curves continuously

over the enti re f requency range. For densitÍes be'low 20 Amagat

the integrated intensÍty varies as p2. At the highest den-

sities, an additiona'l p3 dependence becomes important.

The analysis of the data follows the procedure
rô

adopted for CF4.l '2 hle consider first the low frequency

profile alone, secondly, the entire profi'le, and finally
the method of moments.

Lov.r frequencies - single exponential

Fleury3'4 has deveìoped an empirical expression

to describe the decay constant r0 for the rare gas spectra

over an extended density and temperature range. If it is

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

I(o) = Ce-t'r/tÙo, (t )

then
*['A

ñ0o

where M is the atomic

diameter used in the

parameters determined

(#Ð .@ (2)

o Í s the atomi c

and B are

and are found

mass, p is the density and

Lennard-Jones potentíaï. A

from the experimental data
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to be 3.0t0. 1 and 2.0r0. I , respecti ve'ly, for the rare gases .
we have shown previousry that eqn. (z) is aìso appl icab.re
to the CF + spectra at I or,r dens i tÍ es . l

An expression of the form of eqn. (1) is fitted
to the spectra between z.s cm-r and 9 cm-r by a non-linear
least squares technique. The upper limit of 9 cm-r is
necessary since a modet to approximate the entire frequency
distribution requires two functÍons exponentia.l in frequency.
This is shown in the foltoruing section. The second expo-
nentiaT becomes important at about 9 cm-r. Below 2 cm-r
contributions from the strong scattering at zero frequency
shift introduce error. The value of oo is 3.03r0.t4 cm-r.
There is no trend with density apparent, The fits are
generally poor wïth a reduced x2 of about I.6 with the
better fits possibre at the Jower densitÍes.

Substitution of the constants for SFs into eqn. (Z)
shows that this ,o corresponds to A = 2.44t0.11. If B is
taken as 2, then the expected change in ro over the
densitfes studied is oniy s/" and is beyond the accuracy of
the experiments.

MahanI4 has assumed an experimentar intensity
then has been able to derive theoreticaìly

)(kT/þ1o')h appearing in eqn. (Z), i.e.
For a pure dÍpole-induced-dipole form

sphere potential, A is exactly egual to
euryts empirical resu'lts for the rare
has shown that for a Lennard-Jones

r.:-::.::
2nc

v.

rd

FI

l5

distribution and

theterm^=(A/
oo at zero densit

of ß(r) and a ha

3 in accord with

gases, Barocchi
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potentiat the expression for A becomes (tsHs (y)/H. (y) )b wtrere " '

Hn(V) is a tabulated functionl6 and y = Z(elkT¡'.. Tabte I
presents a comparison between the calcuiated values of A and

those obtained from experiment. The two possibil ities
gi ven for cF,. resu'l t from the two methods used in ref . t .,, , ,, ,,

to extrapolate to zero density. In the case of all three
molecular species, A is less than predicted. The fact that
these val ues of A do not di f fer greatty from the cal cul ati ons ,,,,,,,, ,,,.

suggests that the dipole-induced-dipole rnechanism is """.' ''

: :.....
important to the scattering at low frequencÍes. The dïs- ,,,.:,,..-,,,,,¡'

crepancy cou'ld indicate eÍther the unsuitabitity of the
potentials considerec or the presence of an additional
contri buti on to g(r) .

Hi gh f requencies - doub'le exponenti alHigh freque e exponentiat

Because the intensity profile is definitety not well
describedbyasingleexponentia1,afunctionconsistingof
the sum of two exponentials ,

''-. . -.'- -:

..., :.,;: ,.: :.,:. :t

I (t¡) = De-t'l/t¡r + Ee-o/o', (4)
:r::::r':: -:; 

"

is fitted betwee n 2.5 cm-tand 27.s cm-r. The fit is good

wÍth a reduced x'of about 1.2s. Again better fits are pos-

sible at the lower densities. This procedure gives ,.,,,,,',,,,

ür1 = 1.42r0.13 cm-r and o, - 6.2610.33 cm-r *iin uz/ut = 2.80t0..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 lt/\z is 3.75t0.43 ,' 'i '
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In Ref. I it was shown that, in fitting of eqn. (4)

to the CF+ spectrâroz/ut is equal to 2.64. AIso, It/Iz
decreases sìightty as the density increases and has a value

of about 2.7 at 25 Amagat. Therefore, vrhile the first
exponenti al i s more important for SFs than for CF,,, the

description of the profiles is nevertheless very simí1ar.

