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ABSTRA,CT

The spectrum of light scattered, in the region

from 0 cm-f to 400 crt-|, during CH.{-CH,', CHq-Ar, and

CHl-Xe collisions has been determined experimentally.

These resul-ts are compared with theoretical spectra

which are obtained from a model based on collision

induced moments. Arising from these comparisons we

arrived at a value of (.931.06) Âqfor the dipole-

quadrupole tensor of CHa. We have also found that only

the fírst few terms in the collision induced dipole

expression contribute significantly to the spectrum of

scattered light.
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CHAPT}IR T

INTRODI]CTTO\1

Collision Induced Light Scat.tering (C.I.L.S.) is jusL whal- the name

im¡>lies, the light scattereci frcrn two or more colliding molecules or

atcr¡s. Before we consider C,I.L.S. l-et us look first at the sim-ple

case of ¡:olarizecl light inciclent u[Ðn a single mo]-ecule or atcm.

Pol-arized light incicient- uFÐn a.n isotropic molecule will incluce a

dipole which will be in the same direct.ion as the pnlarization of the

incident. Iight, The resulting scatLerecl light will thus be polarizecl

ancl as classical electro<11mamics shows there will be no racliatíon

scatterecl in the direction of the polarization of the incident.light.

The fiqure below gives the general features of the interaction"

polarization of
incicient. 1iç¡ht

{r* ¡- polarization
\of scattered

lighi:À

magnitude
of scatterecl
liqht

inducecl
clipole

no racliation along axis



2.

þ-or the case of t-wo interacting molecules ( interact-ing will refer

t-o the situat-ion where the mol-ecules are v¡ithin -3O A of each ot-her)

there will be changes " The reason is t-hat- the incluceci rJipnle of one

molecrrfe wj.ll ínrlttce a clipo-te in the other and t-his first- order

indr.lced <lipole wil-l in ç¡eneral have a ccxnponent- perpenciictllar to the

oriç¡inal incl:cecl rlipole ( thís is shown in t-Ìre f igure below) . Thus sc¡ne

Iiçfht v¡ilI be scal-ter:ecl in the cij-rection of the ¡nlarizat-ion of t-he

4-r= clipoJ.e

in<luceci in 2 clue to 1

incident light" ol-rservations along Lhis clirection will. t-hr.ls yi.elcl a

spectrurn of scatter:eci liqhL ancl the feattrres of this spectn-rm will

rlepenci on both the pol-arizabilit-y constants of the mofecules anri on the

mechanj-cs of t-he interact.ion. Thj-s collision inrjucerl li-qht scatt-erint3,

basecl on t-he at-ove dipole inrlttced ctÍp-xrte (n.f .n.) noclei, has ireen

fairly wel-I studi",i(1) " Experiment-al result-s shor,v t-haL the intensity

falls off roughly ex¡nnent-ia1.l-y in qoo<l açrreernent, with l--he theor:etically

cleriveci spect-ra"

Ex¡leriment-al resul¡.(2¡have also shor,,¡n that- in certain isotropi.c

molecules (ect. CH*, CF4, SF6, etc.) t-he spect-rtrm has an intensit-y in

excess of what is preciicteci by the D.I.fi. morleJ " This aciciitional

inf-ensity is most- noticeahle in the region>1.00 cm-l" It has been

=h,r*n(3) that this excess taj-I can be accounte<l for by aclclitional- teruns

in the j.nducecl riipnle, such as the clipole inriucecl Ì:y the gr:aclients of

fiel.ds" These acl<lit-ional terrns Lurn out to b¡e responsil'rl-e for inducecl

t
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rotational transitions which extencl t-o high frequencies ancl prcxluce t-he

far tai-l-s on the spectra.

The experiment-s, on which this thesis is Ìrased, are a continualion

of the wnrk of shelton(4), =po.ifically his work on t-he pr-rre CHO spectra.

He oh¡tained a value for the riipnJ-e-q;adru.¡nJ-e pxrlarizahili ty tensor for

CHn and, by subtracting the spectr:trm due to the aciditional- tenns in

the incluceci clipote expression, the pure translational s¡:ectrum. A

major uncertaint-y with the rest.¡lts was whether t-he incluceci ciilxrle

expression could be terrninateci at a specific çnint ancl whether t-he

anisotropic short range forces ar:e im¡nrtant-.

The purpose of this thesis is to reduce the uncertainties of the

previous wrrrl<" This was achieveci by looking at" CHn-Ar ancl CHO-Xe

interactions in acldition t-o the CH4-CH4 interacf-ion" In the cases of

CH4-Ar and CH4-Xe many of the terms, s¡recif ically those invoJ-ving

clouble transitions, in t-he total inciuceci tdi¡nle expression are equal t-o

zero" This alforn¡s one, by ccrnparing the CHO-CHO results with t-he

CH4-Ar anci CHn-Xe results, to make conclusions reqarding the terrnination

of the inducecl rlipole expression" In acirij.t-ion t-o t-hj-s a riefinit-ive val-ue

for the dipole-quadruçrrle tensor of CHO is obtainecl, accurat-e

t-ranslat-ional specl,r:a for CHA-CHA, CH4-Ar, an:l CH4-Xe are found, ancl a

general verification of the collision inciucecl rotational scattering

model is presenl-eri.

The followj-ng chapters of this thesis will present the t-heoretical

<ierivation of the spectra, the experimental- spectra obtainecl, anrl the

resultíng ccnrparísons ancl conclusions.
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CHAPTE]I 2

THEORY

2"I Pair Polarizability Expression

The first two sections of this chapter follow the metho<l

presentecl by Buckingham ancl rabisz(3).

The general expressions for the first few mult.ipole mcrnents of a

molecule in a field F are ( the rryperpolarizability terms have been

neglectecl as their contributions to the CHn collision induceri spectrunn

are insignificant(5) )

ih= ol,l,* c(*prp n $ e*p" +" * * Evpr6 F'/rs +...

@"¡.@*n AoÉr Fr* coposFfs +... (r)

fb"pt=of,L'pt Eop"s F6 *" ",

whei:e the subscripts refer to the conponents of the Lensor. The tensor

ã is called the dipole prolarizabJ.lity, the tensot ã i= callecl the

clipole-quaclrupoì-e polarizability*, anci the tensor Ê" is callec1 the clipole-

octopole polarizability" As stated previously it- is uncertain when the

terms in these equat-ions beccme insignificanL. Theoretical calculations

basecl on two metallic spheres have shov¡n that one may have to consirler

several hundred t.m*(6). However the application of these results to

real atc¡ns and mol-ecules is in doubt.

Using t-he above expressions it is possible to derive the equation

for the total ciipole mcxnent of a pair of interacting molecules in a

uniform f ielci ( for the case of two noninteracting molecul-es one wourlcl

r'u"n fll * ¡^*) = olol)n ,,r^Ç)ncx!È) r'o+ a$)r'rt. ro start with, the

* for a more detaileci description of the tensor ã see Appenciix 2-A
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fie.l-<i at one of the molecu-les ciue Lo the ciipoJ-e at- t-he other is given

ì-ry t-he farniliar expi:ession
.)-

Fo<= 1**@¡rp (2)

R*

where F. is tt-re separatíon of t-he two moi-ecules. This can b.e v¡ritten as

Þ'0, = (ÇaVptfrll¡O= tiplrwhere fl is a t-ensor whose ccrnponents are given

'l

by T*p =VaVp (*) . rfre general tensor ccmponent-s for higher: orcler

expressions are given hry

T..p".".,, =V"Vp&.""ï¡, tn 11. (3)

As an example, ruhíle 
"*^tsJt)i= 

i., t-heqccm¡nnent- of the fj.e-l-cj at

molecule 2 rlue to the rJipole of molecule l, rrprruf )i. ahu clp ccrnponent-

of the fie.lci graclient. (òVòÉ) at 2 riue to tìre clipole of t. Similar

relaLionships hold fot: fields dr,re t-o quadrr,rpo-le ancl oct-opole mc¡nents"

r¡lith the use of t-hese expressions for F anci its graclients the Lotal

incllceci cii¡nle of mr:lecule I to first orcler is founci to Ln given by

,r(l)- ,l(1)* rr(1)", -.-,"1(f)/- ,,(2)* -l - /ì,(2)- l-.n ,{2)/uo. af 4'O^ o. ' , **p upvÉV 3 r/ar6\sry6 ,E,.ÊPtr1)çF!6

+"..) + å o",ir, (-rpre pç)- å ro"..o!l) *...t (4)

* f o"[] (rpree ]t'?)* ! rp,,,36!?)....)+...

v¡ith a simil-ar expression for molecul-e 2.

To continue it is necessary to specify the types of molecules

being sf-uclíeci. FoT: our prlrfxrses j"t is necessary to lool< at int-eract-ions

between trvo tetrahedral mol-ecul-es (CHA-CH') anrj the interaction

bet-ween a teLraheclral- molecule ancl a spherically slnrnnetric molecrrl-e

(CHO*ar anri CHo*Xe) .