Both may be specified by the sum of two exponentials vrhose

characteristic frequencies are in the same ratio. These

frequencies themselves, o1 and (lJ2rscale with (llfioz)\ between

the two cases.

If the characteristic frequencies are interpreted
as being inversely proportional to the duration of a col'Ìision,
then the interaction giving rise to the higher frequency

exponential term must be shorter in range than that responsible

for the lower frequency ternr. In principle, there are a

number of possibi tities for a short-range interaction
mechanism. However, both the seconcl order dipole-induced

dipote interaction and effects due to the hexadecapole
'' ',',,'moment of SF. (its first non-zero multipo'le moment) would 

.,,.::

yield intensities several orders of magnitude'less than that l;,.,1,,,,

'due to a first order dipole-induced dipote mechanism. Recal I

that the estimate of the ratio of intensities from the experi-

:.:-::.
l-i.- i-:

ment is 3.75

A third possibitity is close collísions. In their
treatment of co'llision-induced scattering from iiquids,
Bucaro and LitovitzlT used an expression due to NikitinlB
to calculate the collision time. close collisions are con- .:
sidered, anC the collision tíme is determíned onty by the '''
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potenti al .

e(r). Then

(#,it' (i+)"1.,,, (5 )

For SFs, oo = 7.45 cm-1 in goocl agreement with tll2. Sinri'lar

agreement u¡as found betvreen 62 ancl egn. (5) for CF,*.

Gerstenl9 hu, emphasized that in the case of rare

gases even îf B(r) is equa'l only to 6s,2/13, the profÍTe

is not a sÍmp'le exponential. The high frequency tail is

sensitÍve to the details of the intermo'lecular potential.

The same uroul d seem to be true for CF+ and SFe as wel'l . For

both molecuîes, the shape of the high frequency tait is
determined soIely by the potential paraneters. This occurs

even though the nature of the índuced polarizabitity dÍffers
in the two cases. This is the subject of the next section.
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For further anaTysi s the intensi

The second Kerr vi ri al coeffi ci ent BO, whi c

the zeroth moment, may be used .2 '20 Fro* t
SFs reported by Buckingham and Dun¡rru r,21 O

and is much greater than O(0) for the othe

in Table T.

Levin ezo'22 has developed

gating col I i sion-Índuced scatterÍng

moments. A trial function for g(r)
i

ß(r) = 6î,t *r- .;

'ts

va

)=

spe

a technique for investi-
through the method of

is assumed; for example,

(6)

.:rì i¡:.:i:-:,1":':.:::-:r_: ;

must be normal

tional

Bk fo

zsa (Â

isted

propor

l ue of

2170t

cÍes T

ty

h

he

(o

r

i zed

to

r
n)

B

F.
Here B/rP represents the effects of atl contributions apart

from the dipole-induced-dÍpoìe mechanism. B and p are

determined from the zeroth and second nornents of the observed

spectrum, through a method described previous 1y.2'2A

Two solutions to (6) are consistent r,tith the moments

of SFo o

ß(x) = (ç)(*. 0.91\

-l

2.82 lX''

=(Ð(* 
ÉÐ

(7)

(B)

where x =

brackets

des i gnate

and (B) f
cr, = 4.470

the same

coe ffi c i

/A whi ch

The par
21 :o=

. Both

ent of the second term in the

, follouling Levine, we sha'l I

ameters used to obtain (7)

5.5.| Â, elk = 200.9 K and

(7) and (B) produce essential

r/o. The

i s Bo-2o3-P

as (v/ø) -

rom (6) are

x 1024 cm3

(ß(x))'z.

ly
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For CF,, at densities above b0 Amagat, 'p is 4.1 or
8.5 with a corresponding (v/6) of -z.g or +a.76.2 At
20 Amagat, p i s 3.4 or s .0 rryi th (v / 6) equaî to -2.6 or +0.6 .

A. similar anaìysis for the argon spectru120 gives p equaì to
5.0 or 9-3 with (y/a) at -0.29 and -a.47. Therefore, for
both moJecular species, in contrast to the rare gas cases,
one of the possible solutions has a positive sign for (v/aJ.

Despite the nearly r-3 behaviour of g(r) for sFe,
the agreement with the assumed model for the dipo'le-induced-
dipole interaction is not good. In both (7t and (g), the net
coefficient appearing ín ß is almost twice 6az. The second
Kerr virial coefficient calculated from 6ar/rs is much less
than the observed value , 'l7a x I0-1, e.s.u. compared to

Âl

300 x l0-rt e.s .u.21 n"cause of the normaïizatÍon procedure
it is to be expected that 6a2¡13 is not consistent wÍth the
scatterïng data. However, for CF,* and the rare gases, this ,

type of discrepancy can be accounted for by a term in g(r)
which varies more rapidty than r-3. The present result for
sFo must be taken as evidence for the breakdown of the point
dipoîe approximatÍon. Trïki6 et al . and l,latson and RoyralS

have also found the point dipote modet inappropriate Ín their
studÍes on SFe . Both were concerned with the density dependence

of the depolarization ratio; their measured ÍntensÍties were

much I arger than those cal cul ated.

For a large morecure rike sFs the porarizability
distribution within the molecule may have to be considered.
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Theimer and Paul23 huve treatecl depoJarized tight scattering
using a polarizabitity densïty function. Triki found good

agreement between his measurements and theory with the use

of this model of an extended polarizabi'lity. unfortunately,
the present results can not be used to investigate this effect
further. 0skengornT hu, recently pointed out that the dis-
crepancy betvreen theory and experiment does not behave con-
sÍ stentìy for depol ari zed I i ght scattering and the Kerr Effect,
even in the case of the rare gas

i s that Bk depends on (e(O)ß(o) )

of the i nduced poI ari zabi t i ty an

es. Certainly one difficulty
' , that i s, on the product

isotropies at frequency 0

and ûr. The depolarized ìight scattering, holvever, Ínvolves
(g(ûr))u. For the rare gases ß(0) and ß(o) are nearly
identÍcal; in the case of the mo'lecu'l ar specÍes sFs or cF+

they are si gni fi cantly di fferent. consequently, the norma-

lization procedure adopted in the moment analysis must be

considered approximate.

IV. SUMMARY

The col I Ísion-induced scatteri
studied at 2g5 K at densities up to 26.s

yond 2.5 cm-r is described in an empirÍca

to that found appropriate for CF¡,. Howe

the zeroth to second moment, -O 
( 0 ) / þ(2)

for CF+. Through an approximate normali

obtain O(0) and ô(2), u functional form

ng from SFe has been

Amagat. The profi 1 e be-

I manner quite similar
ver, the ratio of
i s much greater than

zation procedure to

of the induced



polarizability anisotropy is obtained which suggests the

breakdown of the point dipole model. In order to investigate
this effect further, absoJ ute intensity measurernents are

currently underuJay

AC KNOI^'L E DGMEN TS

l^le wish to acknowledge discussions concerning

the properties of CFr* and SFe rvi th Dr. M. S. Mathur.



A
r

X
e

C
H

,t

C
F

+

S
F

e

A

H
ar

 d
 S

ph
er

e

T
ab

l e
 I.