Consider a molecule of tef-r:aheclral- syrnnetry" Tabl-e 2-I (7)
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inclicates the ntrnber of independent constanLs for the given physical

property for nolecules of tetrahedral ancl spherical slnmetry. Frcrn

this it is seen that for a tetraheciral- mol-ecule the tensors ã, Ã, and

ñ ftunn only one independent constanL each. With this knowledge and

the fact thaL the tensors must have tetrahedral slaruretry the sLmcture

of the three tensors are uniquely specified(B'9) "

C{o,p = C( 6otP

Aapr=A*(iajpkr+iojokp+ ipj¡k.1+ ipj",kx+ivjokp+ ixjpk") (5)

Eap¡s= å u,io,ipiri¿+j*jÉjrj5+ kokpk¡k¡- *,¡*ór5+$oróps +ó'sópr ) )

where i, i, R, represent the unit vect-ors along the axes of the

tetraheciron. Al-so for a tetraherlral moLecule the first non-vanishing

perrnanent multipole mcrnent is the octopol-e mornent so o7Uor= o@op =O.

For a spherically slznunetric molecule the tensors Ã and i vanish

while the expression for the polarizability tensorã is tfre same as that

for a tetrahedral molecule.

With these results an expression for the paír polarizability

Á!Ã') çà/avptf *)*¡(i) I I for the tetrahedral - tetrahedral interaction

anci the tetrahedral-strlhere interaction can be derivecl. For the

tetraheclral-tetrahedral interact.ion one has

Cf*p=(0(r+ u,)6oU+zu'd2Top n * 'tn r, (cxtAf:r}

* { 'rpo, (drAß} -i^!1} )

- $ 'tor.ota$) (2)

-%A
(t)

ßt6

(2)
t'3€(

(1)
ß€r¿.A +A Aû16 (6)

n # to,ruturn r!l] r- o(rE *.!!)t

n * t,notarn-!¡f .r- c{rn-rlfr)l

* a theoretical determination of A is given in Appendix 2-A
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+ cioulrle E ten¡

while for the tetrahedral-sphere interaction (molecule I is the

tetraherlron)

çxo,É= 1ar+otr)6ap + 2otlc'2T.,p * å to,r, (-%o(o1¿ )

+ { r.n* (-"2o!1}) n * roo6o {arnr.!}) ) (7)

n * tr.nr t"rn"!]| ) +..

For both Lhese expressions Ã and Ê'tt. given by eqrration ( 5) "

In the derirzation of these pair polarizability eqrrations we have

neglected the effect of the short-range interactions, i.e. electron

overlap. These forces can be tal<en into account by includinç¡

additional terms in the expressions for Fo, , FJp , an<l the higher orcJer

cierivatives. However as the contributions that these short-range forces

make to the force expressions are not very well known we have only

attemptecl to take them into account in the D.I.D, term (see section 2-3).

Rirnbaum ancl Sutter(-10) have stuciieci the contribution that short-range

anisotropic overlap makes to the coiiision-inciuceci absorption speetn:rn

of SFr. This anisotropic force will inchrce rotational transitions as clo

the higher order ter:ns in equation (7). Their resul-ts show that the

major part of the absorption can be attributecl to the short-range

overlap. As stated in Chapter I one of the ajrns of this experiment is

to fincl out if this anisotropic overlap contribution can be neglected

(i,e. whether or not equation (7), with a correction for the D.T"D.

term, is adeguate).

Frc¡n the above expressions for the pair polarizability' ancl

knowlerlge of Lhe orbits of the interacting molecules, the spectrum o11

liqht e-mitteci by Lhe two molecul-es can be found.
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2"2 Contri.bution of the Various Terms Lo the Spectn.ûn

)) 2

+ double A term + üE terms * cior.rbl-e E term 4" '.

The c6ntributions of each of the terms in the pair çnlarizability

expression to the tot-al intensity of the scatterecl fight can he

obtainecl frcrn the classical- expression for the zeroth *o*o.t(11),

6(o) = c(r )r =oo 
À=i \¡ À =r\ I (or¡ oot) (B )

where ( ) r.pr.=ents an average over al-l orientations of the two molecules

anci of the int-ermolecular separat.ion -R . The vectot* f,. u.A I

represent the polarization of the scatterecl anri inciclent light

respectively. fn our experirnentaÌ setup the electric fielci was

polarized along the Z-axis an<l incident along the X-axis while

observations \^/ere made in the Z direction. Therefore the expression of

inLeresL to us is

Ø(:)"(c**,2) *(øo,2). (e)

For the slznrnetric molecules we al:e stuctying (q*r') =(Opr')th.t ny giv]-ng

the result that the intensity of the light scatterecl in the Z direction

is pro¡>ortional a,, (n<*r').

The relat-ive contribul-ion of each of the terms of the pair

polarizabitíty for the tetrahedral--tetraheclral interaction (equation

(6)) is therefore given by the following expression (the cross terrns

a\zerage to zero),

(d *,') = ( 2drozr* ,t2) * (rå t*r. r"ro!() -%a!1,.) l l2)

. (,* tun. (cxrelz,I -%o
(1)

xt6 ) (r0)

The first term is just.

4ar2ar2 (tr*rlz)= 0(
2

4ør2ar2 (#)= #o,
2 2. F
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By simílar averagin-q for the other terms, t-he re.lative contribut-ions of

each of the terms of the pair polarizabi-lity to t-he spectrum are

founcl to be

2qId)T o(fJ

(2)
púE* r,o5(er. n - dzA (.1)

P66

] tpo, toro
(2)
o{ã{ - dzA

(r)
0¿r6

ciollble A term

o(E terTns

cior.rbl-e E ten¡

,__+ { or'' dz, -6R'2

4B
35

2 2IRBl (o(tA2 ) n (&zÄ't

+

62912
NB ( ArA2 )

2 R-r0 (1r)

* t,drnz)2'+ ( c(2nr)21 R 10

---+ 12* ( F]tEz )2 o-12

To fincl R-n one neecls to average over g(R), the rarlial rj.istribution

function for the two nolecufes. To first orrjer *-" i* given byr
{n o< } o " u-Þ(r)/ kT n2 ,iR 

'2)ô

where f,(r) is the j.nt-ermolecular pntential" For the tetrahedron-

sphere interaction Lhe ahr:ve expressions holci wit-h Ar=Er=o.

As the int-ensity contribut-ion of Lhe various Lerms is nov¿ known,

it remains t-o calcul-aLe the spectral- lineshapes resultinç¡ frcn Lhe

inciivicJual terms ín the pair ¡nlarizability expressions.

* t-he factor 12 is an est-ímate
(4)
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2"3 D"T.D. Spect-rum

The first t-erm 2aIo2ToF represent-s the r1i1rcJ-e inrltrcecl in one

mol-ecul-e clue to Lhe incìtrceci riipole in t-he ot.her. To repeat,'t'py(f) i=

the 0( ccxnponent of the f ield at mol-ecu-le l- rlue to a ciiçnle at nrrlecule 2 
"

Therefore t-he j-nduced dipote for rno-lecule l- <ltre to Lhis term is

o,r"rpA?) . ro ri¡:st or<ìer Á'ir'=orrr si.vins ,ut]'=ordzr*p& . I¡7ith a

similar expression for: lt2 one obtains Lhe first term of the pair:

polar:izabifity. This terrn is thus cal]eci the firsL orrler 1l.I.ll" (<lipn1e

induced clipole) contrihrution. As stat-ed before the D.I.D. term has been

well stuclieci anci so only a suÍìrnary of the cal-culation of the resr.rJ-t-ing

line shape will. be presentecl.

llirst of all it is necessary to rewrite the expression as

6 o¿ 'o{^2d ratr..p = -ff (Lt"¿up- ]S"ol g.3)tR-'

where u specifies the orientation oll the intermol-ecufar axis of the pai-r:.

The term 60(lo( r/n3 i= calleci the polarizabilít-y anisot-ropy,F(i:), ancl

it- is this expression we shal-l- no',v cliscuss in greater detail.

In the al-nve D"I.D. expression we have only consiciererl t-.he ciipnle

inclucecl in one molecul-e by t-he dipnle in the other. If we consicler

higher order expressions, i.e. the riipxrte incluceci in mol.ecule I rlue to

the c1ípole in molecule 2 inclucerl by molecul-e 1 and so on' one has

adclitionaf terms the first. of which ís shown in t-he equatj-on below.

3dt /2 3\'dz
o 9t ilel *.

2*
6dId.2

_3 R6

(14)ß tnl= +

This classical expression for p(n) neglects several significant effects"

The first one being elect-ron .,r.tlup(r0'12'13). Efect-ron orzerlap

between two molecul-es wi -l-l occur for srnal-l values of R" The result wil.l
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be to reciuce the pair polarizability, the reason trcing that the

asynnneLr:y of the molecr.llar pair: will clecrease as the electron clorrcls

begin to overlap, Another effect- which is ignor:ecl in this classical

derivation is el-ect-ron clensity fltrct-uat-j-ons" Quantlrn mechanicaÌ

calculations show that the effect of el.ectron <iensity fluctuation is to

introclttce adriitional tenns in l3(R). (rnis mechanis¡ is analogotrs to the

Lonclon dispersion t-erm r,vhich arJrjs to t-he interatcrnic çntential).

Al-1 these corrections - hígher orcler inciucecl rlipnle terms, electron

overlap ancl electron riensit-y fluctrrat-ions - can be approxinatecl by t-.he

follcrwing expression

60(" d
Ptnr= 

"-1;' + K
R"

(3urcrr2+ 3d,r2d?\

*
- f t"l"*n/Ro (15)

where K ancl Ro are constants anr: /(o is a function of o( whích we will

take t-o be lorror, where L is a constanL" This funct-ional fonn has been

fit.tecl to several clifferent nobl-e gas spect-ra. The val-ues we usecl to

calculate the theoret ícal- spect-ra ccxne frcrn the krypton resul-ts of

Barocchi et al(14) - The rea,son kr:ypton was trsecl sterns frcrn the

similaritj-es of the intermolecular g:tent-ial anci the çnlarizability of

krypton and methane(15). Ilsing t-heir results one f inds K=2.9I,

L=33.62 K 3 anl Ro = .530 8. Thus the equation t-o be useci is

60(.<r^
pt*¡= -R3 + (2.el)

(3orar2'+ lar2ar)

R6

_p7.530 
lrc)(33.62)dt d 

2u

\{ith the above expression for B(n) one may proceerl along several-

clifferent- lines to clet-ermine t-he resulting classical- spectnrm.. Due to

the avaÍlability of a ccrnputer prcqt*(16) a-hu pat-h chosen was t-hat of

f'r,mfrol¿(-17) " St-artinç¡ frc¡n t-he classical electr:odynamic expression

for the [Ð\,üer raciíatec] per: unit sotjci angle clue to an acceleratinl;
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charge e (as given below)

#rr=(fr1{fr' Âx (ñ*ã )r)2 o7)

it can be shown that the resuJ.ting spectrun for a mol-ecufar pair with

impact paramet-er b and relative speecl s is given hry

dï(v)o,s[( r"s)lfP(r(t))cost2þ(t)+zñrt]dt)2 (:1.s)

., f p(r(r))cos(2nvr) drl 2 + (1.5){iprr(t))cos[2S{t)-zr,vtf ot)2J

where r(t) anrt i[(t) are the ¡nlar coorclinat-es for t-he traject-orlz of t-he

collision. this expression has t-o be int-eç¡ratecl over all va-lttes of t-he

impact parameter and averaqerl over the l{axweJ-l speeci distribtrtion t-o

finci the tot-al specLrr-rn" Reliable results are only expecterl in the

region ) 20 crn-l.

In orcier to calculate r(t) an,:t $(t-) it is of course necessary to

sç:ecify the intemofecul-ar çnt-ential-s" As statecl previr:t;sly the CHO-

CHo trotential is very simil-ar to the Kr-Kr potent-ial (]s)
Thus for t-he

CH4-CH4 anci CHn-Xe interactions \^ie have useci the ¡ntentials which have

been determine<l for Kr-Kr(18) url6 rt-x"(19). tus an accurate çnt-ential

for CHo-Ar(z]) was forrncl in l-iterature it- was useci instead of Kr-Ar.

The forms of the potent-ials r-lserl are shov¡n beloinr with X=R/Pmin,

where Rnin is t-he ¡xrsition of the potential minimrm* " These expressions

are plot-tecl on F-igrrre 2-J-.

CH4-CH4 ¡rctenti-al u(R)= € 
{Ae

C6

F
-0(x

vrhere F(x) =e

=f

+ r'(x)

l2l x< t- 
" 
28

x>1 
" 
28

xÉ1.10

1.10<x<1"40

xàl.40

( +
CB

F
2,8

ClCl

-x10
l_t-( .t (]e)

(20)

X

CH4-Ar pntential ì,1( R)= ( I*x)_ 2çf().-x)

(x-]"10)í
6* ce/*B

I nzP(

lË.,
(-tiz"

* Tairle 2-2 tists scme of the parameters of the three interactions'
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t[Þ' 
( x-t) ii e12 "5( '-x)CHO-Xe potent.ial tl(R)= a[, ,-. 

-A

Efri-rott.nt**'jnt)l Qr)

Several resulting trajectories for the CI{n-Ar interaction are shown

on f.igure 2-2. The resulting spectra for CHA-CH4. CH4-Art and CHn-Xe

are shown on figures 2-3 to 2-5. on these figures the translational

spectra for both the one term p(R) , the simple D.I.D. moclel-, and the

fully correctecl expression are given. The spectra which were calculated

using the first term were used to find the relative proportions of the

various other terms, using equation (11), in the pair çmlarizabilit-y

expressíon, After the various proport.ions have been assigned the one

tenn transl-ational- spectrurn is repì-acerJ by the translat.ional spectrum

which was obtaineci using the corrected expression forp(n).

TABI,E 2_2

TnËnrsa{- i nn_LttLç!qvLrvrr

cH4-CH4 CH4-Ar CHn-Xe

Potential minimun (Â)

Potential <lepth (me-V)

o( ( Â3)

l,tass ( a.u. )

Reducecl mass (a"u.)

4 "OI2

17 .3

2"642-2 "642

_16.03-16.03

8.02

3.BB

14 "4

2 "642-I.679

16 "03-39 "96

II"44

4 "1786

19 "B

2"642-4 "22

16 .03-131.30

I4 "29
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2.4 Rotational Spectra

1-he spectrurn due to t-he re.maining Lerms in the pair pnlarizability

expression may be calculat-erl cl-assically as v/as rlone for the D.I"D.

term. Hcr^/ever, as v¡ill be seen, these terms inciuce rot-at-ional-

transiLions ancl thus the proper way t-o proceerl is qr,ranturn mechanically.

The probability that a mol-ecufe r,vill- mal<e a t-ransil-icm fro¡

rotational state J, to.f{ uncler the influence of E.[4. rarliation is
(22\

grven ny

tr =ool(rílÀiuij\sjlrJl' (22)

where Ã i= tt'r* original polarization of the rarliation, Xs is the

poJ-arization of the scat-terecl radiation., an,:i d ij i-s the cJipnle

polarizability tensor for the molecul,e.

For the case of t-wo interact-ing molecules, vril-h the scattering

gecxnetry previously ciefinecì, the prohrability of molecule I making a

transition frcm ,fl to .fl ancl molecule 2 makinç¡ a transition frcrn J, to
_tJ) ís pro¡nrtional. to

l('í,';d';|'lJ' J2)12 (23)

where O(*.;" is the xz corìponent- of the pair pnlarizahility tensor.

This is averaged over all orientations of the indiviciual molecules ancl

all orientat-ions of the interrnolecular vect-or.

To eval-uat-e this mat-rix ele.ment vue will wriLe j-t in spherical- t-ensor

form. For the rot-at-ional. st-ates v/e use the normalizecl slnnnet-ric t-op

(?,i)
wavetunct].0n

I z,t+t 5r
.l ,^,. 

lrmk (Jl')

is t-he hligner rota.tion matrix. The r¡rantr-m numher Jwhere {-@)

(24)
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rîepresents the angular rrlmentum of the molecule while m ancl k represent

the projection of the angular mcxqent-Lm vector on the space fixeci z axis

ancl the molecule fixed z axis respectively. lfhus the probability that:

a mol-ecul-e in stat-e J, m, k ha.s Euler: ang,les bet-ween d, ancl d2, p1 and

Êr,Y, anci ðr, is given by
úr A.Olr

I I I (+ ) Dmrk(n) n[i,*r n'ru (2s)
tr F, d,

It remains no\^r to v¡r:ite the pair pnlarizability tensor in spherical

tensor form" The same argrment that lec1 to a.n expression for i ond Ë

in terms of cartesj-an coorrlinates, one inriependent rzariable ancl Tci

synunetry, leacls to expressions in spherical tensor forrn 
(24'25). 

The

resul-ts are

AorFü -, A3m-A(n;; (.r1,) -Dr:; ú¿)) (26)

E¿p¡s ) *4,* E( (+)t "Í: ("r1,)+ nfii ol . "-1; 
("n) ).

The probability of a rotat.ional- transj-tion is founcl by substituting

equation (6) into the expression for the transit-ion probabilj-ty" As the

tensors f <io not depen<1 on the in<iiviciual- inolecufai: orientations thelr

may be brought out- of the matrix el-ement.. This gives the following

expressions n

a ot rzotr2 l rnpl2 l(tí, tí ¡ ;,., .12)12

. å f ra¡¡l'or'l(rí , t;l^!?l I t, r2ll2 (27)

. å lrn,l2d2.2 l(rí, ri l^!ll lrr, "r)l '

Evaluating the various rnatrix elements(24) , ty converting to

spheri-cal tensors v¡it-h the use of equatj.ons (24) anci (26), one oL¡ta.ins

t-he fol-lorving inequal.iti.es"

l("í, rá lrl, rr)l' f ,, ror Jr= rl, rz=tl (2s)

+
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Thus the D.I.LI" term does not- incltrce any rotaf-ional- transitions.

l(tí,,tá lo.* I .rr¿:r)12-rao ror .Arr=o

AJ+=Or+I , +2t +3 (29)
J_

;lr+.rj 2 :

Thus the o{A tenns induce rot-ationa.l- transiLions in one or the ot-her

molecr:le.

lG í,,t5 I 
orrnorríl ,t r,;tr¡l2iz o ror Arr=o,+r , !- , !]

AJ.,=or+l , +2t +3
J-

,ri+Jl¿ 3 (30)

Jj+rj ¿ 3

Thus the O2 t"*" inciuce roLat-íonal transitions in both molecules.

lQí,'á lo¿*l ryr2>l'un ror [¡r' =¡

AJ*=or+Ì , 12, +3 | +4 (31)
J_

4+JJl l
So like the o(A Lerrns the o(lt terms inciuce transit-ions in one or the

other molecule"

lQí,rí I uon.uo# l,tr,,tr)12+o

(32\

;l,+;1,, z +

So the,2 t"rrn like the R2 t-errn inrLrrces transitions in l:oth molecul-es.