3 3 3 .) 3

S
um

m
ar

y 
of

 S
ca

tte
rin

g 
D

at
a

A

Le
nn

ar
d-

Jo
ne

s

aR
ef

.

bR
.f.

ca
t 50

20 15

A
m

ag
at

3.
18

b

3.
 1

B

3.
tB

A

E
xp

t.

2.
 8

5b

2 
.6

A
2 

.4
5

2.
44

o(
0) (Â

')

30
.2

4

46
84

27
0

21
7 

0

-o
(o

) 
/þ

(2
)

(1
0-

tt 
se

c2
)

.l2
.5

4

l9
. 

ga

17
.6

c

9B
 .4



- t3

REFERENCES

* l,lork supportecJ in part by grants from the Research

Corporation and the l,lationa'l Research Counci 1 of Canada.

-1. D. P. Shelton, M. S. Irlathur ancl G. C. Tabisz, Phys. Rev. A

.l1,834 (I975).

2. D. P. Shelton and G. C. Tabisz, Phys. Rev. A ll, lSZi (1975).

. : ..: ..3. P. A. Fleury, l{. B. DanÍels and .1. M. }lorlock, Phys. Rev 
,.:,..,,.,,,,,.

Lette rs 27 , t 493 (l g7l ) . 
:'1::":;'r:

4. P. A. Fleury, J. M. l,Jorlock and H. L. Carter, Phys. Rev.

Letters 30, 591 (t OZS¡ .

5. A. D. Buckingham and M. J. Stephen, Trans- Faraday Soc.

53n 884 (1957).

6. Ahmed Trikí, Boris 0ksengorn and Boris Vodar, C. R. Acad.

Sc. Paris ry\,783 (t972').

7. BorÍs Oksengorn, C. R. Acad. Sc. Paris 2798,275 (1974).

8. Richmond C. ltatson and Robert L. Rowell, J. Chem. Phys.

61,2666 (1974).

'9. P. Laltemand, J. Phys. (Paris) 32, It9 (t971).

ì0. l^1. Holzer and Y. LeDuff, Phys. Rev. Letters 32,205 (t974).

1l . hJ. Hol zer and R. 0uÍ 1'lon, Chem. Phys. Letters 24_, 589 (1974).



- 14

12. The incident beam is po1 arized in the verticai (V)

dÍrection. The direction of observation is at right
angles to the direction of propagatÌon and of poiarizatìon

of the ïncident beam. The horizontally (H) polarized

scattered component is observed; that is, it is polarized

in the direction parallel to the directÍon of propagation

of the incident beam

I3. K. E. MacCormack and l^I. G. Schneider, J. Chem. Phys. :l9, ,',,.ì,.',':

845 (1951). .:::::
...:t._:.-.

lan, PhysÍ cs I t87 (1 973) .14. G. D. Mahann PhysÍcs Letters 444,,287 (1973).

15. F. Barocchi, R. Valtauri and t4. Loppi, to be published.
't

16, A. D. Buckingham and J. A. Pople, Trans. Faraday Soc.

51, 1029 (tSSS¡.

17. J. A. Bucaro and T. A. Litovitz, J. Chem. Phys.54,

3846 (re7l).

tB. E. E. Nikitin, 0pt. Spectrosk. 6, 9t (1959) [0pt. Spectrosc.

6, e3 (195e)1.

t9. J. I. Gersteno Phys. Rev. A 4, 9B (197t ).

2A. H. B. Levine and G. Birnbaun, J. Chem. Phys.55,2914 (197ì). ;,,,:,,'

21 . A. D. Buckingham and D. A. Dunmur, Trans. Faraday Soc. 64,

1776 (re6B).

22, H. B. Levine, J. Chem. Phys. 96, 2455 (1972).

23. 0. Theimer and R. Paul, J. Chem. Phys . 4?,2b08 (1965).



- l5

FIGURE CAPTiONS

Co11 ision-induced I ight scattering spectrum from

SFs at 2g5 K and at a density of 26 Amagat. Points

are shown only every 0.5 cm-r. The background

noise has been subtracted.

Fi g T.
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