NIo\^l v¡e may çJo back to the proble-m of fincling the line shapes for

the various terms in (tI). It is known r^¡hich rotational- transitions

corresponc] to which terms. I^te ul.=o k.,.r(3) that the refati.rze intensity

of the indiviclual- transiLions can be for.lncl by the following expression

involvin<¡ thermal- weíghts

ßrí,t;,,rJ.,J2) = üJ ,a tztiot\(zt'r+Ð(2Jr+1) (zJr,+r)

l-
+J

t-
J



hc
/l<T

l_B

(33)x exp - [.r, (Jr+t ) nr+,1, ( J2+1) 82 ) ]

where the ¡nsitíon of the line is given by*

dr=do- t ;li {,li+r t -Jt (,ll+l ) I Rr- lt ),t ;t )+t) -J 2( 
J ?+I) I R2 (34)

with Uobeing the frequency of the inciclent lighl and B, the rotational

constant- for a given rnol-ecul-e. hrith this inf:ormat-ion it i.s a simple

pl:ocess to find the rotational -line spect-rurn clue t-o each t-erm. Of

course the ca.lculation of the lineshapes still remains.

po="h(26) has done theoretical cal-culations on the J.jneshapes of

the rot-ational l-ines. Hj.s r:esr.rfts show that the broaciening of the

lines ciepenris on the n n part of the terms in the pair pnlarizahility

expression (see equation (II)) with broaclening increasing with

increasing n" This also follows frc¡n a simple argument basecl on the

uncertainty principle AFìAt g h, Consider the first- two terrns of the

pair polarizabílity expression¡ the D.I.D. term has u n 6 depenrience

while theo(A term has u ilB clepenclence. The oß term is a stronger

function of R than the D.f "D. term anrJ as such the major:ity of the light-

scatterecl clue t-o the o(A term v¿j-11- occrlr over a sna-ller ra.nge of R than

wit-h the D.I.D. t-erm. It t-hus follows that t-he i-ength of time over

which scattering takes place is greater for the n.f.D" term than for the

0(A tenn. Frc¡n the uncert-aj-nty principle one has that- the longer the

scattering time the smal-ler the energy spread of the scat-terecl li.ghL" So

the spectral wiclths corr:esfr,nriing to the oß rotational lj.nes r¿i-ll be

* this is usinç¡ t-he first orcler approximation for a rigid rot-or. Taking

int-o account centrifugal <iistort-ion the roLational le.vel-s v¡culcl be girzen

by Fl= J(J+l) n -.r2(.1+l-)2n. Holvever for our prtrposes the first- term

will do.
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larger than the corres¡ronding translational (n.f .n.) line wicith.

the broaciening of the lines to have roughly the fonn n-ß'J-tJn)/t^]*

Taking

one

can obtain frcrn Posch's results the approximate Linear relationship

G)*=Kn with K being a consLant.

The experimental data for pure CHO can be approximatecl by the

expression r(o).-o/15'5 cm in the region where the D.r.D. terrn

<lcrninates ( < 150 "*-1). so for CHo we obtain K Æ(15 "s c:llr¡/6 x2.6qn-I.

The broadening of the rotational lines was thus taken to be of the form

u-(tr-t^tr)/t* ,h.ru for the o¡A transitions uf=(2.Cc*-l)(B), for double A

transition anrl otE transitions c)*= (Z.ecm-I)(10), anci for double E

transitions L)*=(z,ecro-l) (LÐ .

In adclition Lo the clepencience of the broaciening on fn, Posch's

expression gives a I/{-}L <lependence wherefii= the reducecl mass of Lhe

mol-ecular pair. This dependence can be si:np1y cleriveri by the following

argurnent. For a given temperature the mol-ecular velocities are inversely

proportional to fi . Therefore the collision tjme is propor:t.ional t" JE"

Fron the uncertainty prínciple the bandwiclth of the resuJ-tÍng spectrurn

is inversely proportional to the collision time and thus inversely

proportional to JF. Following frcm this the broaciening conslants for

cnn-Ar wil-l be taken t= ,*ffi where u¡* is the corresponciing value

for a given CH4-CH4 transition. Similarly this procedure was applieci to

CH4-Xe spectrlün.

The resufting spectra for several rlifferent values of A and E are

given on figures 2-6 and 2-7, The relative total intensities of the

spectra in these fígures are given by equation (11).
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2 "5 Cons t-ruct-ion of Theoretícal Spectra

The following is a suÌïnary of the procedure used to produce a

theoret- ical spectn-un.
-2

1" The translational specLn.rm rrsing p= 6t/rl is obtainecl using

the methoci given bry Frcrnhokl.

2. Rotational spectra corresF)oncìing to t-he arjrlitional terms in t-he

pair poJ-arizability expression are generateci (we considerecl

the first. 40 rotati-onal states of CH4) " This is performerJ wi.th

the r.rse of expressions (33) ancl (34) t-o find the relative intensity

anci prosition for t-he various Lransitions anci then broaclening

them accorclingly"

3. The total intensity of the various rot-ation spectra are then

normalized so as t-o aqree with equation (1I).
)

4. The D.LD. spectrtrn calculated using p= 6d"'¡t3 is then repì.aced

iry the more accurate spectnrm using
)",

ß= + +(2.91) 6n' 716-133.6Ðq2 u-r/. sso
'-i r

5. This correctecl translational sçrecf-n-rm is aclclecl to the rotational

spectra to ç1ive t-he t-otal- spect.nm.

This procedure is incJicateci in f igr.rre 2-8.

The total- spectrurn for CI{*-CHA, CHA-þtr, ancl CHn-Xe, for a

given A ancl E are shov¡n on f iqure 2-9. The cieprenrlence of the CH4'CH'

spectrurn on A ancl E is given on f igures 2-I0 ancl 2-ll.



þ-IGURII 2-l

The intermolecul-ar potential.s for the cHo-cHn r cHo-Ar, anci

CHn-Xe interactions.

The scale is in units of me.V"



2T

I6

0

.B

-16

ö

(J
Ê

5 n(Â) 9

CHq-Ar

cHY-cHr

CHO-Xe

-24

3 7



FTGURE 2-2

The orbits of moLecules which have an impact parameter ì fO Å

are noL significantly affecLecl by the other molecure. For impact

parameters 4{ÂAirect collisions take p1ace. ïn the calculation

of the translational spectrun impact parameters up to 3o Â \^/ere

consiciererl 
"
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FIGURES 2.*3 TO 2-5

The following three figures show the translational spectrum for

CH4-CH4I CHr-Ar, and CHn-Xe for b¡oth the one term fl.T,D. term ancl the

full corrected term.

The intensity scale is given in units of cm6 (see reference (21)),
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FIGIJRFIS 2-6 AND 2-7

The relative contributions of the rotational- terms. The term

involving single A cicr¡inates in the region ( 500 "rn-I. From figute 2-7

it can be seen that the relative importance of the terms involvinq

double transitions increases with increasing vafues of A and E.

The values of I Â4 fot faf ancl I Â5 for Int are theoretical- val-ues as

determineci in Appendix 2-4.
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FTGT]RE 2-B

The total rotational spectrurn, the translational spectrun, and

the total resulting spectrun for CHn-CHn. The translational terrn

dorninates in the region llZS cm-I while the spectrwn is almost.

ccrnpletely rotational- j-n the region à ZOO crn-l.

The intensity scale is given in units of ao6.
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FIGURE 2*9

The total specLn-rn for CHO-CH4, CH4-Arrand CHn-Xe for lAl = t Â4

and lEl = I Å5. The rotational stnrcture increases as the reduced mass

of the system increases.

The intensity scale is given in units of cm6.
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FIGURE 2-10

The clependence of the total CH -CH4 spectrum on the magnitucie of A"

ln I is equal to I Â5 for all three spectra given. A.s is expecterl the

importance of the rotational spectn.rn increases for increasing A.

The intensity scale is given in units of 
"*6.
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FIGURE 2-II

The depenclence of the total CH4-CH4 spectnrn on the magnitucie of Fl"

fnl is equal to I Â4 for atl three speclra given. The spectrum is only

weakJ-y <lependent on the value of E.

The intensity scaì-e is given in units of sm6 "
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APPENDIX 2-A

Dipole - Quadrupole Polarizabrility Tensor

The following ciiscussion(27'5)gives insight into the physical

meaning of the dipole-quadrupnle ¡nlarizability tensor. An approximate

val-ue for A is also obtained 
"

The CHO molecul-e consists of a centrally l-ocated carbon atcrn with

four hyclrogen.atcrns arranged tetrahedrally at. a disLance Ro frcim its

centre.

a
^^--i 

l^-- l^--r--^ 1 --iLr^ i --^----^-^-^Li---, Lr-^ r:--^-!-i --^ -1^,^-- r-r-^r-(JrrsrLre-L rryurL4jerr dLUrrr _L wrLrr rl r.{ipreEieilLrrrg tne LlrrcL;rron dr(Jng trre

bond. 7-

q

3

fR" Ro R"\{.6,ffi,ffiJ

Y

X

The ciipote incluced in this CH pair by an external fielri F is given by

,ü -- cx,, tF.âl â + d*( (ñxF) xfi)

where Q(r, is the pola.rizability of the CH gr:oup along the bond and C(*

z.I

/<
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is the E>larizability of the CI{ group perpenciicufar to the bnncl. This

can be vr:itten as

:-( 1) I 1)
Ir =Q( F

rvhere the ccxnponents or &,(1) are given by o(*J =0(16,9,+(0(,,-dr) ntl'"tå'.
(the superscript refers to hyclrcçen atcm I) " This expression holds for

each of the four CH grortps, so in general

o(fÈ) = ô{r6op+(d,,-d') n(j ) n(pi )

,rh*ru â(i) is the unit vector fron the centre outward alonq the boncl to

the i t-ìr hydrogen atcrn.

Consirler this model. beinç¡ placecl in a fielci Fy which is clepenrlent-

on x i.e. there exists a fietcl graciient Fiy. If the fielci at H atc-xn I

anci 2 i= rü tne fielcl at- atcvns 3 anci 4 v¡ill he r'? - eív # . Ry

the syrrunet-ry of the mol-ecul-e the net rli¡rle of t-he four CH gr:oups wi-Il

be along the Z axis ancl ¡,vill be gi-ven by the followinq equation.

Nz= dzy Fy

= ( d, ,-dr) (n

* (drr-d') (n

l t_ () 2.)n
v

2Ro
13-

(

z
n

z

T¡:

+n
z

o
Fy

= (O(rr-dr) Fxy
4Ro

Equating this to the thirci term in equation (l) one has

F AzxY= ( d, ,- dr ) +e,¡3

Similarly for E one finds that- for a tetrahedral- moleqrle

FF-g ( d, ,-d.) Ro2.3'
The polarizabitity difference (d,,-dr) has h;een cleterrnined tc; be

^ (28)
0.39 Â'J whj.Ie Ro for methane j.s 1.09 Â. Suhstitr:ting these r¡al-ues

into the aborze expr:essions for A and E one obtains the following

theoretical va]-ues



34

lel= 'ga Âa

lnl= r "zq Ã5 '
For the theoretical spectra generatecl in Chapter 2 the value of A was

taken to be I Â4 while that of E was I À5.
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APPENDIX 2-B

Prograrû tlsecl t-o Cons truct Theoretical SPectra

The ccmputer program used to generate the theoretical spectra is

given here. It consists of a main program anci six subrout-ines whose

purpose is outlined below.

¡4AIN - calls the six subroutines ancl then r^reights the various

ncmalized spectra according to equations (ll).

RAVGCC- calculate= n-" according to equation (12)

ASPEC- calculates the spectruun <lue to t-he o(A term ancl normal-izes

i.r"

ESPEC- calculates the spectruun due to O<Fl term and normalizes ít.

DASPEC- calculates the spectrwn due to the double A term and

normalizes it.

DESPEC- calculates the spectrrm <lue to the dotùle E tenn and

norrnalizes it "

mD^Nro- r-¡L,ne {-}ra ¡zr'lrrac nF {-'lra l-rancla{- innal qnacl-r.lrm - caletllatec]
Jl:w\L)- Lq^sÐ Llrv vs¿uv

by Frcrnholcis translational proqram, ancL norrnalizes it-.
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CHAPTER 3

EXPERTI.,IENT

3 .l- Equipnent-

As st-at-eci in the previous chapter, the experiment is seL Lrp so as

to per:mit observation of t-he clepxrlarizecl ccln¡Ðnent of scatLered lighl-

from CIIO-CHAI CH4-Ar, and CHn-Xe mixtures" The eguipnent. layortt is

shown on figure 3-1 and a general explanation of the various ccrnponent-s

rvill now he given( 4 | 29) 
"

l) lÐe to the size of the laser it was necessar]/ to rrcunt it on a

separaLe tahrle. Instability ciue to the separate rnounting was

not noticecl as both tables v,/ere suffj.ciently massi.ve so as Lo

ccmpletely damp out any associatecl rzibratj-ons.

2) The laser light is proviclecl hry a 6 I¡l argon ion l-aser built by

Coher:ent- Racliat.ion. This tube was later replacecl by a B W tube.

.nha I =oar I i na nl¡ncañ r^'âê <f ¡ < R ..rl-.i ¡l-' nrmri rla¡l rn ¡¡rar¡na nS.tr !v r(4\-\/ r

I h7 ¡nwer for a faser current of 28 amperes. The laser lvas

equipperl v¡ith a light requlator which kept the laser output-

constant rluring a n n"

3) Three prisrn ref]-ectors are usecl to ciirect the laser beam towarcls

the cell"

4) A half-wave p-late, fo]lowecl by a Nicol prisrn which removes any

unclesirecl ccmponents after t-he beam has passed throrrgh the half-

wave plate, is usecl to give the requireci ¡xrlar:ization.

5) The heam is reflect-ec1 upwarcis by Lhe p::Ísm anci then focused

by a lens placeci just below the cell.

6) The cell is essent.ialÌy a solici block of sl-ainfess st-ee] which



FIGURE 3-I

The equi¡ment layout as clescribeci in Section 3-l,
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has been crossborecl with I inch ciiameter holes" The ceII has

"(30)a voh.me of 32.3 cm-'

7) The cell-fillj.nq eqtri¡xnenL is contained in t-his area.

Inclu<leci is a 0-3000 p.s.i. gauqe"

B) A shutt-er was placed after the cell so a consLant check

of backgrouncl durring ä run can be macle.

9) Tvo lenses ccrnprise the col-lection opt.ics rvhich image

the source region onto the ent-rance slit of the

s¡:ectrcmet-er. Lens 9 tr) was regularly acljusted to keep

the image f-ocused.

t0) The spectrtm is scannecl by a tanrlem Czerny-T\rrner

monochrcrnator br:il-t by Jarrell--Ash.

tl) The tight emerginç¡ frcrn the riouble mon<¡chrc¡nator is focusecl

on to the photocath.o<le of a RCA C31034 photcmultipì-ier

tube, which is mount-eci in a refriqeratecl housing (IIa).

The refrigerator ccrlìpressor, condenser, and temperature

controlfer are mountecl at. ( 11b) 
"

12) The electronics are mountecl in this region" Thery inclurle

an amplifj.er ancl signal channel analyzer for processing

the pulses frcm the photcmultiplier tube ancl a muJ-ti-

channe-L scalar frcrn which the spectra are obtained.

There are se\/eral controls which must tre set before an

experi-mental n-ln is macle" The four major ones are as follows:

I) The three slits of the spectrcmeter (S1ÐS3 in the figtrre) are

set accorciíng to the spectral resolution wa-nLerl" Observal-ion

of the theorelical speetra indicate that no feat-ures of ( 3 crn-l

width are t-o be expect-eri " Thus the s-l it-s were set to a '¡¡irith
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of 0.090 rnm which correstrÐncls t-o a spect-raI wid.th of -2.7 c -l

( for the laser waveJ-engtn of S1¿5 Â) "

2\ The spectrcrneters canera mirror needs t-o be set. This was

cione by maximizing the intensity observed while at a given

çninL in the spectrum" The actual setting was founrl to

be clependent on te.mperature ( changes in te-mperature of one

degree or more required realigrrment of the canera mirror) . Fbr

this reason two t-herrnostat controll-ed baseboard heaters \^¡ere

placecl on either síc1e of the spectrcxneter to help stabilize the

temperature.

3) The col-lector lenses neerled to be aligneci reguJ-arJ.y" This

adjustment was done, as with the camera rnirror, by maximizing

t-he intensity ol:serverl 
"

4) The lnwer output- of the faser rvas regularly checkecl anci

acljusbnents t-o the pris'n v/ere necessar1z to keep the power orrt--

put at a maximunn anci constant.

Gas Samples

The gas samples usecl in the experj-mental mns were CHO, Ar, and

Xe" These were tal<en directly fr:crn suppl-y cylinclers. The purities of

the three were given as 99 "97 | 99 "999 | anci 99.995 percent respectívely

anrl no further purif ication was necessary (ciust f ilters \,vere present) 
"

The methane pressures usecl rangerì frcxn approxjmately 10 to 25

atmospheres " The pressures of the adcleci argon qas, for the Cl{4-Ar

spect.ra, were in the range of 50 to 100 atmospheres while the pressur:es

of the aciclerj xenon gas, for the CHr-Xe spectrâ, were in the ranqe

5 to 35 atmospheres. The maxilnrm pressrlres usecl for: hot-h Ar ancl Xe were
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cleterrnineci by the corresfionciing brot-tle pressure of the gases.

t¡hile a first impression may l-eaci to an opinion thal very high gas

pressures are wanterl so as t-o increase the intensit-y of the scaLtered

light, further analysis shows that ccmplications enLer. These

ccrnplications arise frcxn the fact that although Lhe theoretj-cal spectra

were cleriveci frcm 2-body collisions in an actua-l gas 3-bociy and higher

multibody collisions take place. It- has been sholn that the

t.ranslational spectrum may Ìre representerl by a power series expansion in

density( 3r 
'32)

r (¿¡)= t(2)1ar) p'n rt:)r-)Ç3 + r(4)trlça*... (3s)

where the leaciing term is the 2-bociy contril-.rution, r(3)1ar)(t t= the 3-

bo<ly correlation contribution ancl so on for hígher body collisons"

Previous work on the 3-lrocly contribution (2 
'33 

.34) hu" shov,¡rì that at

the CHO clensities userl the contr:ibution is of the order of I0B. Ho\"rever

this excess intensity onl-y appears at loiv frequency shifts v¿hich j-s not-

surprising as only two bociies can overlap st-rongly and the third me"mber

of the tr:ip1et must be rel-atively clistant. Long t-ime processes are

therefore probecl ancl as a resu,lt t-he 3-hxrrly spectn-rm should appear at-

low frequencies"

The actual contríbution that the 3-boriy coll-isions mal<e to our

s¡>ectra at high frequencies, greater than ^1150.r*f, can best be

det-enninecl by ccrnparing the various runs of a given mixture,

clone for ciifferent nr,rnber rlensities. As can be seen in figures

3-6 to 3-8, which have been normalized with respect- to the nunber of

2-bctdy col-lisions, t-here are no number-clensity relateci trends" This

Ieacis one to conclucle thaL the 3-bociy cont-ribution at. high freqlencies is

negligible at the pressures heing usecl.
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As witl be seen in section (3-5) the nunber density, or at least

the relat.ive nu¡ber density, of the gases in the cell is necessary if

ccrnparisons are to be made between the various spectra. As the

pressure is knov¡n thj-s can be foun<i by the gas law p=P7t t for irleal\
gases. The gases CHn and Ar behave nearly icieally at the pressures

rl"u,l(3s) and thus the above expression was adequate. xe does not

behave icieally however. The nunber density-pressure characteristics for

Xe has been deLermined experimentally(36) and it is this result that is

used (the method of determination of the nunber density of the Xe in

the CHn-Xe mixtures is given in Appenciix 3-A).

3.3 Indiviciual Spectra

It tcrck approximately I50 hours of running time Lo oÌ:tain a spectn-rn

rvhen no eqt.ripxnent problems arose. The exacL running time was of course

depenclent on the intensity of the scattered li.ght which itself is

<iepenclent on the given mixture " One also needecl to balance the

requirement-s of a larger number of counts with the stability of the

slrstem at a given time, Each spect.ra consists of approximately half a

dozen uninterrupte<l runs coveríng J:rcrn 50 
"*-I 

to 100 cm-] of the spectrtun.

An example of the raw data obt.ained frcrn a run is given on f igu::e 3-2.

The method of fitting the various regions of the spectrun Logether is

shown on figure 3-3"

Since each spectrt-un takes an extended tjme to ccrnplete, l-he stabilíty

of the syste-m is extremely important" To màke sure that. there was not

any loss in intensiLyrreference ¡nints on each spectrwn (20 cm-l, 50 cm-f,

or 100 
"rn-t) 

were checkeci before ancl after each nm.

The fact that we wish to ccmpare the inLensities of the various
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spectra requirecl stahrility over a perioci of months. Cross checks were

thus necessary and resultecl in scaling scrne of the resulting ciata so as

to girze resufts consistent with each other (this was especialty

necessary as the laser tube was replacecl half way through the experiment),

The reference used for the cross checks was pure CHO at a pressure of

16 .7 atmospheres.

The spectral response function of the spectro'neLer was found to be

nearly constant over a range of several huncired wavenunbers (the hydrogen

rotational lines at shifts of 355 cm-l ancl 587 cm-] were usecl for this

measrlrement)*. As such the corresponding corrections to the spectra

were not necessary.

3"4 Spectra for Gas Mixtures

To finci the spectrwn due to collisions between two clifferent

molecr.rl-es, in our case CHO-Ar ancl CHn-Xe, three clifferent specLra need

to be t-aken" In the case of CH4-Ar, a CH*-CHO spectrL-m' an Ar-Ar

spectrun, and the tot-al spectrun when Ar is mixed with CI{*, are needecl"

To find the spectru¡ of the collirting CHO and Ar molecules it is then

necessary to subtract the single gas spectrao at the same nunl-rer

clensities that they have in t-he nixture, frcrn the total spectn.m.

The actual experimental results for one of the CHn-Ar runs are

shourn on f igure 3-4 " For this rì.rn a CHO spectrLrn hlas taken at. a

* previous measuremerrts 
(4) whicn extend out to 200 cm-l, with respect to

the laser line, give a slope for the spectral response frlnction of

approximately 1.58 per 100 cm-l. This ís smal-t compared with the other

errors associaLerl with t-he spectra"
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pressure of 16.7 atmospheres. Then Ar \n¡as aclcleci to give a total-

pressrtre of 157.6 atmospheres" After this specLn¡n was taken, all that

remainecl was an Al: spectrun at a pressure of 140.9 atmospheres. In

actual fact- an Ar spect-rum which was taken al-- a lower pressur:e anci then

scalerl r.rp to corresponri to the necessary pressure was used. In the case

of CH4-Xe spec j.al care was neecied, as Xe cloes not behave like an irieal

gasrto t-ake a Xe sFrectrr.m which correstrÐnrls to the sarne nr¡nber ciensity

that was in the CHO-Xe mixttrre. Results for one of the CHr-Xe runs are

shown on figure 3-5.

The e:rror associated with the resr"llting spectra for CHO-Ar and

CH4-Xe will turn out- to be larger than that associatecl with the CHO-CH*

spectra, or any other single gas s¡rectra. This is simply c1r.le t-o t-he

fact that- to obtain the spectn-m for the CHn-Ar anci CHn-Xe col-lisions

one needs to take t-he dj-fference between one spectrum anrl trn¡o others

which l-eacis to a ccrnpounding of errors. Also an error in the alignment-

of the spectra of the orcler of I cm-l-, hecattse t-he posit-ions of the

spectra obf-aineci have an accllracy of approximatety t c*-i, wil-l result- in

increaserl error especially in t-he region nearest- t-he laser line" For

these reasons the values otrt-ained fr:e¡¡ the CH*-CH4 spectra will be

more accurate than those oblainecl frcrn t-he CH4-Ar or CH4-Xe spectra"

3.5 Normalizat.ion and Nlonnalizecl Experimental Results

To rnake a ccrnparison between the spectra it is necessary to

nonnalize the ciata" There are several r^rays to cio this" orìe way woul<l

be to normalize the spectra with respect to Lhe nunber of colfisions

taking place per seconci so that the resulting spectra are inclicative of
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the scattering per collision.

consicier the pure methane spectn-m first. The nunber of collisions

per seconci t-hat- take place in a rzolume \/* ( t-he volume of the cel-l that-

is seen by the spectrc.rneter) is given Ìry

( (.""rr.) + (36)

where ß*. is the ntmber rJensity of the methane molecules ancl Z is the

collision time" The collision frequency is given by the expression
(38)

!= a
T

pure CH4 r

#of collisions in V in l- seconrl = 4 J3 ".*F v= 
Q"^l¡z "

fr crtot ñ fcn*
(37)

(38)

where Öa,ra is the cross secLion of the co-l-Iisj-ons ancl nf is the averaqe

velocit-y of the collicling nx¡-lecules" Subst-itut-ing (37) into (36) ancl

ciividing by a factor of Lwo since each collision is counterl twice, once

for molecule I and once for nrll-ecule 2, one has t-he final result for

S

The expressions for the cHo-Ar ancJ cHr-xe mixt-ures are simil-ar except

rl^^r ^-^L ^^f 1.: -.: ^- .: ^l ^--1-- ^---^Lrr(åL çclL:.rr u(J.LrrsJ-(Jrl rsi uuurrLe(r (Jlrly ()It(je s() trÌe facf-rfr I Qlsappears.

= a J] o..,.- fIi vrj^r s (c"" (n. ( 3e )

# of collisions between CH, an<l vs 
f'n" ç"' (40 )

Xe molecul-es in V.in I sec.

# of collisions between CI{O anci

Ar molecules in \/oin 1 sec.

nividing the experj.mental results by these factors

scat-tering per col--lision 
"

Anot-her way to norrnalize the data woulcl be to

respect to the nurnber of mol_ecular pairs" This is

theoreLical results are presentecl and thus the way

= n ffro.*F

will give the

norrnal-ize v¿i.th

the way the

we normalízeci t-he
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expelîimental spectra" The normalization factors are as follows,
2

CH4-CHa mixt-ure # of pai.rs = f."*,/2 
(41)

CH4-Ar mixture # of pairs = (.*,. (^. ( 42)

CJìn-Xe mixture # of paLrs = Ç.^.,Çx" (43)

By ciiviciing t-he experìmental dat-a by these facLors results are obLainerJ

which are directly proportional to t-he scaf-tering per. mol-ecular pair.

Results are shown on figures 3-6 to 3-8.

3.6 Final Experimental- Results

With the nonnalizeci resul-ts given on figures 3-6 to 3-tl we can make

ccxnparisons between t-he riifferent mixtures. However if we want to make

ciirect ccrnparisons with the theoretical- resrrlts ancl want to obtain

some numbers we neerl to clo rnore v¡crk.

The theoretj-cal- results are given in t-erms of t-he cross sect-ion

per uni-t banclwicith rnult-iplieci by the celf vo.hnne(2]). To put our

ex¡reriment-al- results into this fonn v¿oulrl require <iet-ailecl knowlerJqe of

the gecxnetry of the coli-ection of t-he scattererl light"* Fortunately

the spect-ra of pure monoatc-rnic gases have been fairly well sturlj.ecl a.nci

experimental resulLs for Ar in units of crn6 are fairly abunclant-. The

result-s that væ usecl ¡n¡ere those of Barocchi et- a1(39). So t-o obt.ain

resul-ts in units of cm6 vJe ccrnpâred our Ar: results wit-h those of Barocchj.

et a-1. Frcxn this we obtaineci a scaling factor of (6"25+ 5%) x tO-3 cm6/

(our units). Thus our experimenLa]- spectra, figures 3-6 to 3-8, \tulere

* np¡renciix 3-R gives the retationship between the r;nits usecl on figures

3-6 to 3-8, which for simplicity we wJ-ll cal-l our r;niLs, and Lhe units

of cross section per unit banrlwirlt-h multiplieci by the ce-l-l volume ("rn6),
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multiplieri by this scaling factor.

To obtain single spectra for the varj-ous mixt-uresrthe multiple

runs for a given mixture \^rere a\zeragerì" The final results in units of

*6 rru shown on f igures 3-9 to 3-11. The error bars shown on these

figr-r.res are the resultant of bnt-h the error riue to the spreacl of the

runs, which. inclucies the statistical ,[Ñ errorranc] the errors j-m¡olveci

in the nonnalization and scal.ing.

As t-he exper:imental spect-ra are now in the same units as the

t.hecl¡:etical spect-r:â \,'re are in a positi.on t-o begin analysis"



FIGI]RE 3-2

An example of the raw data obtained for pure CHn. As is seen

every second channel contains backgrouncl" The resulting data point-s are

obtained by subtracting the backgrouncl count- from the corresponcling total

counts at a given \^rave number. The total time spent in each channel,

for this example, was 640 seconds.
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FIGURE 3-3

An example of how the separate runs were ccrnbineci to girze a tot-al

spectrum" The rule of thunb usecl was that i-f the overlapping portion

of 2 n.rns gave <lifferent counts,/sec. the one that gave the lower counLs

was scalecl up to corresfrond to the one which gave the higher counts.

In the major:ity of cases the runs agreeci with each other anrl no

scaling up l¡/as necessary.

The intensity scale is given in units of counts,/Second " watt of

Iaser power),
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FTGTJRTì 3-4

The experimental results for one of the Cll4-Ar runs (and one of

the CHn-CHn runs). Argon was adrlerl to CH4, which was in the cell at a

pressure of 16.7 atmospheres to give a total pressure of 157"6

almospheres" The CH4 spectnrn ancl an Ar spectrum, with argon at a

pressure of 140.9 atmospheres, were then subtractecl resulting in the

CH4-Ar: spectrurn"

The intensity scale is given in count.s,(seconcl. watt of laser ¡nwer:).
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FIGTJRE 3-5

The experimental resufts for one of the CHr-Xe rìrns" Xenon was

arlcled to CH4, which was in the cell at a pressure of 9.17 atmospheres,

to give a Xe nunber density of .64 moles/l which corresponcls to a

pressure of 13.5 atmospheres.

Due to a poorl pure Xe run (air got into the cell) only the first

few data ¡nints could be usecl, To cornplete Lhe Xe-Xe spectnrn otrt- Lo

a 100 on-l thu resul-ts of Zoppi et a1(37) r.rc usecl (these results were

normalizecl so as to agree with our first few experimental- points).

The intensitlz sç¿1e is given in counts/þeconc1. watt of laser çnwer).
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FIGI]RE 3-6

The experimentaf results for CH,-CH4 after being normal-izeci with

respect to the nunber of mo-lecular pairs.
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The intensity scale is in units of counts(seconci.watt..C ) .
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FIGURE 3_7

The experiment-al resul-ts for CIIO-Ar after being normalizeci r¿ith

respect to the number of mol-ecular pairs.
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FIGURE 3-B

The experimental resul-ts for CHO-Xe after being normalizecl wíth

respecl- to the mrrnber of mol-ecular pairs.
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The int-ensity scale is in units of counts/(seconcl.watt-.C) ,
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FIGTJRES 3_9 t-o 3-II

The final- experimental spect-ra for Cll'-CH', CH4-Ar, anrl CHO-Xe.

These spectra are the ãverages of t-he runs sho\,rì on figures 3-6 to

3-B after they have Jreen mrrltiplieci by 6.25 x 10-3 so as to express

resuft-s in unit-s of cm6. The error bars associated with the CII4-CH4

spectrun are much snaller than t.hose associaterl with either: the

CH4-Ar spectnrm or CH4-Xe spectrum.
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APPEI\IDIX 3-A

Nr.unber l)ensity Determination for X.enon

The exper:imentally cietermined pressure-clensity characteristics of

Xe gas at 25o C is shown on figure 3-I2"

The methoci usecl Lo clet-ennine the number rlensity of t-he Xe gas in

the CHO-Xe mixture was clepenclenL on the cel-l fitting apparatus. A

rough schematj-c of the apparatus is shov¡n below"

ourLET (ro VAcuuH PuHP)

VALVE 3

VAL\/E 1 VALVÊ A
t CE LL

lNLET
(rnom ons cYLTNDERS)

At the start CH4, at a pressulîe of X atmos¡rheres, is in the cell."

Valve 2 is closeci ancl the regi-on bef-ore valve 2 is then evacr.raf-eci by

opening up valve 3 to the vacuum punp. Valve 3 is then closecl ancl Xe

is al-]oweci in through valve I. The pressure of the Xe in the trrbing

before the cefl is taken (Pxel) " val-ve 2 is then opened anci cl-oseci

quickly allovring scme of the Xe gas to ent-er into l-he cel-l ancl mix r^¡ith

the CHn " The pressure of Lhe Xe gas in the reqion L¡etween r¡alves I anrl

2 is thus reducerl (n*or) " Vlitlr the above <1ata, P*el rnd Pxe2, t-he

P RE SS URE

6AUGE



EIGI]RFì 3-12

The pressure-density characteristics of Xe gas at tuo" (36)

along with the straight line characteristic of an ideal gas.
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APPEI\]DIX 3-B

Ccxnparison of Units

This cliscussion clerives the relationship between the units usecl on

figures 3-6 t-o 3-B anci the standard units of cross section multipliecl

by the volume of the cell.

The scattering cross section is clefined by the following equation

c2o = L .r?N

alt¿\-l r ol[aF]
where r is the inciclent intensity (photons/seconrJ.on2) anci d2m/dJl' riXl

is equal to the scatterecl photons per second per unit bandwidth which

pass through a unit solicl angle of the detector. The nunber of molecufar

pairs observeci by the detector, in the case of a pltre gas¡ is given by

# of pairs observed = , tnvl2 p

where n is the m¡nber density of the gas, V is the vol-urne of the cell,

and Vs is the vo]ume of the cel-l which is focuseci into the detector"

Frcrn these two equations one finds that

photons
-1sec"cln

ar derecror = t tf dcr-rdJll tj tnvt'F,/ albaÄ-'
2.-l 2=z'

=!n2 v

d 6t r vdfll (

oJ[¿X'r
v)

t vslf
ã-v"e

where P is the l-aser [x>v/errVr, i" t-he frequency of the laser light¡ A is

the cross sectional area of the l-aser beam, and ll¡ Ís t-he solicl angle the

detector subtends with respect to the scattering vol-ume" This can be

rewritl-en so as to give t-he relationship bet-ween the units used on

( d26 ," rr)
¿lù¿f,1
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f igures 3-6 to 3-B anri the standarrl units. This is done bel-ow

counts

VSJìJ =*"..**l "wat-t.C

where t is tfre rat-io of the photons inciclent u¡nn the cletector to the

counts collectecl ancl C is as previously clef ine<l equal to I n2 for a

pure gas and equal to n-, n, for a mixture. Thus a fact-or

,hv"nü, r:epresents the clifference between our units anci the sl-anciarcl
t"&

units" As staterl in section 3-6 we ccfiìparecl Barocchi et al- Ar results

with our: ohm to finrl t-his factor.

(o'o "v)--(dúdf,r
h vr,At ) (

t-

â

Ler

ES

)).

5Cê

rf

n

he

Lhe
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features of the experimental and theoretical specLra r^re will- sLudy the

value of laf *or:e cJ-osely"

TABLE 4-I

Mixtrre lnl *

cH4-cH4

CH "-Ar4

CHn-Xe

.89 + "07

t0+.90

L.02 + .10

4 "2 Final A

Llsing the values of lel in the t.able one can cafculate a best value,

Assr-ming the errors in the three val-ues are inciependent ( in fact ^,25eó

of the given errors are due to t-he scalinç; factor anci thus are clepencient)

one may use the following fo*,rlu(40)
3 ,3 3 --L

lel = Irrlaeil' lo¡lll(r/axí)Z + tl1t¡rettzl' (n,.,
i=l / i=l i=l

to fincl

lnl = (.e: + .06) Å4 (42)

It is this rzalue that v¡e will- now ccmpare wjth t-heoretical- anci other

experiment-al resr:l-ts,

I-et us first consicler the various theoretica-l calculations for A

Refore these result-s are presented several important- points neecl to

be considererl. First- these ab initic.r resul-t-s are cal-cu-lat-eci for a fixeci

internuclear distance, usually the equitibrirrm gecrnetry, whj--le our

resul-ts, as with most. experimental resu.l-t.s, are for the qrounci vibrational-

state. only Rmos(44) ho= given va.hres whích have been correcLed for t-his"

SeconC mosL cal-culations ar:e rlone rrsinq â Rcn clistance of 2"0665 â" I
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white some recent theoretical ancl experimental- =t,rdi"s(41) have shorør

that this clistance is slightly shorter with a val-ue of Rç,¡ =2"O5?"Q"

Thirri these calcu-l-at.ions were cione for zero frequency, i"e. they are

st-atic values, while the experimental- resulbs are for t-he frequency of the

.]-aser line. In the case of qthe static value is 2"57 Â3 white t-he value

at optical frequencies is 2.64 Ñ. This same order of increase is

expected for Lhe value of lnl. The t-able helow presents the various

theoret.ical resufts (in unit-s of ÂA).

TABI-E 4_2

GP.OIiP METHOD Ro',=2 .0665 O" R"r=2 "052 0" Vibrational Corr.

Buckingham

Ämos
( 44\

John et al

Rivail et
al ( 46)

(21) as per A.2-A

eçr( 4Z)

cr(43)
(4s) 

scF

SCF

.98

"79

"7r

.81*

.97

.77

.74

.82

79

.. ¡_

.79-

o R.n = 2.061Oo

-¡ RqH t.lsecl was nof- qtrot-eri

To estimate the error associateci with t-hese nunl¡ers consicier Lhe

accuracy of the value of 4 that Am.os has calcrrl-atecl at zero frequency,

2.46 
^3, 

vrith the knov¡n value of ô( at optical frequenci.es, 2,64 Â3, givinç;

a ciiscrepancy of approximate-ly 78. The val-ues of Inlgiven should be of

the same order of accurary, Considering the errors associateci with

these Lheoretical values our experimental izal-ue is in gooci agr:esnent"

Let us now consicier other experimenta.l results. The values qr:oted
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in the table below, except for the value of shetton ancl Tabisz, have

been <ierivecl frcrn calculations which are hrasecl on the interrnolecular

poLential between a methane mol-ecule ancl an inert gas atcrn or more

sçrecifically baseri r:n the anisotropic interact.ion potential. It follows

TABI,Fì 4-3

GROUP MF,THOD fel Âa

Buck et at(20)

fsnard "t al (47)

Rajan et a1(48)

Shelton ancl

rabi"r( 49 )

molecular beams scatter:ing

second pressure virial- coeff.

proton spin relaxat-ion

2 "67

2 "35

2.7It "BB, "Bg

collision inciucecl scattering 1.00

that these val-ues are only as accurate as the expression for the

anisotropic interaction potentiar(50) wh'ch at the presenL is just a

first. order approximation" As is seen Lhese values cjo not agree very

well with Lhe theoretical_ values (except for two of the values of

Rajan et al).

ïn conclusion the value obtainerl by our set of experiments

(.0:1 .06)Â4 is in excellent agree-ment. with the theoretical- vaLues ancl

is built on a stronger founciation than values rvhich are depenclent on the

anisotropic potent-ial 
"

4 "3 Cornparison of Theoreti cal- and Exper imental SpecLra

To arrive at conclusions regarding the ccmparison of the experimental_

spectra and their associated theoret.ical speci-ra it is best to clivicie the

spectra into three regions"
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The first region is frcrn O cn-l to -I00 cm-l anci in this region the

transrational ccrnponent cloninates. Lool<ing at figures 4-1 to 4-3 one

fincis gooci agreement for cHn-cHn ancl cH4-Ar and fair agreement for

CH4-Xe. Consirlering that the 3-bocly contribution is ignoreci one can

certainly say that. t-he experimental result.s give reasonabl-e agreement

with the theoretical model- using equation (16) for p(n). This is

discusserl in section 4-4 
"

The seconci region is frcrn 100 cm-] to -250 qn-l" It is in this

region that the spectra make a transition frcrn being translational to

being rotational. The error associateci r,úith the theoretical spectra is

greatest in this r:egion for two basíc reasons. First the translat.ional

spectrum at high frequencies is strongly cie¡:endent on t-he third tenn in

the expression for p(R) ancl this term is only a rough approximation

basecl on experimental data for l<rypton. A srrall change Ín the value of

the constant in the exponenLial will prociuce a large change in the

translational spectnm ín this region" 'Ihe second reason is that in the

calculation of the inLensity of the rotational lines (eguation (30)) we

neglected the effect of nucl-*ur =pir',(51). Taking nuclear spin into

account will effect the shape of the rotational enveJ-opes with this

change decreasing as the rotational- state J increases. For this reâson

corrections resul-tinq fron facLors which invol-ve nuclear spin will have

the greatest effect on the total s¡:ect-rum in this seconrj region.

Considering these tr¿o effects the agreement v¿e obtain in this region is

very goo<i.

The thirrl region is frcrn 250 crn-l on, In this regi-on the spectn-rn

is almost- conpletely riue tr: rotational transitíons. Ccnpari.ng the

theoreLical specLra with the experimental spectra one finrls excellen{:

agree.ment with the slopes in this reqion. The obvious cliscrepancy
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iletr.¡een theory and experi-ment in this region are the rotational line

peaks 
"

Consirler the CHO-CH* spectnm first" Lookinq at fiqures 4-1 and

3-6 one could certainly say that rot-ational peaks are obsen¡ecl. The

main discrepancy ccrres fr:crn the CH4-Ar ancl CHO-Xe spectra v¿here no

rotat.ional preaks are obsen¡ed though they shoukl be stronger than those

of t-he CH4-CH' s¡:ecLn-un" It must be remembereci t-hough thaL t-hese spectra

are the result- of taking the ciifference of one spectnm with two other

spectra anci the error associateci with this process coufcl neut-ralize or

even overricie the srnall ripple in the spectnrm" So though it- is not

possible to ¡.xrsitively state that rotationâl lines v¡ere olrserverl it

must be realized that it is a relatirzely stLbtle feature anci as such is

extremely difficult to detect.

In acidition to the agreement between each experj-mental ancl

theoretical spectrum it is a.'lso of interest to compare the three

experimental spectra in this region" on figure 4-4 the far tails of t-he

three spectr:a have ilc-.en piotteo. They have been normaiizeo t-o d2ii-B

so as to give resrrf ts which are only depenclent o.r f al2. This is

assumJ-ng that the translatj.onal- spectrum in this r:eqion ancl the other

rotatíonal transition t-enns are neglígi.hrle. These assr-rnptions fearl Lo

errors of approxi:nately t-en t-o t-wenty per cent, for each of the three

specLra" Flowever the consist-ency of the spectral shap.e for al"l three

mj-xtures is the important feature on t-his plot" Thj.s is in excellent

agreement with the theory where the spectral shape of the dA r:ot-at-ional-

transitions ís iclentical for the t-hree mixtuy-es, t-hat is its shape is

cleten'ninecl principally l-ry propertj.es of the CH, moJ-ecule"
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4.4 Pure TYanslational Spectrq

To obtain the pure translational spectra for the three mixtures it

is necessary to subtract the theoretical- specLn-un for the rotational

transitions frcrn the experimental resul-ts" This proce<lure is shown,

for pure CHn, on figure 4-5. The final translational specLra for

CH4-CH4, CH4-Ar, ancl CH4-Xe are given on figures 4-6 to 4-B alonq with

the theoretical translational spectra that were used. As is seen

reasonabl-e agreement is given in all three cases.

4.5 Conclusions

Though the agreement between the theoretical spectra and the

experimental spect.ra for the three gas mixtures gives general

verification of the whole theoretical model- there are three major

points that should be mentionecl.

f) The firsL is of course the value of A that. we obtaineci. It is

in excellent aqreement wiLh the al'r initio calculations anci in

our opinion the best experimental value.

2) The translational spect-rä using equation (16) for p(R) are in

good agreement with the experimental spectra ancl it woulci be

interesting to extend the use of equat-ion (16) to other

molecul-ar pairs.

3) The terms in the pair polarizability expression, equat.ion (6)

appear to decrease rapirlly to O ( in terms of intensity

contribution). rf higher orcler termsrand additional

contributions such as anisotropic overlap, clid contribute a

significant amount to the total intensit-yrcìifferences would be
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observed in the val-ue of A oh;tained for CH4-CH4, vrhere cioubl-e

transitions contribute, frc¡n the val-ues obtaineci for CHO-Ar anci

CH4-Xe were only single transit-ions contribut-e"

Cverall the theoretical mociel presenr-e<1 here has been hanrlsorely

verifieci by the experimental- results.



FTGI]RES 4-] TO 4-3

The followinrg three figures are the best fitting theoretical spectra

for the three experimental spectra. The r¡al-ues of lAl useci for the

theoretical spectra are .Bq .À4 for CHr-CH4r "90 Â4 for CHo-Ar, ancl

1.02 Â4 for clrn-Xe.

The intensity scale is given in units of cm6.
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FIGUR.E 4-4

The far tails of t-he experimental spectra, after being normalizeci
c -lõ-

with respect to q'- R ". The spectral shape is the sane for the three

mixtures.
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FIGURE 4_5

The total experimental spectn-rn, the theoretical rotational

ccrnponent, and the difference, for the CH4-CH4 interaction.

The intensity scale is given in units of crn6.
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FTGT]RES 4-6 TO 4-B

The final transl-ational spectra for CH4-CH4, CHO-Ar, anrl CHr-Xe

along with the theoret.ical trans-lational spectra that were used"

The intensity scale is in rmits of cm6.
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